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Abstract 
Due to their simple design and operation, solar thermal collectors for domestic hot water genera-

tion and space heating are one of the most common solar energy harvesting systems in use today. During 
cold periods, all the absorbed energy is useful. During hot periods, however, when solar radiation is abun-
dant and demand is low, stagnation occurs. Storage is limited and excess heat cannot be diverted. The heat 
transfer fluid evaporates and the temperature of the solar absorber can exceed 200°C even in central Euro-
pean latitudes. Glycols in the heat transfer fluid degrade, and the frame, thermal insulation and selective 
absorber coating deteriorate and become less efficient. 

A new generation of solar collectors is envisaged that can absorb and repel heat in a controlled manner by 
changing their optical properties in the infrared spectral region. Thermochromic VO2 based absorber coat-
ings change their optical properties according to temperature. Through the perfectly reversible thermo-
chromic transition, at a critical temperature TC = 68°C, the thermal emittance of the absorber changes 
markedly, from ≈ 0.05 below TC to ≈ 0.35 - 0.4 above TC. In this thesis, increased transition temperatures, 
beneficial for solar absorber applications, are achieved by Ge doping of VO2 films. For 5.9 at.% Ge doping, a 
Tc ≈ 96°C is observed. Ge doping also leads to the increase of thermal emittance modulation Δε, especially 
due to increased thermal emittance in the high-temperature state. Moreover, crystalline switching films 
are sputtered at substrate temperature as low as ≈ 310°C.  

Advanced thermochromic concepts involving Fabry-Pérot inspired multilayers with greatly enhanced ther-
mal emittance modulation, absorbers with light-trapping black spinel nanoneedles or plasmonic W nano-
particles obtained by means of nanoimprint lithography are investigated.       

For the main selective solar absorber application, the thermochromic function is successfully integrated 
into the multilayered coating design. First, absorbers based on VO2 or VO2:Ge and nanocrystalline Cu-
CoMnOx black spinel layers are proposed. However, a large thermal emittance modulation of Δε > 0.3, is 
accompanied by an unwelcome increase of the solar absorptance with increasing temperature. Simulations 
indicate that a relatively high n and k material inserted between the substrate and the thermochromic layer 
can revert the change in solar absorptance. The concept is adapted to industrial absorber designs and im-
proved absorbers, based on Al//TiAlSiN//VO2:Ge//SiO2, with decreasing αsol and increasing εth over the 
thermochromic phase transition are reported for the first time.  

The positive emittance and negative absorptance modulation of the absorbers limit the collector stagnation 
temperature by nearly 20°C, to a maximum Tstagnation ≈ 159°C. This leads to a shorter duration of stagnation 
conditions and an overall reduction of thermal charges on the system. Glycol degradation is hindered, lead-
ing to important reductions in maintenance costs. At Tstagnation ≈ 150°C and at 3 bar pressure typically pre-
sent in such systems, evaporation of the heat transfer fluid in the collector loops is avoided.   

Accelerated aging tests in dry and humid conditions reveal the environmental stability of the thermo-
chromic absorber coatings and a minimum service lifetime of 25 years is guaranteed for multilayers with 
antireflective and oxidation barrier coatings.  
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Résumé 
Les capteurs solaires thermiques pour la production d'eau chaude sanitaire et le chauffage des lo-

caux sont l’un des systèmes de récupération d'énergie solaire les plus utilisés aujourd'hui. Pendant les pé-
riodes froides, toute l'énergie absorbée est utile. Pendant les périodes chaudes, cependant, lorsque le 
rayonnement solaire est abondant et la demande faible, une stagnation se produit. Le fluide caloporteur 
s'évapore et la température de l'absorbeur solaire peut dépasser 200°C même sous les latitudes centrales 
européennes. Les glycols contenus dans le fluide caloporteur se dégradent et le cadre, l'isolation thermique 
et le revêtement de l'absorbeur sélectif se détériorent. 

Une nouvelle génération de capteurs solaires qui peut absorber et repousser la chaleur de manière contrô-
lée est envisagée. Les revêtements absorbants à base de VO2 thermochrome changent leurs propriétés 
optiques en fonction de la température. Grâce à la transition thermochrome parfaitement réversible, à une 
température critique TC = 68°C, l’émissivité thermique εth de l'absorbeur change considérablement, passant 
de εth ≈ 0.05 en dessous de TC à εth ≈ 0.35-0.4 au-dessus de TC. Une augmentation de la température de 
transition, avantageuse dans le cas des capteurs solaires, est obtenue par dopage avec du Ge. Avec 5.9 %at 
de Ge, une TC ≈ 96°C est observée. Le dopage avec Ge conduit également à l'augmentation de la modula-
tion de l'émissivité thermique Δε. De plus, les films cristallins et thermochromes sont obtenus par pulvéri-
sation cathodique avec une température de substrat relativement basse (≈ 310°C). 

De nouveaux concepts thermochromes impliquant des multicouches inspirées d’interféromètre de type 
Fabry-Pérot, des absorbeurs avec des spinelles nanoaiguilles ou des nanoparticules plasmoniques de W 
obtenues par nano-impression, sont étudiés. 

La fonction thermochrome est intégrée avec succès dans la conception du revêtement multicouche des 
absorbeurs solaires sélectifs. Tout d'abord, des absorbeurs basés sur VO2 et VO2:Ge et CuCoMnOx sont pro-
posés. Cependant, la grande modulation de l'émittance thermique de Δε > 0.3 observée, s'accompagne 
d'une augmentation indésirable de αsol. Les simulations indiquent qu'un matériau avec des indices optiques 
n et k relativement élevé, inséré entre le substrat et la couche thermochrome peut inverser l'augmentation 
de αsol. Le concept est adapté aux absorbeurs industriels TiAlSiN. Des absorbeurs, basés sur 
Al//TiAlSiN//VO2:Ge//SiO2, présentant une diminution de αsol et une augmentation de εth au cours de la 
transition de phase thermochrome, sont rapportés pour la première fois. 

La modulation positive de εth et celle négative de αsol des absorbeurs multicouches réduisent la tempéra-
ture de stagnation du collecteur de près de 20°C, la limitant à 159°C. Cela conduit à une durée plus courte 
des conditions de stagnation et à la réduction globale des charges thermiques sur le système. La dégrada-
tion du glycol est réduite, conduisant à des diminutions importantes des coûts de maintenance. À Tstagnation ≈ 
150°C et à une pression de 3 bars typiquement présente dans de tels systèmes, l'évaporation du fluide ca-
loporteur dans les boucles du collecteur est évitée. 

Des tests de vieillissement accéléré dans des conditions sèches et humides révèlent la résistance aux condi-
tions extérieures des revêtements absorbants thermochromes et une durée de vie de plus de 25 ans est 
attendue pour les multicouches avec des revêtements antireflet et anti-oxydation. 
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 Introduction 
This thesis aims at developing new solar absorber coatings with temperature dependent optical 

response, suitable for the prevention of overheating in solar thermal installations. The switchable multi-
layered absorber is based on thermochromic vanadium dioxide thin film and is deposited by a physical va-
por deposition method, magnetron sputtering. A particular Metal-to-Insulator Transition (MIT) of the vana-
dium dioxide and the consequent changes in its optical properties occurring at 68° C makes this oxide 
promising for standard flat-plate solar thermal collectors and the subject of the present thesis.  

The research has been carried out in the framework of a long-term mandate from the Swiss Fed-
eral Office of Energy, in the Solar Energy and Building Physics Laboratory of the École Polytechnique 
Fédérale de Lausanne.   

    1.1 Context 
As governments around the world grapple with the unequivocal evidence for climate change, ambitious 
policies targeting the energy transition to renewables and the consequent reduction in greenhouse gases 
(GHG) are implemented worldwide. At the heart of Swiss climate policy is the CO2 Act which stipulates a 
reduction of GHG by at least 20% from their 1990 levels, by 2020 and another 50-80% reduction by 2050 
[FOEN, 2019]. The greater use of renewables is also spurred by the binding Federal Energy Act, with renew-
able energy targets formulated in the Energy Strategy 2050.  

At present, about a third of the CO2 emissions and approximately 50% of Switzerland's primary energy de-
mand are attributable to buildings with 30% used for heating, air-conditioning and hot water, 14% for elec-
tricity and around 6% for construction and maintenance [SFOE, 2019]. Therefore, for the targets of the 
Swiss climate strategy to be met, buildings should be at the forefront of renewable transition and energy 
efficiency.   

In the Swiss residential sector in particular, by far the largest energy consumption is attributed to space 
heating, with over two-thirds of the energy share (67.5%), followed by domestic hot water (13.7%). Alt-
hough these are typically the applications that solar thermal technologies are well suited for, only about 
10% of the heat is produced from renewables, and specifically solar thermal provided only 0.4 % of the 
space heating and 4.7 % of the water heating energy needs of Swiss households in 2017 [Kemmler, 2018].       

While their growth has slowed down since 2014 mostly due to policy support in favour of solar photovoltaic 
(PV) panels, globally, solar thermal systems still rank in the top three renewable sources driving the energy 
transition with a cumulative solar thermal capacity of 480 GWth reached in 2018 (Figure 1.1). Also in 2018, 
strong growth rates reported in 10 out of the 20 largest solar thermal markets worldwide point to a turna-
round in the solar thermal sector, a trend that is expected to continue [IEA-SHC, 2019].   
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Figure 1.1. Global capacity in operation and annual energy yields of the main renewable technologies in 2018. Source: 
Solar Heat Worldwide 2019 [IEA-SHC, 2019]. 

Most widespread solar thermal systems, representing more than 90% of worldwide annual installations, 
are the small-scale systems for domestic hot water (DHW) and to some extent solar-combi systems for wa-
ter and space heating in single or multi-family houses, hotels or public buildings. Recently, due to their fa-
vorable economics, large-scale solar thermal plants connected to district heating systems (Figure 1.2) have 
been expanding, with Denmark leading by far in number of installed systems. Another sector where solar 
thermal is rapidly gaining ground is in low-temperature industrial applications, such as foods and beverag-
es, textiles, agriculture or chemicals.  

 

Figure 1.2. A 14.1 MWth district heating plant with 20,125 m2 installed collector area in Jelling Varmeværk, Denmark. 
Source: [Savosolar Oyj, 2019]. 
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1.2 State of the art of solar thermal collectors 1.2.1 Solar thermal technologies 
A solar thermal collector is a heat exchanger, which collects and/or concentrates the incoming solar radia-
tion onto an absorber surface, transforms it into heat and conveys it to a heat transfer fluid (air, water or 
oil) that flows through the collector. Generally solar thermal collectors are divided in two main categories: 
stationary, non-concentrating and tracking, concentrating collectors. The former includes: 

• flat plate collectors, 

• evacuated tube collectors, 

while the most prevalent of the latter category are:  

• linear Fresnel collectors and  

• parabolic trough collectors. 

Point focus collectors such as parabolic dish or heliostat field collectors for very high temperature solar 
thermal power applications are not considered here. For an exhaustive review on various types of solar 
thermal collectors the reader is referred to [Kalogirou, 2004; Suman, 2015]. The collector types listed here-
in differ in their operating temperature ranges, making them suitable for different applications (Figure 1.3). 

 

Figure 1.3. Stationary and tracking solar collector technologies with their corresponding operating temperature rang-
es. Source: IEA SHC Task 49 [IEA-SHC, 2016]. 

The overwhelming majority of installed solar thermal collectors are non-concentrating collectors with a 
fixed orientation and inclination, mostly employed for domestic hot water generation. A typical solar ther-
mal water heating system (Figure 1.4) consists of: 

• the collector absorbing the solar radiation; 
• a storage tank with a heat exchanger in closed-loop systems;  
• a back-up heater for when the solar radiation is insufficient; 
• an expansion vessel or a drainback tank for when the heat transfer is limited or interrupted;   
• the pipework with the pumps and valves, and 
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• a monitoring system.  

 

Figure 1.4. Typical solar water heating system. Source: [Grant, 2019] 

Closed-loop systems are standard in regions where temperatures drop below freezing. As the heat transfer 
fluid circulating through the collector must be a non-freezing liquid, usually a water-glycol mixture, the heat 
is transferred to the sanitary water supply via a heat exchanger.  

As for the employed collector, in Europe flat plate collectors dominate with more than 80% share of the 
total installed capacity, therefore it is the one described in detail here. A flat plate collector is a rectangular 
aluminum frame with a transparent glass cover which houses the absorber, the pipes bonded to the ab-
sorber plate and the insulation (Figure 1.5). The glass is usually a low iron glazing with high transmittance 
and minimized reflectance. The piping where the heat transfer fluid is circulating is comprised of mean-
der/serpentine or harp shaped copper risers and header.    
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Figure 1.5. Main elements of a flat plate solar collector. Source: [Grant, 2019] 

The heat conduction occurs within a rather narrow area along the welding seam between the copper pipes 
and absorber plate. Generally, high quality solar collectors reach efficiencies of above 70%, but new multi-
channel absorber profiles (Figure 1.6), with increased heat transfer area between the absorbing surface and 
the heat transfer fluid, can lead to a further 4 to 10 percentage points increase in thermal conversion effi-
ciency [VTT, 2017]. 

 

Figure 1.6. Traditional absorber design versus an extruded aluminum multi-channel absorber with increased heat 
transfer area. Source: [Savosolar Oyj, 2019]. 

Collector efficiencies depend on the absorption of a high fraction of the incident solar radiation and the 
successful limitation of the thermal losses due to conduction, convection and radiation. Detailed evaluation 
of collector performance and efficiency, taking into account conduction, convection and collector geome-
try, is given elsewhere [Duffie and Beckman, 1980]. For a simplified approach, the collector efficiency η can 
be expressed as a function of the optical properties of the absorber and the transparent glass cover: 

 η = τ α − ε σ∆T /G , Equation 1.1 

where τglass [-] is the transmittance of the glass cover, αsol [-] is the solar absorptance of the absorber, εth [-] 
is the thermal emittance of the absorber, σ [W·m-2·K-4] is the Stefan-Boltzmann constant, ΔT [K] is the effec-
tive temperature difference for radiative exchange and Gsol [W·m-2] is the incident solar radiation (or solar 
irradiation) [Hutchins, 2003]. It is then apparent that the efficiency is greatly dependent on the tempera-
ture, decreasing exponentially with increasing temperatures, and on the optical properties of the absorber.  
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1.2.2 Solar selective absorbers 
The absorber is the key element of any solar collector responsible for the efficient conversion and control 
of the solar and thermal radiation. The absorber should have a high absorptance αsol over the solar spec-
trum (0.3 – 2.5 μm), while also warranting a low thermal emittance εth, to reduce the radiative losses over 
the thermal infrared spectrum (2.5 – 25 μm). This behavior is called spectral selectivity and it can be 
achieved by depositing a short-wavelength absorbing, but infrared transmitting thin film coating on top of 
an infrared-reflective metal sheet - usually aluminum or copper due to their good themal conductivity. The 
absorber surface is then black to the incoming solar radiation, but it is a mirror in the infrared spectral re-
gion of a blackbody of the same temperature as the absorber. Hence, the behavior of an ideal absorber is 
described by a step-function, changing reflectance from 0, over the solar spectrum, to 100 at the 2.5 μm 
limit. The spectral reflectance curve of an ideal selective absorber, along with the reference standard solar 
spectrum at the Earth’s surface (AM 1.5G) and the normalized intensity distribution of a blackbody at 100°C 
are displayed in Figure 1.7.  

 

Figure 1.7. Spectral reflectance of an ideal selective absorber, the normalized standard solar radiation at the Earth’s 
surface (AM 1.5G) and the normalized radiation distribution of a blackbody at 100°C. 

The solar absorptance αsol is the ratio between the absorbed and the incident radiation and is defined as:  

 α = ( )( )  [-], Equation 1.2 

where Gλ is the incident solar irradiance, αλ is the spectral absorptance of the material and λ1 and λ2 are the 
lower and the higher wavelength limits of the spectral distribution. According to the international standard 
for solar absorbers (ISO 22975-3), the solar absorptance is determined between λ1 = 0.30 μm and λ2 = 2.5 
μm spectral range. The spectral absorptance values, αλ are calculated from the measured hemispherical 
spectral reflectance, ρλ according to: 

 α = 1 − ρ . Equation 1.3 

For opaque materials the spectral emittance, ελ can be expressed in terms of spectral absorptance, αλ using 
Kirchhoff’s law:  
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 α = ε . Equation 1.4 

The thermal emittance of the absorber, εth is determined by weighting the spectral emittance with the 
Planck spectral distribution, Eb(λ) of a blackbody at the operating absolute temperature T = 373 K. 

 ε = ( )( )  [-]. Equation 1.5 

According to the standard, the relevant range is λ1
’ = 2.5 μm to λ2

’ = 50 μm. Generally, spectral emittance 
data are only available up to lower wavelengths, e.g. 20 μm, and the assumption of constant ελ between 
the highest measured wavelength and 50 μm is accepted.  

The blackbody emission at a temperature T is given by Planck’s law:  

 E (λ) = /  ∙ , Equation 1.6 

where h is the Planck constant, c is the speed of light and kB is the Boltzmann constant. The wavelength 
where the emission spectrum has a maximum, λmax is given by Wien’s law: 

 λ T = 2897.8 [μm ∙ K]. Equation 1.7 

The solar spectrum reaches its maximum around 0.55 μm and the blackbody emittance of an absorber, at 
the normal operating temperature of around 100°C, peaks at 7.8 μm. Therefore, the solar absorptance and 
thermal emittance of selective solar absorber at these specific wavelengths is of particular interest. 

Finally, we define the absorber selectivity, S as the ratio of solar absorptance, αsol and thermal emittance, 
εth: 

 S = . Equation 1.8 

Modern selective solar absorbers readily achieve αsol > 0.95 and εth < 0.1 or even εth <0.05 and typical selec-
tivity values vary between 12 and 20.  

Today, highly selective solar absorber coatings are commonly deposited by sputtering and are usually met-
al-dielectric composites or metal-nitrides/oxynitrides (e.g. Ni:SiO2, TiNOx, TiAlSiN etc.) thin film stacks with 
graded refracting index – increasing towards the metal substate. For a comprehensive review on various 
solar selective coatings with reported deposition methods and αsol, εth and S values, the reader is directed 
to [Feng, 2014; Suman, 2015; Ibrahim, 2018].     1.2.3 Stagnation and overheating    
Highly selective absorber coatings, albeit ensuring high collector efficiencies, also lead to elevated stagna-
tion temperatures in the collector. Stagnation occurs when the flow of the heat transfer fluid in the collec-
tor is interrupted, while still being exposed to strong solar irradiation. Such situations can occur due to 
power failures, pump failure, servicing or simply due to a lack of hot water demand e.g. during holiday 
times. If no more heat is drawn from the collector but solar radiation is further absorbed, the collector 
heats up until the conductive, convective and radiative heat losses equal the absorbed solar radiation and 
thermal equilibrium is achieved. The stagnation temperature is then the highest temperature reached by 
the collector. It is dependent on the environmental conditions, with higher insolation leading to higher 
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stagnation temperatures. Commonly, flat-plate solar collectors reach stagnation temperatures of 180° - 
200° C. In this temperature range, overheating of the collector occurs.  

Overheating is one of the major lasting problems of traditional solar collectors with highly selective absorb-
ers. Even in central European latitudes, when the solar radiation is abundant and the heat demand is low, 
overheating of the collector occurs several times per year. Without measures for stagnation handling and 
overheating prevention, the system can reach temperatures of 200° C or higher. At such temperatures, the 
collector loop components such as sealing, insulation and even the absorber itself can be critically dam-
aged. Additionally, the evaporation of the heat transfer fluid might occur, generating stresses in the collec-
tor. The dependence of the evaporation temperature of propylene glycol – water mixtures on the system 
pressure is displayed in Figure 1.8.a [IEA SHC Task 49, 2015] Depending on the type of solar thermal system, 
large expansion vessels and pressure controlled safety valves are designed to absorb or release the excess 
of generated vapor. The former complicates the design, the latter leads to the loss of the heat transfer flu-
id, thus additional maintenance: both increase the costs. Finally, there is the issue of thermal cracking and 
decomposition of glycols. Glycols are commonly added to water to prevent the freezing of the the heat 
transfer medium. Increasing the glycol concentrations lowers the freezing temperature (Figure 1.8.b). 
However, glycols being organic compounds are sensitive to elevated temperatures. Sustained exposure at 
temperatures above 140° C induces a premature aging of the heat transfer fluid that is indicated by a dark-
ening of the fluid. Between 140° - 160°C, thermal cracking and decomposition of most glycols starts. Even 
solid residue formation might occur, posing the risk of blocking the pipes. For the long-term, reliable and 
low-maintenance operation of solar thermal systems, the stagnation temperature and the stagnation loads 
of the collector should be limited. 

  

Figure 1.8. Frost protection as function of the propylene glycol concentration in the heat transfer fluid. Data from 
Tyfocor® Technical Information sheet. Pressure dependence of the evaporation temperatures of propylene glycol – 
water mixtures of different concentrations. Data from [IEA SHC Task 49, 2015]. 

Maintenance costs in particular, significantly increase the overall cost of delivered solar heat and, there-
fore, hinder the cost-efficiency and attractiveness of solar thermal installations. The International Energy 
Agency (IEA) Solar Heating & Cooling Programme (SHC) Task 54 investigated the maintenance costs specifi-
cally due to overheating. Maintentance costs were determined for a reference standard domestic hot wa-
ter system (DHW) with flat plate collector, a “general” optimized system where typical stagnation loads and 
vaporization of the heat transfer fluid are avoided and for a “heat pipe” system with temperature limitation 
and additional advantages considered such as less heat transfer fluid and easier replacement.  
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It was found that by limiting the stagnation temperature and avoiding the evaporation of the heat transfer 
fluid, the overall maintenance costs can be halved (from 77 €/year calculated for the reference system to 
39 €/year for a general system with temperature limitation and to even less for heat pipe collector). Main-
taining the heat transfer fluid is by far the most relevant cost driver followed by the investment costs of the 
expansion vessels. The share of the Levelized Cost of Solar Heat (LCoHsol,fin) attributed to maintenance is 
also roughly halved (Figure 1.9).   

 

 

Figure 1.9. Annual maintenance costs of a reference system versus two alternative, optimized systems: a general sys-
tem, where the vaporization of the heat transfer fluid is avoided, and a heat pipe system, with temperature limitation 
(through the decoupling of the absorber plate and the solar circuit fluid) and less solar fluid needed. The correspond-
ing share of the Levelized Cost of Heat (LCoHsol,fin) is also shown. Source: [IEA SHC Task 54, 2018]. 1.2.4 Overheating prevention 
As stagnation conditions are common, stagnation handling measures are widespread. Conventional small-
scale solar thermal systems for domestic applications are often equipped with relatively large and costly 
expansion vessels, able to absorb the expansion of the heat transfer fluid and the volume of evaporated 
fluid. Furthermore, when defined critical pressure levels are reached, safety valves are actuated in order to 
release the vaporized solar fluid. This leads to a partial emptying of the system and, thus, increases mainte-
nance costs. Nonetheless, these measures are only adopted to cope with the heated and vaporized heat 
transfer medium. Overheating of the collector is not prevented.  

To effectively prevent overheating, the efficiency of solar collectors should decrease once a maximum al-
lowed temperature is reached (Figure 1.10). The maximum allowed temperature is usually limited to a 
temperature below the evaporation temperature of the heat transfer fluid, at the pressure present in the 
system. For a safe and durable operation, ideally, this upper temperature limit should be set at ~95°C, just 
below the evaporation temperature of water and safely below the evaporation temperature of glycol-
water mixtures. Then, the lifetime of the solar fluid can be significantly extended and by avoiding the con-
sequent pressure loads the mechanical stresses in the collector are avoided.  
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Figure 1.10. Characteristic efficiency curves of a standard collector and collectors with overheating prevention. By 
curbing the collector efficiency via active cooling technologies/increase of thermal losses/decrease of heat transfer 
rate, high collector temperatures and consequent pressure loads in the collector loop can be avoided. Source: [IEA 
SHC Task 54, 2018]. 

For overheating prevention, several approaches based on additional cooling systems or collector draining 
strategies are pursued. Usually these methods increase the costs and design complexity as they require 
complex hydraulic systems and control technologies. In the case of active cooling systems such as water-
water plate heat exchanger or fan-driven water-to-air heat exchanger, the high demand of resources (cool-
ing water, electricity) constitutes further disadvantages [IEA SHC Task 49, 2015]. In a drain-back collector 
system, the heat transfer fluid is drained from the collector at a pre-defined temperature or whenever the 
pump is stopped. Then, evaporation and ageing of the fluid is avoided, but the collector itself is still ex-
posed to high temperatures.   

Approaches for overheating prevention directly in the collector are also available: 

• Solar thermal collectors with heat pipes designed to limit the temperature loads by exploiting the 
dry-out limit. 

• High performance collectors with dual closed loop heat pipe system. 
• Use of thermochromic absorber coatings with temperature dependent optical properties. 

Heat pipe collectors 

The efficient use of heat pipes for temperature limitation in flat-plate collectors has been demonstrated on 
prototype collectors [Jack, 2014; Schiebler, 2018]. By placing heat pipes in between, a thermal decoupling 
of the absorber plate and solar circuit fluid is achieved (Figure 1.11.a). In such an aluminum heat pipe pro-
totype collector, the maximal measured stagnation temperature at the manifold was 140°C, whereas the 
absorber plate reached typical stagnation temperatures. [Jack, 2014]   

Solar irradiation leads to the evaporation of the heat transfer fluid which then reverts to its liquid state 
inside the condenser, where the absorbed heat is transferred to the domestic hot water circuit and it flows 
back to the evaporator area of the heat pipe. Above a certain temperature the condensation is interrupted, 
the heat transfer by two-phase flow (liquid-saturated vapour) inside the heat pipe is surpressed and the so 
called “dry-out” begins. After further heating, all the remaining liquid evaporates and the heat transfer to 
the condenser is interrupted (Figure 1.11.b). 
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Figure 1.11.  a) Schematic drawing of a flat plate heat pipe solar collector. b) Operating stages of collector heat pipes: 
(1) transfer by two-phase flow, (2) dry-out limit, (3) superheating of the vapour, (4) end of operating. [Schiebler, 2018] 

Based on the same principle of self-regulating heat pipes, dry-connected inside the collector heat exchang-
er, vacuum tube collectors with temperature dependent shutdown are commercialized by Viessmann (Vito-
sol 200-TM, Vitosol 300-TM) [Viessmann, 2019].  

Collector with transparent honeycomb insulation and overheating protection 

Dual loop heat pipe systems constitute another state-of-the-art solution for overheating prevention. A 
highly efficient collector is achieved by using a transparent honeycomb polymer insulation, which reduces 
considerably the convection related thermal losses. Additionally, it also provides resistance to infrared 
back-radiation from the absorber surface. (Figure 1.12.a) 

     

Figure 1.12. a) Schematic of the collector cross-section with the transparent honeycomb insulation. Solar irradiation 
passes through the transparent glass cover and insulation, heating the absorber, while convection losses are sup-
pressed by the thick insulation layer. Source: [TIGI, 2018]. b) Schematic of the dual loop heat pipe system. Overheating 
prevention kicks in when the temperature of the absorber reaches the evaporation temperature of the liquid in the 
secondary loop (evaporator). The evaporator is connected to a condenser through which the heat is dissipated to the 
surrounding. Source: [IEA SHC Task 49, 2015] 
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However, the high collector performance can lead to internal temperatures of above 250°C. To limit the 
collector temperature, a secondary heat-pipe circuit, independent of the primary heat transfer loop is pro-
posed (Figure 1.12.b). As soon as the temperature of the absorber reaches the evaporation temperature of 
the fluid in the secondary loop (the evaporator), a large amount of the thermal energy is transferred from 
the absorber to the secondary heat transfer fluid in the form of latent heat necessary for the evaporation. 
Through a closed loop pipe, the evaporator is connected to a condenser situated outside the collector case 
which dissipates the heat to the environment. In this manner, a fast transition between thermal isolation 
and thermal coupling between collector interior and external environment is achieved. 

Thermochromic absorbers 

Thermochromic thin films offer one of the more elegant and simple solutions to overheating. The tempera-
ture dependent optical response makes thermochromic thin films a promising candidate for novel smart 
selective absorber applications. Thermochromic absorbers can be engineered to undergo a dramatic in-
crease in thermal emittance once a critical temperature is reached, thus decreasing the absorber tempera-
ture by dissipating heat to the environment. Some of the earliest works proposing thermochromic absorber 
coatings for overheating protection of solar collector systems are [Huot, 2008; Paone, 2009; Paone, 2013]. 
Recently, the efficiency and reliability of such thermochromic solar thermal systems has been demonstrat-
ed at the collector scale [Mercs, 2016]. In that work, a thermochromic multilayered absorber coating based 
on a mixture of vanadium and aluminum oxides VO2//VnO2n±1//Al2O3//SiO2 is proposed. The coating under-
goes a reversible change in thermal emittance, changing from 0.06 to 0.42 at a critical temperature around 
70°C (Figure 1.13). Due to the increase in infrared emittance (Figure 1.13.b and c), a large part of the heat is 
emitted and the stagnation temperature is reduced by more than 35°C. The maximum temperature in the 
thermochromic collector was determined at 154° C compared with the 190° C stagnation temperature of 
the standard collector.  

 

Figure 1.13. a) Evolution of the infrared emittance at 8μm of VO2//VnO2n+1//Al2O3//SiO2 coatings with Al content from 
0 to 12 at.%. Infrared pictures of a standard and a thermochromic absorber welded on the same piping. b) T=13°C and 
c) T=83°C. Images reproduced from [Mercs, 2016]  

For its second-generation thermochromic collectors, Viessmann claims an even larger Δε and stagnation 
temperatures not exceeding 150° C are reported (Figure 1.14). At such temperatures and at an operating 
pressure of 3 bar present in the collector, evaporation of the heat transfer fluid is avoided. Limitations on 
the installed collector area are lifted and an extended lifetime guaranteed.   
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Figure 1.14. Evolution of the stagnation temperature with the exposure time, for a standard thermal solar collector 
and for a collector equipped with the second generation Viessmann thermochromic absorber (Vitosol 100-FM, Vitosol 
200-FM). Reproduced from [SunWindEnergy, 2017] 
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1.3 Objectives 
  

The first and so far only thermochromic absorber based solar thermal collectors are commercialized by 
Viessmann Werke GmbH & Co., proving the feasibility of thermochromic absorbers at the collector scale. 
However, the proposed vanadium and aluminum oxide based absorber decreases its thermal efficiency 
already at 70-75°C – close to the 68°C transition of the pure VO2 films.  

For this idea to be efficiently implemented in practice, an elevated phase transition temperature of vanadi-
um dioxide based switchable layer is desired (95°C < Ttransition < 100°C). Then, a premature decrease in selec-
tivity could be avoided. Therefore, one of the main objectives of this work is to determine a dopant that 
can successfully increase the phase transition temperature of VO2 thin films. Cr, Si and Ge doped films are 
thoroughly investigated through a wide range of structural, morphological, optical, electrical and electronic 
characterization techniques. Doped films are deposited by co-sputtering and from alloy targets alike.  

Naturally, attempting to change the properties of the material, a sound understanding of the employed 
physical processes is required; the influence of the deposition methods (traditional magnetron sputtering 
versus high power impulse magnetron sputtering), deposition parameters (e.g. substrate temperature, 
oxygen partial pressure) and the importance of the substrate choice are discussed.  

Once high-quality switching films are obtained, their integration into the multilayered solar absorber coat-
ings is targeted. For a successful integration of thermochromic films and efficient absorber performance, 
simulations based on the optical indeces of the constituting layers are essential. Multiple absorber designs 
are proposed and evaluated. Over the thermochromic phase transition, a switch from low to high thermal 
emittance is imperative, furthermore, a change from high to low solar absorptance is desired. Accelerated 
aging tests of the absorber coatings are carried out.   

Furthermore, this thesis also aims at exploring some other advanced concepts based on thermochromic 
thin films.  The potential of an enhanced thermochromic switch in Fabry-Pérot type multilayers, ultra-black 
nanoneedle absorbers with dynamic emittance and the effects of nanoimprinting on thermochromic films 
are investigated.  

Achieving the above listed objectives, would have ramifications reaching besides the solar thermal field, 
with VO2 films switching at elevated temperatures being sought after in micro- and nanodevice applications 
or enhanced emittance modulation that could be tailored to well-defined wavelength ranges for various 
cooling applications.  
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1.4 Outline 
This work explores the topic of thermochromic vanadium dioxide and, particularly, its potential application 
as novel solar selective absorber coatings. The structure of the thesis has been laid out as follows: 

• Chapter 1. gives a short introduction to solar thermal collectors in the current economic and envi-
ronmental context. It touches on the state of the art of thermal solar collectors, the challenges 
faced and the corresponding current solutions and limitations. The objectives of the thesis are for-
mulated and the content outline is stated. 

• Chapter 2. aims to briefly summarize the theoretical considerations behind thermochromism and 
the fundamentals of the much discussed and disputed metal-to-insulator transition in VO2. Doping 
adds another layer of complexity to deciphering the driving mechanisms behind the phase transi-
tion. The main approaches are presented.     

• In Chapter 3. the experimental techniques employed throughout this work are described. The thin 
film deposition methods, with particular focus on magnetron sputtering, numerous thin film char-
acterization techniques and thin film simulation methods are detailed. 

• Chapter 4. addresses the experimental particularities between the different deposition techniques 
or the influence of substrate choice. Main experimental parameters are given in this chapter, 
touching on the importance of substrate temperature or carefully controlled oxygen partial pres-
sure.     

• Chapter 5. describes the effect of doping – particularly Ge doping - on VO2 thin films. The sputtered 
films are analyzed in detail. The implications of doping on the thermochromic properties (tempera-
ture dependent electrical resistivity), thermal emittance (FTIR) and electronic properties (UV and X-
ray photoelectron spectroscopy) are assessed. Furthermore, scanning tunneling microscopy and 
spectroscopy (STM/STS) experiments are also carried out in the attempt to determine the local 
electronic band gaps and offer insights into the doping homogeneity at the grain level.  

• Chapter 6. discusses the efficient integration of the thermochromic thin film into the multilayered 
solar absorber coating. Multilayered thin film designs are proposed and evaluated both by means 
of simulation (based on the n and k optical constants of constituting layers) and experimentally. 
Coatings exhibiting not only a modulation in thermal emittance but also in solar absorptance are 
investigated.  

• In Chapter 7. advanced thermochromic concepts are explored. Such concepts include: Fabry-Pérot 
interferometer inspired multilayered coatings where the switching modulation of thin VO2 films is 
significantly enhanced; combination of black oxide nanoneedles with thermochromic films for solar 
absorbers with ultra-high absorptance and dynamic emittance; imprinting of metal nanostructures 
on thermochromic thin films.      

• Chapter 8. concludes this thesis highlighting the main findings and the implications of these 
achievements to the field of solar absorbers and beyond.     
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 The physics of thermochromic VO2 
 

The underlying physics of strongly correlated materials represents one of the central themes of 
contemporary condensed matter physics and has implications spanning beyond fundamental science. Met-
al-to-insulator transitions in correlated materials are ofttimes accompanied by a symmetry lowering struc-
tural phase transition. The intrinsic coupling of the seemingly concurrent transitions, obscures the basic 
understanding of the governing mechanisms.  

Since the discovery of its first-order metal-to-insulator transition (MIT) in 1959 [Morin, 1959], vanadium 
dioxide became one of the most emblematic correlated electron materials. This chapter attempts a brief 
introduction into the intriguing physics of VO2 and the main theories regarding the origin and mechanism of 
the transition.     

  2.1 Strongly correlated materials 
In strongly correlated electron systems there is a complex interplay between multiple, at times competing 
degrees of freedom, resulting in unusual electronic behavior. Emergent physical properties are strongly 
influenced by electron-electron interactions, which might be of Coulomb repulsion in nature, or can involve 
spin, orbital and lattice coupling as well.  

Typically, strongly correlated electron materials are transition metal oxides, where electron-electron inter-
actions come from spatially expansive d or f orbitals that form relatively narrow energy bands, with elec-
trons at the limit of localization. A prototype strongly-correlated material, vanadium dioxide is a transition-
metal oxide with narrow d electron bands. Small changes in external parameters giving rise to radical 
changes in physical properties is characteristic for correlated electron systems and VO2 exhibits such ex-
treme sensitivity to small changes in temperature, pressure or doping.  2.1.1 From band theory to the Mott-Hubbard model 
In classical band theory, a non-interacting, free-electron model of the electronic structure of solids is con-
sidered. Electrons are free to move in the crystal lattice and any interaction between them is neglected. 
Most materials are accurately described by this nearly-free-electron picture, where the electron-electron 
interactions are negligible with respect to their kinetic energy. However, the nearly-free-electron picture 
fails to adequately describe several transition metal oxides.  

While in conventional semiconductors the significant overlap of s- and p- hybridized orbitals gives rise to 
large valence and conduction bands, the spatially localized and directional 3d orbitals of transitional metal 
oxides have smaller orbital overlap and yield narrow conduction bands. In these partially occupied, narrow 
conduction bands the kinetic energy of electrons becomes comparable with the electrostatic repulsion 
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forces (Coulomb repulsion) between individual electrons. Electrons are localized by the electron-electron 
interactions and do not contribute to the conduction.      

Mott insulators refer to a class of materials, which should be conductive according to classical band theory, 
but experimentally behave as insulators. The atypical behavior is attributed to a correlation induced transi-
tion from a metallic to an insulating phase.  

The Hubbard model is the simplest model used to describe Mott insulators and able to predict the Mott 
transition. It considers the electrons localized at discrete sites and the conduction is attributed to the elec-
trons hopping between the orbitals of neighboring atoms. The model relies on two terms: a kinetic term 
concerning the hopping of electrons between sites (that is a function of the interatomic spacing between 
neighboring atoms), t and a potential term consisting of an on-site repulsion, U. When the repulsive Cou-
lomb potential becomes dominant over the hopping integral (U > t), it can break the lattice periodicity and 
split the band. An energy gap opens up and conduction is prevented.   

The phase transition in VO2 is a result of the interplay between atomic structure, charge, spin and orbital 
dynamics. The interdependence between crystal structure and electronic degrees of freedom, sets vanadi-
um dioxide in a critical regime, where a single pure crystal undergoes a metal-to-insulator transition at TC = 
341 K. Through the first-order transition between the low and high temperature phases, VO2 suffers chang-
es in the electronic band structure and its crystal structure too. 

 2.2 VO2 background  
Several vanadium oxides exhibit a metal-to-insulator transition at a critical phase transition temperature. 
Among them, it is vanadium dioxide amassing the overwhelming share of interest, due to its near room 
temperature MIT transition at 341 K [Morin, 1959]. However, the MIT properties of VO2 are highly sensitive 
to process conditions such as oxygen partial pressure, substrate temperature or deposition method. This is 
due to the particularly complex V-O phase diagram with numerous, intermediate vanadium oxide phases 
(Figure 2.1). If the oxygen partial pressure deviates even slightly from the ideal ratio, incorporated point 
defects organize in a long-range order [Hirotsu, 1982] and lead to the formation of homologous series of 
phases: 

• Magnéli phases: oxygen deficient VnO2n-1 series with 3 ≤ n ≤ 9, [Schwingenschlögl, 2004] and 

• Wadsley phases: oxygen rich VnO2n+1 phases with n = 2, 3, 6 [Katzke, 2003].  

Most Magnéli phases exhibit an MIT transition at a certain temperature. Wadsley phases, on the other 
hand, exhibit no MIT transition with the exception of V6O13. A direct dependence between the transition 
temperature of different vanadium oxide phases and the vanadium/oxygen ratio cannot be established.  

The metal-to-insulator transition of VO2 is accompanied by a congruent change in crystal symmetry, from 
the high temperature, high symmmetry rutile phase to the low-temperature, low-symmetry monoclininc 
phase. By decreasing/increasing the temperature, a reversible electrical resistivity modulation of four to 
five orders of magnitude is measured in VO2 single crystals. Besides temperature, the MIT can also be trig-
gered by high electric fields [Stefanovich, 2000; Gopalakrishnan, 2009] or pressures (above 10 GPa) [Peruc-



The physics of thermochromic VO2 

19 

chi, 2009; Bai, 2015]. It is an ultrafast transition, taking place on the subpicosecond to few nanosecond 
timescale, when optically or electrically triggered [Cavalleri, 2001; Leroy, 2012; Appavoo, 2014].   

 

Figure 2.1. a) Phase diagram of the VOx system (1 ≤ x ≤ 2.5). b) Temperature dependent resistivity curves of various 
vanadium oxide phases, comprising several belonging to the Magnéli and Wadsley series. Several oxides exhibit an 
MIT with a large modulation of resistivity (e.g. V2O3 with an eight order of magnitude transition), but generally occur-
ring at temperatures much below room temperature. VO2 exhibits the largest transition near room temperature. Re-
produced from [Brahlek, 2017].   

However, single crystals cannot withstand the structural distorsions associated with the transition and 
break during thermal cycling. Thin films on the other hand resist to stresses during a large number of cycles 
(more than 108 cycles without failure reported for sol-gel deposited VO2 films [Guzman, 1996]) and are, 
therefore, preferred for practical applications.  

Despite the highly challenging growth of the targeted, single phase and defect-free vanadium dioxide films, 
significant advances have been achieved and, today, there is an abundance of growth methods allowing for 
the deposition of good quality, switching VO2 thin films. [Brahlek, 2017] reported a comprehensive run-
down of the main deposition methods with the corresponding VO2 resistivity modulation across the MIT for 
given film thicknesses. The comparison is graphically summed up in Figure 2.2.  

 

 

Figure 2.2. The resistivity modulation of VO2 films across the MIT (marked by different symbols) plotted for the various 
deposition methods and film thicknesses. The deposition methods are arranged according to their scalability, starting 
from pulsed laser deposition (PLD), through electron beam, ion beam, molecular beam epitaxy (MBE), metal organic 
chemical vapour deposition (MOCVD) to sputtering. The dashed line marks the thickness limit at which the VO2 film on 
sapphire substrate is completely relaxed. Reproduced from [Brahlek, 2017].  
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As a general trend, the resistivity modulation is improving with film thickness and for thicknesses above 100 
nm, an MIT ratio of above four orders of magnitude are achieved across the compared deposition methods. 
On the other hand, the resistivity modulaton deteriorates with decreasing film thickness. However, there 
are some exceptions where remarkable MIT ratios have been observed in very thin VO2 films. One such 
example is the PLD method by which high-quality VO2 films of only ≈20 nm thickness, exhibiting a resistivity 
modulation of almost four orders of magnitude have been achieved [Jeong, 2013]. Another example con-
cerns a combinatorial approach for the VO2 growth based on a V-effucion cell (thermal source) and a metal 
organic gas (vanadium oxytriisopropoxide, VTIP) injector. By supplying the oxygen in a pre-bonded form 
(the oxygen containing VTIP precursor), a film of only 30 nm thickness with a four orders of magnitude 
change in resistivity has been uniformly deposited on the wafer-scale [Zhang, 2015].  

Brahlek et al. chose only fully relaxed films grown on sapphire substrates for their comparison (thickness 
limit for VO2 film relaxation marked by the dashed line in Figure 2.2) as strain can also affect the resistivity 
modulation across the MIT.  

VO2 films can be grown epitaxially on a range of substrates (e.g. Al2O3 or TiO2). The crystal orientation of the 
substrate governs the orientation of the growing film, which, depending on the film thickness, can be pseu-
domorphically strained or strain-relaxed. An example of the temperature dependent electrical resistivity 
curve of a strained, 10 nm thin- and a strain-relaxed, 70 nm thin VO2 film grown on (001) TiO2 substrates by 
pulsed layer depositon are shown in Figure 2.3. Similarly, the resistivity curves of VO2 films of different 
thicknesses, grown on a wide range of Al2O3 or TiO2 cuts are also displayed. A remarkable reduction of the 
phase transition temperature to below 300 K is observed in strained VO2 films deposited on (001) TiO2 sub-
strates. 

 

   

Figure 2.3. a) Resistivity curves of strained (10 nm) and relaxed (70 nm) VO2 films grown on (001) TiO2 substrates 
[Nakano, 2012]. b) Resistivity curves of VO2 films of different thicknesses, grown on various orientations of TiO2 and 
Al2O3 single-crystal substrates by pulsed laser deposition [Jeong, 2013]. 
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Small deviatons from the stoichiometric VO2 composition can also critically influence the film properties, 
including the phase transition temperature. Oxygen-deficient films are generally more conductive in the 
insulating phase than their stoichiometric counterparts. Moreover, lowered transition temperatures, Tc in 
slightly oxygen deficient films [Brückner, 1975] and increased Tc in slightly oxygen enriched films [Kimizuka, 
1974] have been reported early on. Several more recent studies confirm these observations [Fan, 2013; 
Kim, 2014] and even a surpression of the phase transition temperature by 238 K to Tc = 103 K [Zhang, 2011] 
or Tc < 5 K [Jeong, 2013] has been reported for VO2 nanobeams or electrolyte-gated thin films. Hence, oxy-
gen vacancies stabilize the metallic, rutile phase even down to cryogenic temperatures, while, in a com-
plementary manner, oxygen rich growth conditions favour the insulating, monoclinic VO2 phase.    

The reversible MIT is characterized by a thermal hysteresis. The hysteresis width has been reported to de-
pend on the surface morphology of VO2 films and to be controllable by O2 flow rate, temperature and an-
nealing time [Zhang, 2014]. Generally, smaller average grain sizes lead to a larger hysteresis width, while 
larger grains lead to a narrower hysteresis. Doping of VO2 thin films has been consistently reported as re-
ducing the hysteresis width [Chen, 2014; Krammer, 2017a].   

Finally, concerning the environmental stability of VO2, coatings face oxidation problems accompanied by a 
decrease in the MIT modulation amplitude. The use of a protective layer is suggested in order to limit or 
avoid film degradation in hot and damp conditions [Chang, 2019]. Nonetheless, VO2 thin films have success-
fully passed a test series including thermal shock and vibration resistance, preliminary radiation tests for 
their use as smart radiatior devices in space applications. Peeling tests confirmed a strong adhesion of VO2 
coatings to aluminum substrates [Haddad, 2009] and it is an important finding from the perspective of VO2 
thermochromic absorber coatings.  

 2.3 Crystal and electronic structure of VO2 
The first-order phase transition in VO2 is accompanied by a symmetry lowering structural distortion. Atoms 
rearrange between the high symmetry, tetragonal rutile (R) structure (space group P42/mnm with lattice 
constants a = b ≈ 4.55 Å and c ≈ 2.88 Å) adopted in the high temperature, metallic state and a monoclinic 
(M1) crystal structure (space group P21/c with a ≈ 5.75 Å, b ≈ 4.52 Å, c ≈ 5.38 Å and β = 122.6°) in the low 
temperature, insulating phase (Figure 2.4.a).  

The rutile is characterized by regularly spaced vanadium atoms, with V-V distances ≈ 2.86 - 2.88 Å (very 
slight divergence in published values). Each vanadium atom is surrounded by six oxygen atoms, forming 
corner- and edge-sharing [VO6] octahedra chains along the c axis (Figure 2.4.b). The monoclinic lattice is the 
result of the distortion and doubling of the tetragonal, rutile unit cell volume (aM = 2cR). The characteristic 
feature of the monoclinic M1 phase is the dimerization of the V atoms, with V-V pairs of alternate shorter 
(2.65 Å) and longer (3.12 Å) distances along the monoclinic a axis. The V dimers adopt a a zig-zag pattern as 
they are slightly tilted with respect to the rutile c-axis.  
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Figure 2.4. a) Schematic representation of the rutile, R (left) and the monoclinic, M1 (right) lattice structures of VO2. 
Adapted from [Nag, 2011]. b) Along the c axis of the tetragonal structure, octahedral VO6 units form chains by edge-
sharing, while neighboring octahedral chains are interlinked by corner-sharing. In the monoclinic structure, zig-zag 
octahedra strings emerge. Adapted from [Brahlek, 2017]. c) Reconstruction of the real-space electrostatic potential, 
Φ(x) from ultrafast electron diffraction patterns. V-V dimerization and tilting are absent in the rutile, but present in 
the mono-clinic M1 phase (the solid black line illustrates an in-plane tilt, the red line an out-of-plane tilt). The dashed 
red and blue line cuts show the unpaired/paired V-V distances of 2.9 Å and 2.6 Å, respectively. The values are in excel-
lent agreement with published values. The real space view is reconstructed vertically along the rutile cR axis and hori-
zontal cut is along the aR + bR direction. Adapted from [Otto, 2019].    

Recently, ultrafast electron diffraction (UED) is used to reconstruct the real-space structure of the mono-
clinic and rutile phases [Otto, 2019]. The photoinduced changes to the electrostatic crystal potential, Φ(x), 
determined from the measured UED intensities and plotted along the rutile cR axis (vertically) and along aR 
+ bR (horizontally) are shown in Figure 2.4.c. The determined V-V bond lengths of 2.6 Å and 2.9 Å for paired 
and unpaired V atoms are in excellent agreement with the expected values. In the rutile VO2 equally spaced 
V atoms, while in the monoclinic phase the dimerization and tilting of the V pairs is apparent. In the dis-
played view, adjacent V chains are rotated by 90° with the V-V dimers tilting in or normal to the plane.    

John B. Goodenough proposed one of the earliest descriptions of the electronic structure of VO2, based on 
crystal field and molecular orbital theory [Goodenough, 1971]. In his description, in rutile VO2, the octahe-
dral crystal field splits the V 3d orbitals into higher lying, double degenerate eg

σ and lower lying, triple de-
generate t2g symmetry states (Figure 2.5). The tetragonal component of the crystal field further splits the t2g 
states into a dπ doublet and a dǁ orbital. The dπ orbitals point toward the faces of the octahedron, while the 
dǁ orbital is directed along the rutile c-axis, towards the V atoms in the neighbouring unit cells. The strong 
bonding of V-V atoms along this direction is at the origin of the metal behavior of the rutile phase. 

Cooling below the critical transition temperature, the symmetry is lowered through the monoclinic distor-
tion characterized by the dimerization of V chains and tilting of the V-V pairs. The structural distortions lead 
to:  

• the splitting of the dǁ into bonding and antibonding states, and  
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• the upshift of the anti-bonding dπ states above the Fermi energy, EF, as the tilting of the pairs in-
creases the overlap of these states with O 2p states.  

These band reorganizations lead to the opening of a Peierls-like band gap in the insulating M1 phase, when 
a single d electron occupying the dǁ bonding state is considered. Goodenough has also suggested that the 
critical transition temperature, TC is not controlled by thermal excitations of electrons into the antibonding 
bands, but rather by the enthropy of the lattice vibrational modes. 

 

 

Figure 2.5. Schematic of the [VO6] octahedron and of the VO2 band structure in the metallic (rutile) and insulating 
(monoclinic) state. The illustrated, different equatorial and apical V-O distances are associated with the orthorhombic 
distortion that further splits the t2g orbitals into a dǁ orbital and doubly degenerate dπ states. The dπ orbitals hybridize 
with O 2p orbitals, forming low energy, bonding and high energy, anti-bonding states. The dǁ orbitals, parallel to the cR 
axis, are relatively non-bonding with respect to O 2p. In the metallic state, dǁ and anti-bonding dπ orbitals form the 
density of states at the Fermi level, while in the insulating state, the dimerization of V atoms leads to a splitting of the 
dǁ orbital. Additionally, an antiferroelectric displacement leads to the upshift of the anti-bonding dπ states. Adapted 
from [Aetukuri, 2013]. 

 2.4 Phase transition controversy: Peierls versus Mott  
Since its discovery more than half century ago and despite extensive research, the origin and primary 
mechanism behind the MIT has eluded scientists, making it the topic of heated controversy. There are in 
principle two approaches: the Peierls approach, where the MIT is attributed to electron-lattice interaction, 
and the Mott approach, where the transition is a result of electron-electron interaction. In the first ap-
proach, the transition is structurally driven and atomic rearrangements (lattice distortion and V-V dimeriza-
tion) are solely responsible for the insulating nature of the low temperature phase. In the second, Mott-
Hubbard approach, electron-electron correlations are dominant and the transition is charge driven. 

In Goodenough’s description the MIT is attributed to the zig-zag distortion and dimerization of V chains, 
therefore, is interpreted in terms of strong electron-phonon interactions belonging to the Peierls model. 
Subsequent density functional theory (DFT) simulations, based on single electron bands, seem to support 
the Peierls approach.  

Wentzcovitch et al. performed electronic structure calculations based on density functional theory within 
local density approximation (DFT - LDA) and succesfully determined the M1 monoclinic structure to have 
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the lowest energy, with structural parameters in reasonable agreement with experiment. They denoted 
VO2 as a band insulator (Peierls insulator), however, the bandgap of the monoclinic M1 phase remained 
unaccounted for - the top of the dǁ band overlaps slightly with the bottom of the dπ band [Wentzcovitch, 
1994]. Cavalleri et al. used femtosecond laser excitation to initiate the transition and establish a time do-
main hierarchy [Cavalleri, 2004]. Results suggest that the disappearance of the band gap is due to optical 
phonons that cause the structural phase change. Authors conclude that the atomic rearrangement of the 
high temperature rutile lattice is essential for the occurance of the metallic VO2. X-ray and neutron scatter-
ing experiments have also revealed the importance of lattice vibrations and, there too, anharmonic pho-
nons, rather than electronic contributions, have been reported to drive the VO2 phase transition [Budai, 
2014]. 

While the Peierls phase transition can qualitatively explain a band gap opening induced by a strong dimeri-
zation of V atoms, electron-phonon coupling alone appears insufficient to accurately and quantitatively 
describe the MIT mechanism. Inconsistencies between theory and the rather large, experimental band gap 
of 0.6 – 0.7 eV, the magnetic properties of VO2 ground states and the existence of intermediate insulating 
phases arise.  

Soon after Goodenough’s interpretation, Mott and Zylbersztejn proposed that electronic correlations are 
primarily responsible for the band gap opening [Zylbersztejn, 1975]. They argue that lattice distortion alone 
is insufficient and a significant Hubbard energy U is necessary to drive the MIT. Many others have followed, 
claiming the crucial role of electron correlations in the phase transition [Sommers, 1978; Rice, 1994].  

In early experimental work, Pouget et al. showed that uniaxial stresses or Cr doping, even in trace amounts, 
lead to a second monoclinic, M2 and a triclinic, T insulating phases [Pouget, 1976]. Later, Eyert also reports 
on the intermediate M2 and T phases, in his comprehensive work on the metal-insulator transition of VO2 
[Eyert, 2002]. In contrast to the M1 phase, where all vanadium atoms dimerize and tilt along the cR axis, in 
the monoclinic M2 phase only half the V atoms pair, with no tilt in the dimerized chains, while the other 
half forms tilted chains of equally spaced atoms. The triclinic phase is an intermediate phase between the 
M2 and M1 phases, with the V atoms paired and tilted to different degrees. The V atoms positions for the 
metallic rutile and three insulating phases of VO2 are shown in Figure 2.6.a.  

 

Figure 2.6. a) Vanadium atom positions in the metallic (rutile R) and three insulating phases (monoclinic M1, M2 and 
triclinic T). For each insulating phase, the displacement with respect to the rutile positions (open green circles) are 
illustrated. Reproduced from [Huffman, 2017]. b) Calculated density of states (DFT + U) for the monoclinic insulating 
M1 and intermediate, metal-like M2 phases. Adapted from [Lee, 2018].    
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The fact that the M2 is also insulating, in spite of the undimerized V chains, is a strong indicator that the 
physics of VO2 is similar to that of Mott-Hubbard insulators [Rice, 1994]. Infrared microspectroscopy and 
spectroscopic microellipsometry on strained VO2 crystals show that the first-order structural phase transi-
tion between the M2 and T phases, whose optical interband features are remarkably similar to those ob-
served in monoclinic M1, does not impact the band gap and electronic structure. Due to this insensitivity of 
the band gap to the lattice distortion, authors claim that the insulating phases of VO2 are Mott-Hubard in-
sulators, ruling out the Peierls component and stating the Mott-Hubbard type Coulomb correlations as the 
driving contributor to the band gap opening [Huffman, 2017]. 

Data from infrared spectroscopy, ellipsometry and reflectance nano-imaging experiments suggest a Mott 
transition in metallic VO2, as the standard quasi-particle charge conduction is found untenable, with the 
Ioffe-Regel-Mott limit of metallic transport breaking down due to strong electron correlations observed in 
rutile VO2 [Qazilbash, 2006; Qazilbash, 2007]. 

Ultrafast electron diffraction combined with infrared transmissivity allow to monitor the structural and 
charge density reorganizations of VO2. Through photoexcitation of the monoclinic phase, an intermediate 
monoclinic-like phase with the characteristic periodic lattice distortion, but metal-like mid-infrared optical 
porperties has been observed [Morrison, 2014]. 

In another recent study, an isostructural, electronically driven MIT is demonstrated in epitaxial VO2 films 
[Lee, 2018]. Through an artificial bilayer of only 8 nm thick epitaxial VO2 and slightly oxygen deficient VO2-δ 
single layer deposited on (001) TiO2 substrates, the MIT transition in the VO2 layer occured at lower tem-
perature than the strutural transition. This non-equilibrium monoclinic metallic phase does not occur in the 
abscence of the oxygen-deficient layer, as interface interactions suppress the electron correlations in the 
otherwise correlated insulator, without changing the crystal structure.  

Another indication of unconventional, strongly correlated electron physics in VO2 comes from the drastic, 
one order of magnitude breakdown of the Wiedemann-Franz law at high temperatures [Lee, 2017]. Typical-
ly, in conductive solids, the Wiedemann-Franz law requires that the electrical conductivity and the electron-
ic contribution to the thermal conductivity are proportional to each other.  The anomalously low electronic 
thermal conductivity in metallic VO2 suggests a strong electron correlation where heat and charge diffuse 
independently. 

From a computational approach, traditional band theory based DFT calculations, both within the local den-
sity approximation (LDA) or generalized gradient approximation (GGA), fail to predict a band gap for the 
insulating phases of VO2 [Wentzcovitch, 1994; Eyert, 2002]. When the electronic correlations are accounted 
for via a Hubbard energy, U (DFT + U), the opening of a band gap in the monoclinic phases is predicted 
[Kim, 2013; Budai, 2014]. Moreover, corrections with hybrid functionals provide a more accurate descrip-
tion of the electron exchange and their ability to predict a bandgap opening within DFT indicate that the 
Hubbard interaction might not be essential for the MIT [Eyert, 2011]. Nonetheless, even with these consid-
erations, DFT methods fail to determine the correct band gap and magnetic ground state in the monoclinic 
phase. 
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Dynamical mean-field theory (DMFT) simplifies the spatial dependence of the electron-electron correlation, 
while fully accounts for their dynamics making it a widely applicable approximation for the description of 
strongly correlated systems. By means of cluster-DMFT (c-DMFT), the electronic structure of both the me-
tallic, rutile and insulating, monoclinic M1 VO2 phases, as well as the previously elusive finite band gap 
could be successfully reproduced [Biermann, 2005]. Measured X-ray photoemission spectra agree well with 
the simulated c-DMFT spectra (Figure 2.7).  

 

Figure 2.7. (a-b) Spectral functions of the rutile and monoclinic M1 phases calculated within the DMFT approximation 
(solid lines) in comparison to the LDA density of states (dashed lines). Reproduced from [Biermann, 2005]. c) Experi-
mental X-ray photoemission spectra and corresponding theoretical results from c-DMFT calculations of the rutile and 
monoclinic VO2 phases. Reproduced from [Liu, 2018]. 

These recent theoretical advances tend to bridge the gap bewteen purely Mott- or Peierls-like transitions. 
Instead, the joint effect of electron correlation and electron-phonon interaction is stressed and a coopera-
tive Peierls-Mott transition is proposed, termed: “correlation assisted Peierls transition” [Biermann, 2005; 
Kim, 2013] or “Peierls assisted orbital selective Mott transition” [Weber, 2012].  

For further details on the physics and applications of strongly correlated vanadium dioxide systems, the 
reader is directed to recent review articles [Brahlek, 2017; Liu, 2018].  

  



The physics of thermochromic VO2 

27 

2.5 Effects of doping 
While the definite origin and sequence of the phase transition has been the subject of debate, by no means 
did it prevent extensive experimental studies on the modulation of the MIT characterisics from being car-
ried out. Due to its remarkable change in electrical and optical properties close to room temperature, VO2 
is of paramount interest for practical applications e.g. ultrafast optical [Wang, 2005], steep-slope electronic 
switches [Vitale, 2017], tunable capacitors [Vitale, 2016], microbolometers [Émond, 2015], thermochromic 
smart windows [Granqvist, 1990; Zhao, 2014], smart radiators in solar thermal [Paone, 2014] or space 
[Benkahoul, 2011] applications, etc.   

For the bulk of these applications, operating temperatures other than the 341 K of pure VO2 are desired. 
Among the multiple methods employed to modulate the MIT (stress regulation, charge injection, film stoi-
chiometry, film morphology), extrinsic doping and alloying have been one of the most popular.  

The discovery of an MIT in VO2 in 1959 has sparked considerable interest and, by the beginning of 1970s, a 
wide variety of dopants have been studied. It must be noted that early studies were mainly concerned by 
doped VO2 single crystals, while thin films might yield different outcomes. Since then, data reported in lit-
erature concerning doping of both single crystals and thin films have been collected and compared for a 
wide range of elements. The values of change in phase transition temperature per at.% dopant, dT/dx also 
depend on preparation method and quality of VO2. Moreover, changes in TC are limited. The sharpness of 
the MIT diminishes steadily with doping, up to a maximum dopant concentration beyond which the MIT is 
lost. Nonetheless, the typical dT/dx values of commonly studied dopants are summarized in Figure 2.8.  

 

Figure 2.8. Change in the MIT phase transition temperature per at.% dopant as a function of dopant valence. The real 
valence states of dopants have not been experimentally confirmed as many are multi-valent. Reproduced from [Liu, 
2018].  

It is generally accepted that high-valence dopants with larger ionic radii than V4+ (e.g. W6+, Mo6+, Nb5) low-
er, while low valence metal ions with lower ionic radii (e.g. Al3+, Ga3+, Cr3+, Fe3+) increase the phase transi-
tion temperature. Donor-like substitutional dopants (with higher valence than the 4+ of V atoms), are 
thought to to screen the electron-electron interaction in the insulating state by the additional free elec-
trons, hence lowering the TC, while acceptor-like dopants (of valence lower than 4+) are believed to weaken 
the electrostatic screening and, therefore, increase the TC. However, the structural effects induced by the 
size mismatch between V4+ and dopant ion cannot be neglected. The mechanism through which dopants 
affect the MIT are even less established than the mechanism of the MIT itself. Whether the primary reason 
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for MIT modulation is the valence or the size of the ion is unclear, as it comes back to the same fundamen-
tal question of whether the origin of the MIT in pure VO2 is electronic or structural in nature. 

Interpetation of vacancies or interstitial defects poses similar challenges. For example, the presence of oxy-
gen vacancies promotes the formation of V3+

 ions in order to maintain charge neutrality. In turn, V3+ having 
a larger ionic radius than V4+ (78 pm versus 72 pm) induces strain in the structure [Jaffari, 2017].     

From Figure 2.8 it appears that dopants lowering the TC are much more efficient than those increasing the 
TC and that tungsten, W is the most efficient among them. Typically, W reduces the transition temperature 
by 23 – 27°C/at.%, depending on the deposition method, however, a reduction as high as 49-55°C/at.% W 
[Paone, 2015a] has been reported.  

A charge-transfer mechanism is thought to take place by replacing V4+ ions with W6+.The transition temper-
ature is lowered either as a result of larger ionic radius of tungsten over vanadium, or due to the insertion 
of extra electrons into the vanadium d band. It is suggested that W ions break up the homopolar V4+-V4+ 
bonds, forming V3+-W6+ and V3+-V4+ pairs for charge compensation [Tang, 1985]. The loss of homopolar V4+-
V4+ bonding, electron doping and detwisting of the monoclinic lattice by W6+ is thought to destabilize the 
insulating phase and to lower the transition temperature [Wu, 2014].  

For room temperature applications, tungsten doping is well-established. However, dopants shifting the MIT 
towards higher temperatures proved less efficient. Although it is Ga showing the largest increase of tem-
perature per at.%, the highest transition temperatures for doped VO2 have been reported for V0.8Cr0.2O2 
films with TC ≈100°C [Miyazaki, 2014] and for V0.94Ge0.06O2 films with TC ≈96°C [Krammer, 2017a].  

As Ge doping of VO2 films constitutes the main part of the present thesis, the results of recent electronic 
structure calculations of VO2-GeO2 alloys [Lu, 2019] are briefly summarized. Lu et al. have used density 
functional-theory within the generalized gradient approximation including an onsite repulsive potential 
(DFT GGA+U) to calculate the electronic structure of pure and alloyed VO2. The method gives the correct 
ground states in the rutile and monoclinic phases, but yields slightly larger band gap for the M1 phase than 
experimentally determined (1.1 eV versus 0.7 eV). However, due to the large unit cells needed to treat di-
lute alloys, the more accurate methods (e.g. DMFT), able to reproduce all features of the electronic struc-
ture with the correct band gaps, are too computationally expensive.    

Authors find that the opening of the band gap is mainly due to an antiferromagnetic ordering with a strong 
spin coupling along the V chains, thus favouring the Mott description. In their view, the rutile phase is non-
magnetic (antiferromagnetic rutile would have a gap) and the monoclinic phase is antiferromagnetic (non-
magnetic monoclinic phase is gapless). In VO2-GeO2 alloys, the monoclinic deformation disappears with Ge 
doping and the structure reverts to rutile as GeO2 has a rutile phase. However, due to the spin ordering – 
present also in the absence of structural V-V pairing – a band gap of 0.78 eV is determined for the antifer-
romagnetic, low-temperature state (Figure 2.9). This is lower than the 1.1 eV calculated for pure VO2 and it 
is mainly due a weaker spin pairing as a result of the larger V separation (some of the V atoms being substi-
tuted by Ge).  

Total energy calculations with non-magnetic and antiferromagnetic spin ordering result in an increased 
energy difference between the metallic and insulating phases of VO2-GeO2 alloys compared to pure VO2. 
This energy difference increase is equivalent to an increase of TC and is consistent with the experimental 
observations on Ge doped VO2 thin films as described in Chapter 5.  



The physics of thermochromic VO2 

29 

 

 

Figure 2.9. a) Unit cell structure and spin order in VO2-GeO2 alloy. Ge atoms (green spheres) substitute a quarter of the 
V atoms (grey spheres). b) Partial density of states calculated for the low-temperature, antiferromagnetic and high-
temperature, non-magnetic phases of the VO2-GeO2 alloy. (c-d) Structure reverting to rutile after relaxation in VO2-
GeO2 alloys. Reproduced from [Lu, 2019]. 
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 Experimental methods and numerical analysis 
This chapter describes the adopted thin film deposition methods and the wide array of characteri-

zation techniques employed for the investigation of optical, electrical, structural, morphological and elec-
tronic film properties. The response of multilayered thin film coatings is simulated based on the transfer 
matrix formalism, while the thermal performance of the envisaged thermochromic flat-plate collectors is 
also predicted based on a numerical simulation model.     

 3.1 Thin film deposition 3.1.1 Magnetron sputtering 
Sputtering is a physical vapour deposition technique and one of the main thin film coating methods. Today, 
most, if not all, remaining European solar absorber manufacturers produce their coatings by means of sput-
tering. It is a reliable deposition method offering good control of the film composition and thickness.  

Sputtering is a plasma based vacuum process, where a source material, called target, is eroded by incoming 
high energy particles. This is achieved by applying a negative charge to the source material (cathode), re-
sulting in the acceleration of free electrons away from the target. Then, these electrons collide with the 
inert, process gas atoms present in the vacuum chamber, usually Ar, ionizing them to Ar+ and generating 
more free electrons in the process, thus, sustaining the plasma. The positively charged ions are accelerated 
toward the cathode. Upon the impact, atoms or atom clusters of the source material are ejected, or sput-
tered, and are deposited as a thin film on a substrate (anode) placed in their way. Meanwhile, the recombi-
nation of free electrons with the ions results in the release of photons, which give the plasma its character-
istic glow. 

However, in the classical sputtering process, deposition rate is slow and the substrate (anode) can be dam-
aged by the flux of impinging free electrons. In magnetron sputtering, magnets are placed behind the cath-
ode in order to confine the electrons in the magnetic field above the target surface. The electrons travel 
along the magnetic field lines leading to an enhanced probability of an ionising electron-atom collision. A 
denser, localized plasma results in significantly increased sputter rates.  

To deposit oxide films from metallic targets, oxygen is introduced in the chamber. The ionized non-inert gas 
can react chemically with the sputtered atoms of metals or semimetals. The process is then called reactive 
magnetron sputtering. However, in a background of reactive oxygen gas, the target surface might oxidize as 
well, leading to lower conductivities (charging) and lower sputter yields. The oxide growing faster than the 
target being ablated can result in target poisoning. For poisoned targets, subsequent arcing renders the 
process unstable and generates damages in the films and targets alike. Pulsed-DC sputtering can suppress 
the positive charge build-up on the targets by alternating the applied potential. Applying a negative voltage 
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pulse of a few hundred volts for a time τon, sputtering of the source material takes place. Then a reverse, 
positive low voltage is applied for a time τrev, in order to remove any charge built-up on the target surface. 
τon should be short enough to avoid arcing and τrev should be long enough to remove the accumulated posi-
tive charges. The duration of a cycle, τcycle = τon + τrev, determines the pulsing frequency and a duty cycle is 
defined as the fraction of a cycle in which the signal is active: 

 Duty cycle = ττ  Equation 3.1. 

By pulsing the DC voltage at typical frequencies in the range of 10 – 250 kHz with duty cycles in the range of 
50 – 90%, arcing during dielectric film depositions is successfully avoided, while still maintaining higher 
deposition rates compared to RF sputtering. Figure 3.1 shows the evolution of arcing rate with the pulsing 
frequency and duration of voltage reversal. In this work, the pulsing frequency is set to 250 kHz with a re-
verse time, τrev of 496 ns leading to a duty cycle of 87.6%. Pure VO2 films and doped VO2 films sputtered 
from alloy targets have been deposited by pulsed-DC magnetron sputtering.  

 

Figure 3.1. Arcing rate as function of pulse frequency and duration of voltage reversal for the reactive deposition of 
alumina in an Ar/O2 mixture and profile of the applied voltage with time. Adapted from [Belkind, 1998]. 

RF sputtering, delivering AC power typically at 13.56 MHz, is suitable for the deposition of highly insulating 
and/or brittle materials. In this work, when the doped VO2 films are deposited by co-sputtering of V and 
various dopant elements (e.g. Ge, Si or Cr), the magnetron of the dopant is run by an RF power supply as it 
provides a rather low deposition rate. Additionally, several magnets are removed from the magnetron in 
order to further limit the sputtering rate of the dopant targets.  

In our experimental setup, shown in Figure 3.2, a confocal sputter-up configuration is adopted, having five 
different magnetron sources arranged in a circular way and tilted towards a common focal point where the 
substrate holder is placed. This allows for exceptional film uniformity and easy deposition of multilayered 
coatings or alloys by co-sputtering of different source materials without the need of substrate reposition-
ing.  
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Figure 3.2. Photograph of the confocal chamber interior with a plasma discharge and heated substrate rotating above 
the magnetrons (left); schematic representation of the sputtering process and sputter chamber (right). 

The sputtering process takes place in high vacuum conditions. The base bressure of the chamber is below 
5·10-8 mbar. Mass flow controllers regulate the flow of high purity process Ar gas (99.999%) and reactive O2 
gas (99.995%) in the chamber. However, for the deposition of pure and doped thermochromic VO2 films, 
the oxygen partial pressure during the process must be precisely controlled. Care must be taken to avoid 
the formation of the oxygen poor V2O3 or the oxygen rich, thermodynamically stable, V2O5 phase. To that 
end, a Proportional Integral Derivative (PID) feedback control is employed, which regulates the oxygen flow 
based on the pressure readings of a Zirox XS22 lambda-probe oxygen sensor. This way the oxygen partial 
pressure is strictly kept in a narrow, predefined range. 

Only crystalline VO2 films exhibit a metal-to-insulator phase transition. For the crystalline structure to form, 
the substrates must be heated during the deposition. Samples are generally heated to 600°C nominal tem-
perature at a rate of 30°C/min. The temperature is measured by a stationary thermocouple situated behind 
the rotating substrate holder, hence, the sample temperature differs from the nominal temperature. The 
temperature calibration curve is determined by measuring the sample temperature as a function of the set 
temperature (Figure 3.3). This is done with the help of a second thermocouple that is fixed to the surface of 
the sample holder during the heating ramp. It is found that the commonly set deposition temperature of 
600°C corresponds to an actual sample temperature of 465°C. This calibration does not account for the 
additional sample heating resulting from the flux of incoming particles during the sputtering process. 

 

Figure 3.3. Temperature calibration for the sample holder. 
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For uniform substrate heating and film thickness, the substrates are rotated at 20 rpp, during the deposi-
ton. At the end of the sputtering process, samples are annealed during the controlled cooling stage, with a 
cooling rate of 30°C/min. This in-situ annealing step is essential for the formation of crystalline VO2 struc-
ture, which is inhibited when samples are cooled freely to room temperature. A rapid cooling leads to 
amorphous vanadium oxide films.      

Throughout this work, thin films are sputtered from 2” high purity metal, semimetal and oxide targets:  

• V (Testbourne 99.95%) 
• V-Ge 95-5 at.% (Testbourne 99.99%) 
• Ge (Testbourne 99.999%)  
• Si (AJA 99.999%) 
• Cr (Testbourne 99.95%) 
• CuCoMn (Testbourne 99.9%)  
• W (Kurt J. Lesker 99.95%) 
• Ti (Testbourne 99.99%) 
• Ta (Testbourne 99.99%) 
• Nb (Testbourne 99.99%) 
• La0.7Sr0.3MnO3 (Testbourne 99.9%).  

Pieces of <100> Si wafers, of few centimeters in size, are the most common substrate types used in this 
work. Multilayered absorber coatings are deposited on reflecting Al substrates (50 mm x 50 mm x 0.5 mm 
Al sheets from Goodfellow or 50 mm x 50 mm SavoSolar multichannel Al). Furthermore, to study the influ-
ence of substrates on the thermochromic behaviour of thin films, fused silica, single crystal c-cut Al2O3 and 
GaN substrates are investigated.  

The exact process parameters of each sputtered film are summarized in the beginning of the corresponding 
result section.   

A view of the laboratory thin film deposition facility, where the experiments of this study have been carried 
out is shown in Figure 3.4. The particularity of the system constists of the interconnection of a vaccum dep-
osition chamber with scanning tunneling microscopy/spectroscopy and UV and X-ray photoelectron spec-
troscopy characterization platforms. The vacuum connected setup, permits the analysis of film morphology, 
elemental composition and the electronic properties of pristine sample surfaces.  
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Figure 3.4. Thin film sputtering and characterization facility at LESO-PB. The high vacuum deposition chamber (center) 
is connected in-line with a scanning tunnelling microscope (left) and a UV and X-ray photoelectron spectrometer 
(right). 3.1.2 High power impulse magnetron sputtering (HiPIMS) 
HiPIMS is a relatively recent advance in sputtering technology, that quickly become popular among re-
searchers in the coating industry after Kouznetsov’s seminal work on a “novel pulsed magnetron sputter 
technique utilizing very high power densities” published in 1999 [Kouznetsov, 1999]. Its popularity is due to 
the higher film quality of deposited films, which are denser and harder than for conventional magnetron 
sputtering, and to the convenience of upgrading existing magnetron sputtering systems to HiPIMS just by 
changing the power supply. 

HiPIMS boosts the advantages of conventional magnetron sputtering by applying short, high amplitude 
voltage pulses to the cathode, generating a very dense plasma with a large fraction of ionized sputter at-
oms. Ionized sputter atoms are a particularity of HiPIMS systems as in magnetron sputtering it is the pro-
cess and reactive gas atoms that are ionized. Besides sustaining the discharge, the charged film-forming 
particles, ensure a plasma-assisted thin film growth affecting the film microstructure. The discharge voltage 
is pulsed such that the peak current and power densities are about two orders of magnitude higher than for 
typical DC sputtering. To avoid overheating of the target and to keep the average operating power at man-
ageable levels, the high-voltage pulses should be delivered in low duty cycles (<10%). The high amplitude 
discharge is typically operated with pulse lengths ranging from a few tens up to several hundreds of micro-
seconds and pulse frequencies of tens to thousands of Hz. Typical HiPIMS plasma parameters compared 
with a DC magnetron sputtering plasma are given in Table 3.1.  
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Table 3.1. Typical plasma parameters for HiPIMS and DC magnetron sputtering (DCMS) [Valentene-Feliciano, 2013]. 

Parameter HiPIMS DCMS  
Peak Power Density [W·cm-2] 1000 1 
Current Density [A·cm-2] 1 – 1000 0.01 – 0.1 
Discharge Voltage [V] 500 – 1000 500 
Process pressure [Torr] 10-3 – 10-2 10-3 – 10-2 
Electron Density [m-3] 1018 – 1019  1016 
Electron Temperature [eV] 1 – 5  1 – 7  
Degree of ionization [%] 30 – 100  < 5 
Ion energy [eV] 20 5 

 

The current and voltage curves of a HiPIMS discharge over a vanadium target (Figure 3.5) show that at peak 
power, the discharge is not an arc since the cathode voltage when the current peaks, is around 550 V, that 
is a typical magnetron value.  

 

Figure 3.5. Current and voltage curves for a HiPIMS discharge over a vanadium target for a pulse length of 45 µs and 
peak cathode voltage of 900V in a reactive oxygen atmosphere. Dashed red lines correspond to the beginning and the 
end of the applied pulse. Reproduced with permission from [Loquai, 2016].   

Owing to a significant fraction of the ionized sputter atoms returning to the target, the film deposition rates 
achieved by HiPIMS are significantly lower compared to conventional magnetron sputtering, being approx-
imately half for an identical power input. This is one of the main drawbacks of HiPIMS.     

Nonetheless, the high ionization levels and the high kinetic energy of the sputtered materials achieved in 
HiPIMS make this method promising for low-temperature deposition of crystalline films. In fact, there are 
several recent studies showing that good quality thermochromic VO2 thin films have been successfully de-
posited at substrate temperatures of around 300°C and even on polymeric (Kapton) substrates [Vlcek, 
2017; Portier, 2014; Loquai, 2016]. In the framework of this thesis, HiPIMS is briefly investigated as an al-
ternative to conventional magnetron sputtering with the aim of lowering the substrate temperature.  
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3.2 Thin film characterization 3.2.1 Visible and near-infrared spectrophotometry                                                                            
 
Spectrophotometry is the measurement of the relative intensity of reflected or transmitted light by a mate-
rial, in this case a thin film, at a given wavelength. The measurement setup is composed of a light source, 
an integrating sphere and a spectrometer. In this work, the light source is an incandescent lamp that emits 
an isotropic radiation with a blackbody-like spectral distribution. With the use of an integrating sphere 
(LOT, RT-060-SF) the total and/or diffuse component of the thin film spectral reflectance, ρλ and transmit-
tance, τλ are determined. For the detection, an Oriel MultiSpec 125TM 1/8m spectrometer and an Instaspec 
IITM Silicon Photodiode Array Detector are used in the visible range (0.36 – 0.8 μm). In the near-infrared 
range (0.8 -2.5 μm), a monochromator (Optronic Laboratories, OL 750-MPS) associated with a NIR-sensitive 
PbS detector (Optronic Laboratories, OL 730) are employed.  

The determined spectra are relative to the spectrum of a white reference standard of known reflectance. 
The absolute error of the measurement is of ±2 percentage points. 

With this set-up, the total spectral reflectance of thin films over the 0.36 – 2.5 μm range is measured. For 
opaque materials, such as solar absorber coatings, the spectral transmittance, τλ is zero and the spectral 
absorptance, αλ is directly determined from the spectral reflectance, ρλ according to:    

 ρλ + τλ + αλ = ρλ + αλ = 1. Equation 3.2 

Then, the corresponding total solar absorptance, αsol, for the same 0.36 – 2.5 μm spectral range is calculat-
ed with the AM 1.5G solar spectrum. 

For sufficiently absorbing films, where multiple reflections can be neglected, the absorption coefficient, 
αcoeff can be approximated from the spectral reflectance and transmittance values according to: 

 α =  − ln  [cm ] [Demichelis, 1987] Equation 3.3 

Plotting (αcoeffhν)1/r vs. hν, where hν is the photon energy, expressed in eV, and the value of the exponent r 
depends on the nature of the electronic transition in the examined material: 

 r = 1/2 for direct allowed  
 r = 3/2 for direct forbidden 
 r = 2 for indirect allowed 
 r = 3 for indirect forbidden, 

one obtains the Tauc plot from where the optical bandgap of the thin film material is determined.  

 3.2.2 Fourier Transform Infrared Spectrophotometry 
The spectral reflectance in the mid-infrared range (2.5 – 16.7 μm) is measured with a Bio-Rad FTS-175C 
Fourier transform infrared spectrometer equipped with a 3” golden integrating sphere and a high-
performance nitrogen-cooled Mercury-Cadmium-Telluried (MCT) detector. 
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At the core of the FTIR spectrometry is an interferometer which produces a signal in which every data point 
has information about every infrared frequency that comes from the source (high temperature SiC ceram-
ic). Encoding all frequency information in one interferogram is achieved by using a beamsplitter that divides 
the incoming infrared beam into two beams, one striking a fix mirror and the other a moving mirror. The 
reflected beams recombine, but because of the different optical path travelled the beams generate an in-
terfence pattern or interferogram. The beam is then directed to the sample, where some energy is ab-
sorbed and some is reflected. The reflected beam reaches the detector and the corresponding interfero-
gram signal is processed into a frequency spectrum using a fast Fourier transform (FFT) algorithm. The final 
sample spectrum is relative to the reference spectrum measured for a gold standard. Schematic of the FTIR 
analysis process is shown in Figure 3.6. 

  

Figure 3.6. Schematic representation of the FTIR sample analysis process. Source: Thermo Nicolet Corporation. 

For opaque materials, the spectral emittance ελ is directly expressed from the spectral reflectance applying 
Kirchhoff’s law: 

 ελ = αλ = 1 - ρλ. Equation 3.4 

The thermal emittance of the absorber, εth is determined by weighting the spectral emittance, measured 
over the 2.5 – 14 μm spectral range, with the black body radiation of a body at T = 373° K (where a collector 
temperature of 100° C is considered for normal operating conditions). 

In order to have a precise control of the sample temperature during FTIR spectrometry measurements, a 
customized, portable heating stage is built (Figure 3.7). It is designed in such way that the back-heated 
sample is placed very close to the integrating sphere opening, but without any direct contact with the sur-
face of the sphere’s enclosure. This is important, as the coating oxidizes after exposure to high tempera-
tures. The thermocouple used to monitor the sample temperature is fixed inside the copper heating block. 
Due to the high thermal conductivity of Cu, the temperature inside the Cu block is considered to be the 
same as that of the sample fixed on it (samples are usually few hundred nanometers of thermochromic 
films deposited on 0.5mm conducting Al substrates).  
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Figure 3.7. Schematic and photograph of the designed heating stage. 

 3.2.3 Ellipsometry 
Ellispometry is an optical analysis technique used to determine the optical constants, n and k and the thick-
ness of thin films. These values are not directly measured, instead the changes in the polarization of inci-
dent light reflected from a sample are recorded. The incident light is linearly polarized with both p- and s- 
components. The reflected light is elliptically polarized and it is described by a relative amplitude change, Ψ 
and a relative phase difference, Δ between p and s components (Figure 3.8). Measured quantities, Ψ and Δ, 
are related with the complex reflection coefficients, rp and rs corresponding to the s- and p- polarized light 
by the fundamental equation of ellipsometry: 

  𝜌 = 𝑟𝑟 = tan(𝛹)𝑒 ∆ Equation 3.5   

with tan(𝛹) = 𝑟|𝑟 | Equation 3.6   

 
and 

 ∆ =  𝛿 − 𝛿  
 

Equation 3.7   
 

where 𝑟  and |𝑟 | are the amplitude diminution and 𝛿  and 𝛿  are the phase changes for the p- and s- 
components of the reflected light.  

 

Figure 3.8. Principle of ellipsometric measurement. [Dorywalski, 2016] 

The reflection coefficients rp and rs are related with the complex refractive index N = n - ik and with the 
complex delectric permittivity ε = N2 by the Fresnel equations: 
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𝑟 = 𝑁 cos𝜃 − 𝑁 cos 𝜃𝑁 cos𝜃 + 𝑁 cos 𝜃 =  𝑟 𝑒  Equation 3.8   

  𝑟 = 𝑁 cos 𝜃 − 𝑁 cos𝜃𝑁 cos 𝜃 + 𝑁 cos𝜃 =  |𝑟 |𝑒  Equation 3.9   

 

where N0 and N1 are the complex refractive indices of the ambient air and the measured material, respec-
tively, 𝜃  is the angle of incidence and 𝜃  the angle of refraction. Then, the pseudodielectric permittivity is 
determined directly from the measured ellipsometric parameters, Ψ and Δ, with the following expression:  

〈𝜀〉 = sin 𝜃 1 + tan 𝜃 1 − 𝜌1 + 𝜌  Equation 3.10   

  
The measured data is interpreted by means of nonlinear regression methods. An optical model of the sam-
ple is constructed and, based on the Fresnel equations, the theoretical values of Ψ and Δ are calculated for 
each wavelength and angle of incidence, 𝜃 . Then, the experimental and theoretical data are fitted and the 
mean square error is minimized.  

For non-absorbing films, the Cauchy dispersion law is commonly used to fit the shape of the optical con-
stant, n versus wavelength, λ: 

   𝑛(𝜆) = 𝐴 +  +   Equation 3.11   

where the coefficients A, B and C are determined by fitting the equation to measured refractive indices at 
known wavelengths.  

In this work, a Semilab SE-2000 visible ellipsometer is used to determine the optical constants and thick-
nesses of transparent SiO2, TiO2, Ta2O5 and NbO thin films. Sample roughness should be much lower than 
the wavelength of the light as rough surfaces result in light depolarization. Hence, for the ellipsometric 
measurements, the films are sputtered onto single crystal Si wafers. The samples are measured at four 
different incidence angles: 60°, 65°, 70° and 75°. The data analysis is performed with Winelli and SEA soft-
wares. For the regression, initial film thicknesses are approximated from quartz balance measurements.    3.2.4 Four-point probe resistivity measurements 
The electrical resistivity of conductive, uniform thin films is commonly measured by the four-probe point 
method in the Van der Pauw configuration. The contacts are placed at the corners of the generally square 
samples. A DC current is applied on contacts 1 and 2, while the voltage is measured from contacts 3 and 4 
(Figure 3.9). 
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Figure 3.9. Setup for the electrical resistivity measurement. Adapted from [Springer, 2004]. 

The resistivity can be determined with the following relation:  

 ρ =  πt2 ln2 (R + R )f RR  Equation 3.12 

where t is the film thickness, f is the geometrical correction factor and R12 and R23 are the resistances be-
tween the points indicated by the indeces. For nearly square shaped samples R12 and R23 are considered to 
be equal and f is close to unity. 

The resistivity of materials depends on the temperature. Increasing the temperature, the resistivity of met-
als increases, due to lattice vibrations and phonon scattering, while the resistivity of semiconductors de-
creases. In the particular case of VO2, which exhibits a semiconductor-to-metal transition when thermally 
activated, a discontinuous change in resistivity of several orders of magnitude occurs. Therefore, measuring 
the temperature dependent film resistivity, is the most convenient and straightforward way to detect if the 
deposited sample is undergoing a thermochromic transition or not. The temperature, cycled between room 
temperature and 100°C, is measured by a thermochouple in direct contact with the sample surface. ρ vs. 
temperature curves are acquired both during heating and cooling of the samples as thermchromic proper-
ties exhibit hysteresis.   3.2.5 X-ray diffraction 
X-ray diffraction (XRD) is a non-destructive analytical technique used for phase identification of crystalline 
materials. Incoming X-rays are scattered by the atomic crystal planes. When the path difference between 
successive scattering planes is an integer multiple of the X-ray wavelength, the interference is constructive 
and a diffraction peak is produced. The sample is in Bragg condition (Figure 3.10). Expression of the Bragg 
law is:  

 nλ= 2dsin θ Equation 3.13 

where n is an integer, λ is the wavelength of the incident X-rays, θ is the angle of incidence and d is the 
interplanar spacing of the crystal.  
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Figure 3.10. Illustration of Bragg diffraction and constructive interference of reflected X-rays. Source: [science-
wise.info, 2019]. 

By varying the angle θ, the Bragg condition is satisfied by different d spacings in polycrystalline materials. 
The intensity of the diffraction peaks plotted against the angle at which they are measured, give the diffrac-
tion pattern that is characteristic for each compound. The crystalline phases are identified by matching the 
measured XRD spectrum against a database of recorded phases such as the Powder Diffraction File (PDF) of 
the International Center Diffracion Data (ICDD).  

The width of the diffraction peak carries information about the sample crystallite sizes and can be deter-
mined from the Scherrer equation: 

  
 τ =    Equation 3.14 

where : 

 τ is the mean size of the crystallites ; 

 K is a shape factor, with a typical value of 0.9 for isotropic particles; 

 λ is the wavelength of the X-ray radiation, λ = 1.54056 Å for the Cu Kα1 radiation; 

 β is the full width at half maximum (FWHM) of the diffraction peak (the instrumental line broaden-
ing should be substracted); 

 Θ is the Bragg angle. 

The Scherrer equation gives the lower bound of the crystallite size and its applicability is limited to nano-
scale crystallites (or coherently scattering domains). However, strain or crystal lattice imperfections (e.g. 
dislocations, twinning) can also contribute to the diffraction peak broadening. The Williamson-Hall method, 
Rietveld refinement or Double-Voigt approach are more sophisticated size-strain analysis methods.  

The θ/2θ Bragg – Brentano diffraction geometry is the conventional scanning configuration, but it is not 
surface sensitive with a weak signal coming from the film and an intense signal from the substrate. Grazing 
Incidence X-ray Diffraction (GIXRD) has been developed to overcome this limitation in thin film phase anal-
ysis (Figure 3.11). In GIXRD, the incidence angle is fixed at a small angle (typically between 1 and 4°), thus 
the path length of X-rays through the film is increased, maximizing the signal from the thin layer and mini-
mizing the substrate contribution. Due to the fixed angle of incidence, the analysis depth during the meas-
urement is constant, while the moving detector arm also detects grains with crystal planes that are tilted 
with respect to the sample surface. By contrast, in conventional diffraction geometry, the analysis depth 
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varies during the symmetrical θ/2θ sweep (the incident X-ray source and the detector are both moved) and 
only grains oriented parallel to the surface are detected.  

 

Figure 3.11. Schematic of the conventional θ/2θ Bragg-Brentano geometry for bulk analysis and GIXRD thin film ge-
ometry with longer beam path length in the film. Source: [H&M Analytical, 2015] 

In this work, crystallinity and phase composition of the deposited films are determined at room tempera-
ture by grazing incidence X-ray diffraction (GIXRD, Empyrean system equipped with PIXcel-1D detector, 
monochromatic Cu Kα radiation, grazing incidence GI angle 4°).  3.2.6 Rutherford Backscattering Spectrometry 
Rutherford Backscattering Spectrometry (RBS) is a quantitative Ion Beam Analysis (IBA) method for analysis 
of the surface layers of a solid material. A high-energy (MeV) He2+ ion beam irradiates a sample and the 
energy distribution and yield of the backscattered He2+ ions for a given angle is measured (Figure 3.12). The 
known backscattering cross sections for each element, enable a quantitative analysis of the elemental 
composition vs. depth, which is given by the measurement of the areal density (atoms/cm2) and can be 
converted into nm when the layer density is known. The method can detect all elements except hydrogen 
but is best suited for heavy elements in a light matrix. Assuming that the density of the layer is known 
standard measurements have usually an absolute accuracy of ≈5% in depth and concentration, although 
the relative accuracy for a series of samples can be much smaller. 

In this work, RBS is used for precise Ge quantification in the GexV(1-x)O2+y thin films and film thickness deter-
mination. The measurements are carried out at Ionlab Arc of the HES-SO University of Applied Sciences and 
Arts, Western Switzerland, under the supervision of Prof. Harry Withlow. The data is collected using a 1.7 
MV tandetron accelerator with a 2 MeV He2+ ion beam. The incident angle of the ion beam is 0°, normal to 
the sample surface, while backscattered particles are detected at 150° scattering angle. Data analysis is 
performed using the Ion Beam Analysis DataFurnace code [Barradas, 1997]. 
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Figure 3.12. Experimental configuration of the RBS analysis. A 1.7MV Tandetron accelerator irradiates the sample with 
MeV He2+ or H+ ions. Part of the He2+ ions backscattered by atomic nuclei inside of the target enter into a detector 
measuring their kinetic energy. 3.2.7 Scanning Tunneling Microscopy  
Scanning tunneling microscopy (STM) is the first scanning probe microscope that allows real-space imaging 
of conductor or semiconductor surfaces with atomic resolution [Binnig, 1983]. When a conductive tip is 
brought within very small distance (≈10 Å) from a sample substrate, and a bias voltage is applied between 
the two, electrons begin to tunnel from one to another, depending on the sign of the applied bias.  

Electron tunneling is based on quantum mechanics and on the wavelike behavior of electrons governed by 
the Schrödinger equation: 

 𝐸𝜓 (𝑧) =  − ħ ( ) + U(𝑧)𝜓 (𝑧) Equation 3.15 

 
The wavefunction of electrons in a potential well, spreads into the barrier and tunnels to the other side of 
the potential barrier (Figure 3.13). From the continuity equations of the wavefunction and its derivatives at 
the boundaries, the probability of electrons tunneling through the barrier is found: 

 𝑃 = |𝜓(𝑧)||𝜓(0)| = 𝑒  Equation 3.16 

 

where  

 𝑘 =  2𝑚(U(𝑧) − 𝐸)ħ  
Equation 3.17 
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Figure 3.13. Quantum tunnelling effect. The exponential damping of a wave function within a potential barrier of 
height Φ, which in the case of STM is the effective local work function – the minimum energy required to remove one 
electron from the sample and bring it to the vacuum level. [Trixler, 2013] 

The tunneling current, It is then proportional to the tunneling probability, and is an exponential function of 
the distance, z: 

  It ~ e-2kz Equation 3.18   

This rapid, exponential decay of the tunneling current with the separation d, of about one order of magni-
tude change in It for a ≈1 Å change in the sample-tip separation, gives STM the remarkable sub-angstrom 
sensitivity in the z direction.  

Topographic images can be collected in constant-height or constant-current mode (Figure 3.14).  

 

Figure 3.14.Comparison of constant-height (a) and constant-current (b) mode for STM. 

In constant-height mode, the tunneling current varies depending on the topography and local electronic 
surface states. It is the faster scanning mode, but it is suitable for only relatively smooth surfaces. In con-
stant-current mode, the piezo of the Z-axis scanner is actuated to adjust the tip-sample distance so that the 
tunneling current is kept constant. In this mode, irregular surfaces can be measured with high precision but 
the measurement is more time consuming. 

In the I/V spectroscopy mode (Scanning Tunneling Spectroscopy, STS), the local electronic properties of the 
analysed surfaces are probed. Having the tip over a feature of interest and sweeping the bias voltage while 
measuring the tunneling current, the characteristic I-V curves and corresponding electronic structure in-
formation are obtained locally.   

In this work, a SPECS SPM Arhus 150 scanning tunneling microscope is used to investigate the surface to-
pography, particle size and roughness of pristine samples that are transferred under vacuum between the 
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deposition and the STM analysis chamber. Furthermore, in the particular case of pure and Ge doped VO2 
samples, the I-V characteristics and band gaps are determined locally by STS. In doped samples this also 
gives information about the doping homogeneity.  3.2.8 Atomic Force Microscopy 
In atomic force microscopy (AFM), high-resolution topographical images of sample surfaces are obtained 
based on the interactions between a tip and a sample surface. Unlike STM, AFM allows the measurement 
of non-conductive samples. The main components of a typical AFM are: a flexible cantilever with a small tip 
at the free end, a laser and a position sensitive photodiode detector, and a piezoelectric scanner for precise 
displacement of the sample in the x, y, z direction .  

When the tip approaches very closely the sample surface (range of interatomic distances), the attractive or 
repulsive forces manifest between the tip and the sample surface, causing a positive or negative bending of 
the cantilever. The deflection of the cantilever is monitored as the tip travels across the surface, hence a 
topographical image is obtained. The cantilever displacement is measured by focusing a laser beam on the 
back of the cantilever and recording the back-reflected beam with a position sensitive photodiode.   

Measurements are done in contact, tapping or non-contact mode. In contact mode, the tip experiences 
repulsive van der Waals forces. Moving the tip closer or further away from the sample, the cantilever de-
flection is kept constant during scanning, and from the scanner height information the topographical image 
of the surface is obtained. In tapping mode, the cantilever oscillates close to its resonance frequency, “tap-
ping” the surface. During scanning, the tip is adjusted to maintain the oscillation amplitude constant and it 
is this adjustment used to form the topography image. In non-contact mode, the tip oscillates above the 
sample during scanning. Changes in the oscillation amplitude indicate changes in the attractive van der 
Waals forces between sample and tip and surface topography is determined.    

In this work, surface topography and particle sizes are determined by atomic force microscopy (AFM Mul-
timode, Nanoscope IIIa; Bruker) in contact mode. 3.2.9 Scanning electron microscopy 
In scanning electron microscopy (SEM), electrons, instead of light are used to obtain high resolution images 
of the studied samples. Samples are scanned by a beam of high energy electrons, which leads to the emis-
sion of backscattered electrons, secondary electrons, characteristic X-rays and Auger electrons from the 
sample surface and near-surface material. Backscattered electrons are high energy electrons resulting from 
elastic interactions between the incident beam and the sample, while secondary electrons are lower in 
energy and result from inelastic scattering. SEM reveals the surface morphology (Secondary Electron Imag-
ing) and provides image contrast as a function of elemental composition (Backscattered Electron Imaging). 
Moreover, the chemical composition of the examined samples can be determined by Energy Dispersive X-
ray Analysis (EDX), as the energy of emitted X-rays is characteristic to the atomic structure of the constitut-
ing elements.   

SEM analysis are carried out at the Interdisciplinary Center for Electron Microscopy (CIME) of the École 
Polytechnique Fédérale de Lausanne on a Zeiss Gemini 300 SEM microscope.  
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3.2.10 X-ray and UV photoelectron spectroscopy  
X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical Analysis (ESCA) 
and ultraviolet photoelectron spectroscopy (UPS) are surface sensitive, spectoscopic techniques based on 
the photoelectric effect.  

XPS gives valuable information on both the electronic structure and chemical composition of the analysed 
material. The sample is irradiated with monoenergetic X-rays and emission of photoelectrons occurs. The 
measurement must be performed in ultra-high vacuum to prevent any surface contamination, as only pho-
toelectrons from the outermost layers will be ejected (0 - 10 nm depth) and will reach the detector. The 
kinetic energy of the photoelectrons is measured with a concentric hemispherical analyser (CHA), which 
uses electrostatic fields that allow only electrons of a minimum required energy (the pass energy) to reach 
the multichannel plate detector. The energy-sensitive detector simultaneously measures the kinetic energy 
and number of electrons that escape from the surface of the analyzed material. The resulting scan is a spec-
trum of peaks at various kinetic energies. Knowing the kinetic energy, the binding energy can be calculated 
following a simple energy conversion relation: 

 EB = hν – Ekin – Φspec
 Equation 3.19   

where EB is the binding energy, Ekin the kinetic energy, hν the photon energy and Φspec is the work function 
(Figure 3.15). Each element has its characteristic atomic binding energies, therefore its own set of XPS 
peaks. Hence, XPS is used to identify elemental composition. Sample stoichiometry is determined by inte-
grating the core level peaks of each element, after substracting a Shirley background, and using known 
atomic sensitivity factors [Scofield, 1976]. For compounds, the absolute error is in the order of 10%, how-
ever, the relative error between measurements is significantly lower.  

 

Figure 3.15. XPS energy conversion. 
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Almost all elements with the exception of very light elements such as H and He can be detected with XPS. 
The peak shape and shifts in peak position give information on the chemical environment of the elements 
e.g. oxidation state.   

 

UPS is very similar to XPS the only difference being the radiation source. In XPS soft X-rays with photon 
energy >1000 eV are used, which lead to ionization and emission of core (inner shell) electrons. By contrast, 
UPS uses UV radiation of low photon energy in the range of 10 - 45 eV. Photons interact with the valence 
levels of the solid giving information on the valence band structure of the studied material (e.g. valence 
band maximum, VBM or the work function, Φ)(Figure 3.16). 

 

Figure 3.16. Comparison of XPS and UPS surface electron spectroscopies. 

The X-ray and UV photoelectron spectroscopy analysis is performed on a SPECS Leybold EA11 MCD electron 
spectrometer and the base pressure in the measurement chamber, even without liquid nitrogen cooling, is 
in the range of 5·10-10 mbar. The spectrometer is equipped with an X-ray source for the XPS (Mg Kα at hν = 
1253.6 eV) and a He discharge lamp for the UPS measurement (He I at hν = 21.22 eV, He II at hν = 40.82 
eV). The XPS survey spectra are taken at a pass energy of 50.4 eV, while the core level spectra are meas-
ured at 29.9 eV. The electron energy is calibrated with respect to the reference Au 4f7/2 core-level signal at 
83.8 eV binding energy.  

Due to the high surface sensitivity of photoelectron spectroscopy, in-situ characterization of the sputtered 
thin films is recommended. The samples are transferred under vacuum between the deposition chamber 
and the photoelectron spectrometer, therefore, the clean, as-deposited sample surfaces are analysed with 
no sputter-cleaning needed.  
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3.3 Numerical analysis 
 The optical response of the proposed multilayered thin film coatings is calculated based on the transfer-
matrix method described herein. The calculated and/or measured solar absorptance and thermal emittance 
values of the absorber coatings, are used to predict the thermal performance of the proposed thermo-
chromic flat plate collectors. The principles of the numerical simulation model are described.  3.3.1 Matrix formalism for multilayered coatings  
The reflectance, ρ and transmittance, τ of a multilayer can be calculated from the Fresnel equations and are 
based on a matrix formulation of the continuity conditions for the electric and magnetic field components 
derived from the Maxwell equations.   

In the following, the principles and basic equations describing the interaction of electromagnetic radiation 
with multiple interfaces are briefly summarized according to [Macleod, 2010; Mack, 2008].  

The spectral behavior of any material is described by a fundamental quantity known as the complex refrac-
tive index, N: 

  𝑁 = 𝑛 + 𝑖𝑘  Equation 3.20   
 

where n is the real refraction index and k is the extinction coefficient. The former is defined as the ratio of 
the velocity of light in free space, 𝑐   to the velocity of light in the material, 𝑣: 

 𝑛 = 𝑐𝑣  Equation 3.21   

while the latter is a measure of the amplitude reduction of the electromagnetic wave during its propaga-
tion through the considered medium and it is related to the absorption coefficient, αcoeff by: 

 𝛼 = 4𝜋𝑘𝜆  Equation 3.22   

 

An incident, linearly polarized electromagnetic radiation reflects and refracts at the interface between two 
different media. The relationship between the incident and refracted angle is given by Snell’s law: 

 𝑁 sin𝜃 = 𝑁 sin𝜃  Equation 3.23   
 

where 𝜃 stands for the angle of incidence/refraction and the indeces 0 and 1 represent the incident and 
exit media with respect to the boundary. 

To simplify the oblique incidence calculations, the electromagnetic wave is split into two linearly polarized 
components, one with the electric vector aligned parallel to the plane of incidence, called p-polarized and 
another perpendicular to the plane of incidence, known as s-polarized. The tilted optical admittance, 𝜂 for 
p- and s-components are then introduced: 

 𝜂 = 𝑛 − 𝑖𝑘cos𝜃  Equation 3.24   

and  
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 𝜂 = (𝑛 − 𝑖𝑘) cos𝜃 Equation 3.25   
 

Denoting 𝜂  or 𝜂  by 𝜂 for either polarization, the amplitude reflection and transmission coefficients, r and 
t, are determined according to: 

 𝑟 = 𝜂 − 𝜂𝜂 + 𝜂  Equation 3.26   

   
   
 𝑡 = 2𝜂𝜂 + 𝜂  Equation 3.27   

 

For absorbing materials, the reflectance, ρ defined as the ratio of the reflected to the incident irradiance 
and the transmittance, τ defined as the ratio of the transmitted to the incident irradiance are expressed as: 

 𝜌 = 𝜂 − 𝜂𝜂 + 𝜂 𝜂 − 𝜂𝜂 + 𝜂 ∗
 Equation 3.28   

 

 and  

 𝜏 = 4𝜂 𝑅𝑒(𝜂 )(𝜂 + 𝜂 )(𝜂 + 𝜂 )∗ Equation 3.29   

 

where * denotes the complex conjugate. The expressions are also valid for absorption-free media where k 
= 0 and, in which case, the equations are greatly simplified.  

This analysis can be extended to find the reflectance of an assembly of thin films. Multiple interfaces lead 
to multiple reflections and transmissions and the multilayer properties are determined by a summation of 
all these reflected and transmitted waves which interfere constructively or destructively. As waves travel 
through thin layers of thickness d, the phase factor is multiplied by exp(iδ) for positive-going waves travel-
ling in the direction of incidence, and by exp(-iδ) for waves travelling in the opposite direction, where: 

 𝛿 = 2𝜋𝑁𝑑 cos 𝜃𝜆  Equation 3.30   

 

  with 𝛿 the phase thickness and 𝑑 the physical film thickness.  

Satisfying the continuity conditions for the tangential electric and magnetic field components at each inter-
face, results in the characteristic matrix for each layer: 

 𝐸𝐻 = cos 𝛿 𝑖 sin 𝛿𝜂𝑖𝜂 sin 𝛿 cos 𝛿  𝐸𝐻  Equation 3.31   
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where the indices a and b denote the interfaces in the direction of the wave propagation, d is the thickness 
of the layer between the two interfaces and E is the electric field component and H is the magnetic field 
component at the respective interfaces. 

By extension, for an assembly of n layers, the characteristic matrix is the product of the individual layer 
matrices, taken in the correct order: 

 𝐸𝐻 = cos 𝛿 𝑖 sin 𝛿𝜂𝑖𝜂 sin 𝛿 cos 𝛿 𝐸𝐻  Equation 3.32   

 

 with 𝐸 and 𝐻  the electric and magnetic field components in the emerging medium, m. 𝐸 and 𝐻  are 
connected by the optical admittance: 

 𝜂 = 𝐻𝐸  Equation 3.33   

 

Therefore, the characteristic matrix can be written as: 

 𝐵𝐶 = 𝐸 /𝐸𝐻 /𝐸 = cos 𝛿 𝑖 sin 𝛿𝜂𝑖𝜂 sin 𝛿 cos 𝛿 1𝜂  Equation 3.34   

 

The amplitude reflection coefficient, r and the reflectance, ρ become: 

  𝑟 = 𝜂 − 𝐶𝐵𝜂 + 𝐶𝐵 Equation 3.35   

and  

 𝜌 = 𝜂 − 𝐶𝐵𝜂 + 𝐶𝐵 𝜂 − 𝐶𝐵𝜂 + 𝐶𝐵
∗

 Equation 3.36   

 

Finally, the transmittance, τ is: 

 𝜏 = 𝑅𝑒(𝜂 )(1 − 𝜌)𝑅𝑒(𝐵𝐶)∗  Equation 3.37   

 

and the absorptance, α is: 

 𝛼 = 1 − 𝜌 − 𝜏 = (1 − 𝜌) 1 − 𝑅𝑒(𝜂 )𝑅𝑒(𝐵𝐶)∗  Equation 3.38   
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With the above equations, the spectral behavior of multilayered systems can be calculated based on the 
optical constants and thicknesses of the constituting layers. As calculations are tedious, optical simulation 
programs are employed. In this work, the optical response of the proposed multilayered absorber coatings 
is simulated with TfCalc thin film design software. 

 3.3.2 Simulation of the thermal performance of flat plate solar collectors  
A numerical simulation model, Solar Collector Simulator (SolCoSi) is employed to evaluate the thermal per-
formance of the envisaged thermochromic flat plate collectors based on the measured solar absorptance, 
αsol and thermal emittance, εth values. The validated model [Perez-Espinosa, 2018], proposes a control vol-
ume discretization of the flat plate collector in both the axial direction – along the multilayer stack and in 
the longitudinal direction – along the flow direction of the heat transfer fluid (Figure 3.17).  

The model assumes steady state conditions, conductive heat transfer in solids, convective heat transfer in 
fluids and temperature-dependent thermophysical properties. The main components of the considered 
collector are: a bottom insulation, the air gap between the insulation and absorber, the absorber plate, the 
air gap between the absorber plate and the cover and one (or more) transparent cover. 

The model is based on the energy balance equation: 

 𝜌𝐶 𝛿 𝑑𝑇𝑑𝑡 = 𝑞 − 𝑞 + 𝑞  Equation 3.39   

 

where 𝜌 is the density, 𝐶  is the specific heat, δ is the layer thickness, 𝑑𝑇/𝑑𝑡 is the variation of the temper-
ature with time and it is zero for steady state conditions, 𝑞  and 𝑞  represent the inlet and outlet heat 
flux per unit and 𝑞  is the generated heat per unit in the considered control volume. 

The temperature of each node is obtained from the energy equation applied to each control volume: (𝑍 , + 𝑍 , + 𝑍𝑠 , + 𝑍𝑠 , )𝑇 , =  𝑍 , 𝑇 , + 𝑍 , 𝑇 , +𝑍𝑠 , 𝑇 , + 𝑍𝑠 , 𝑇 , + 𝑞  ,   Equation 3.40   

with 𝑍 ,  denoting the thermal heat transfer coefficients in the axial direction and 𝑍𝑠 ,  the conductive 
thermal resistances of solids in the longitudinal direction measured in W/m2K. 𝑇 ,  is the temperature of the 
considered node and 𝑞  ,   is the generated heat in W/m2. The thermal resistance is given by 

 𝑍𝑠 , = 𝑘 ,𝛿 ,  Equation 3.41   

for solids with 𝑘 ,  the thermal conductivity and 𝛿 ,  the distance between nodes, and by 

 𝑍 , = ℎ  , + ℎ  ,  Equation 3.42   
 

for fluids with ℎ  ,  and ℎ  ,  the radiative and convective heat transfer coefficients.  
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The generated heat depends on the solar irradiance and the optical properties of the cover and absorber 
plate (transmittance, reflectance and absorptance). For detailed description of the model the reader is re-
ferred to [Perez-Espinosa, 2018]. 

 

Figure 3.17. a. Axial discretization with the defined nodes and coefficients. b. Longitudinal volume discretization along 
the fluid flow direction. Reproduced from [Perez-Espinosa, 2018]. 

The efficiency of the thermal collector is expressed as a function of incident solar radiation, G, the fluid 
mass flow rate, m, the temperature difference between the inlet and outlet temperature and the absorber 
(or aperture) area, A according to: 

 𝜂 = 𝑚𝐶 (𝑇 − 𝑇 )/(𝐺𝐴) Equation 3.43   
 

The efficiency of a solar thermal collector is not static as it changes with the operational conditions. There-
fore, the collector efficiencies are determined for a series of inlet fluid temperatures, Tin, ambient tempera-
tures, Tamb and incident solar radiation, G. Then, the thermal efficiency is modelled as a quadratic perfor-
mance curve according to: 

 𝜂 = 𝜂 + 𝜂 ∆𝑇𝐺 + 𝜂 ∆𝑇𝐺   Equation 3.44   

 𝜂 ,  𝜂 , 𝜂  are the curve coefficients where 𝜂  is the maximum collector efficiency and  𝜂 , 𝜂  are parame-
ters describing the thermal losses and ΔT = Tin – Tamb.  

The collector stagnation temperature is determined from the outlet fluid temperature for nearly zero mass 
flow conditions.   

The complete list of parameters used for the simulation of the thermochromic collector performance is 
given in the Annex of this document.  
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 Thermochromic VO2 thin films 
This chapter focuses on the deposition of pure VO2 based thermochromic thin films. First, films 

sputtered onto Si substrates are studied and the minimum film thickness for achieving switching behavior is 
identified. Then, film behavior on several other substrates is reported. Furthermore, the effects of deposi-
tion parameters such as oxygen partial pressure and substrate temperature are investigated. Thin films 
deposited by high power impulse magnetron sputtering and traditional magnetron sputtering are com-
pared, with focus on the influence of substrate choice. Finally, a perovskite-type oxide, La0.7Sr0.3MnO3 is 
explored as alternative thermochromic material.         

 4.1 Magnetron sputtered VO2 thin films  4.1.1 VO2 sputtered on Si substrates 
In this work, Si wafer pieces are the most often employed substrates due to convenience (e.g. easy han-
dling and cutting), high temperature resistance (unlike soda-lime glass substrates where Na diffuses into 
the deposited thermochromic films and impacts the thermochromic film properties) and their relatively low 
cost. On Si substrates, high quality VO2 thin films commonly reach higher than two orders of magnitude 
drop in the electrical resistivity over the thermochromic transition. Such an example is shown in Figure 4.1 
for which the deposition parameters are listed in Table 4.1.  

 

Figure 4.1. a) Temperature dependent electrical resistivity curves of a VO2 thin film sputtered on Si. b) The correspon-
ding d(log ρ)/dT vs T fitted curves whose minima denote the transition temperatures upon heating, Th and cooling, Tc. 
The difference between Th - Tc gives the hysteresis width ΔTt, while the FWHM indicates the sharpness of the metal-
to-insulator transition.    
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The thermochromic film properties are determined by plotting the first derivative of the logarithm of resis-
tivity versus the temperature. The data is then fitted with Gaussian function whose minimum is taken as 
the thermochromic transition temperature and the full width at half maximum (FWHM) gives the sharpness 
of the transition. These values are determined for both the heating and the cooling cycle. The difference 
between the transition temperature during heating, Th and cooling, Tc yields the hysteresis width, ΔTt.  

 Table 4.1. Process parameters used for the deposition of the VO2 film displayed in Figure 4.1. 

Base pressure [mbar] < 5·10-7 
Working pressure [mbar] 8.22 ± 0.02·10-3 
O2:Ar [sccm] 1:10.9 to 1:11.1 
Substrate temperature [°C] 465 
Film thickness [nm] ≈240 nm 
Applied power [W] V: 150 (DC) 

 

For the pure VO2 film displayed in Figure 4.1, the transition temperature during heating, Th is determined at 
67.7°C and corresponds to the values reported in literature. The hysteresis width is ≈6°C and it is usual for 
polycrystalline thermochromic thin films.  

Thermochromic samples might exhibit some heterogeneity in the electrical resistivity. The O2 flow might be 
unevenly distributed in the chamber resulting in small quantities of vanadium oxides, other than VO2, being 
scattered across the sample and inducing stresses in the film. An example of the temperature dependent 
electrical resistivity curves measured during heating in two different spots of the same VO2 sample, one in 
the center and another closer to the edge, are shown in Figure 4.2. The difference in the transition temper-
ature is substantial amounting to 4°C. Moreover, in the low temperature semiconducting state, the abso-
lute resistivity values also differ, with the higher transition temperature corresponding to the spot with the 
higher resistivity values. Above the thermochromic transition, the resistivity values converge as the sample 
conductivity is given by the percolated metallic VO2 domains. Higher transition temperatures and resistivity 
values are generally associated with slightly oxygen rich, non-stoichiometric VO2 films.  
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Figure 4.2. Electrical resistivity curves measured in two different spots on the same sample: one in the center and 
another close to the edge. Both curves are measured during heating.  
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4.1.2 VO2 sputtered on other substrates 
It has been observed that the thermochromic properties of even relatively thick VO2 films of several hun-
dred nanometers are strongly dependent on the substrate type. For the investigation of optical reflectance 
in the mid-infrared spectral range, an IR opaque, metal interlayer has been deposited between the Si sub-
strate and the thermochromic VO2 film. The material of choice is tungsten, due to its high thermal stability. 
Metal thin films of Al or Ag, although optically superior (e.g. lower thermal emittance), lack stability when 
heated to 600°C nominal substrate temperature during the VO2 deposition.  

However, thermochromic VO2 films deposited directly on W covered Si substrates, exhibit cracks and ap-
pear to delaminate (Figure 4.3). Such flaking or peeling of the films could be the result of a poor adhesion 
between the VO2 film and the W substrate due to lattice mismatch. A thin SiO2 buffer layer is deposited on 
the W in order to mitigate the incompatibility between the substrate and film lattice.  

 

Figure 4.3. SEM images of VO2 films deposited directly on W (a, b and c) and on W with an SiO2 barrier layer (d). In the 
backscattered electron (BSE) imaging mode (a and c), the contrast results from the different atomic number (Z) of the 
sample material and the bright spots indicate the tungsten substrate. In secondary electron (SE) mode, the contrast is 
a result of the change in topography and it indicates the cracks in the film deposited directly on W (b), while no delam-
ination is observed for the sample with the SiO2 buffer layer (d).       

The number of backscattered electrons reaching the detector is proportional to the atomic number of the 
species investigated. Hence, in the backscattered electron imaging mode, the bright spots visible on the 
sample (Figure 4.3.a and c) correspond to the W substrate where the film has delaminated from the sub-
strate.  For the VO2 film directly sputtered on the W layer, the cracks are easily observed in the secondary 
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imaging mode as well (Figure 4.3.b). However, delamination and cracking are avoided for the sample with 
an SiO2 buffer layer between film and W substrate (Figure 4.3.d). Despite the larger magnification in the 
case of the latter, the inspected surface is sufficient to observ any cracking would they occur.  

The cracking could be a consequence of induced tensile stresses in the VO2 film. Extrinsic tensile stresses 
have been shown to develop in VO2 films during the cooling of the sample from the process to the room 
temperature as a result of the mismatch in thermal expansion coefficient between substrate and film [Case, 
1984]. According to [Kucharczyk, 1979] the thermal expansion coefficient of VO2 drops from 13.35 · 10-6 K-1 
above Tt, to 5.71 · 10-6 K-1 below Tt, while that of tungsten varies from 4.32 to 4.5 · 10-6 K-1 between room 
temperature and 500°C [ITIA, 2019; Lahav, 1990; Knibbs, 1969].  

The SiO2 buffer layer seems to overcome the problem of film peeling. Moreover, during the sample deposi-
tions, thermochromic VO2 has been sputtered onto a control Si//SiO2 buffer substrate as well and the ob-
tained thermochromic film exhibits a higher than three order of magnitude modulation of electrical resis-
tivity (Figure 4.4). This is larger than values typically measured for films deposited directly on Si wafer, 
without SiO2 buffer layer, and hint to the important influence of substrate choice on the thermochromic 
film properties. Additional depositions on GaN and Al2O3 show even larger modulations of above 4 and 4.5 
orders of magnitude, respectively (Figure 4.4). 

Figure 4.4. Temperature dependent electrical resistivity curves of VO2 films sputtered on Si//SiO2, GaN and 
Al2O3 substrates.  

The enhanced crystallinity of thermochromic films grown on GaN and sapphire substrates might originate 
from the similar atomic arrangements of the rutile VO2 lattice along the [010] direction and hexagonal GaN 
and Al2O3 lattices along the [0001] direction (Figure 4.5). The V-V distance along the c-axis of rutile is 2.88 Å 
and it is rather close to the 2.75 Å of the O-O distance in c-plane Al2O3 and to the 3.19 Å of Ga-Ga distance 
in the GaN c-plane.       
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Figure 4.5. Rutile VO2 projected along the [010] direction [Leroux, 1998] and the atomic arrangements of the sapphire 
and GaN c-plane. [Inaba, 2014] 

At the critical temperature, VO2 single crystals exhibit a change of five orders of magnitude in electrical 
resisitivity [Ladd, 1969]. High quality, epitaxial films with a showing a four orders magnitude transition have 
been reported on both sapphire [Jin, 1997; Kim, 1994; Zhang, 1994; Fan, 2013] and GaN substrates [Zhou, 
2012]. Meanwhile, good quality films grown on Si substrate undergo a 2-3 orders of magnitude change in 
resistivity. These magnitudes agree well with the resistivity modulations determined in this work.     

Finally, the substrate type and orientation seem to have a conclusive effect on film crystallinity and ther-
mochromic behavior. The occurrence of local epitaxy is suspected for substrates with crystalline structure 
similar to that of rutile VO2. Moreover, suitable substrates/seed layers enable the deposition of crystalline, 
switching thermochromic thin films even at reduced substrate temperatures [Loquai, 2016]. 

 4.1.3 Minimum thickness for crystalline VO2 films   
For thicker VO2 films, of several hundred nanometers, the film behavior gets closer to that of bulk VO2, 
however, for rather thin films in the order of 30 nm or below, it is difficult to obtain strong switching con-
trast and the substrate choice becomes even more critical. Sapphire and GaN could enhance the thermo-
chromic properties of VO2 layers and might be promising substrates or seed layers for applications where 
such thin films are desired.        

For the multilayered absorber designs, thin thermochromic films with thicknesses ranging from 20 nm to 
100 nm and exhibiting a good switching behavior are of interest. In this work, the successful deposition of 
30 nm thick VO2 film on Si//SiO2 substrates, undergoing a three order drop in resistivity over the semicon-
ductor-to-metal transition, is reported (Figure 4.6).   

Nonetheless, the deposition of very thin films with a large switching contrast remains challenging, especial-
ly on less suited substrate types. A precise control of the process parameters (substrate temperature and 
oxygen partial pressure) is essential.  For efficient multilayered coatings, based on thin films in the order of 
30 nm, the layer under the thermochromic VO2 should, ideally, have compatible lattice parameters.       
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Figure 4.6. Temperature dependent electrical resistivity of a 30 nm thin VO2 film deposited on Si//SiO2 substrate. 

 4.1.4 Effect of the substrate temperature on film crystallization 
In order to obtain switching thermochromic samples, the deposited films must be crystalline. Hence, an-
other critical process parameter is the deposition temperature. Substrate temperatures have to be high 
enough to ensure a fast diffusion of atoms and facilitate atomic rearrangements into the VO2 crystalline 
structure. At room temperature or when the temperature is not sufficiently high, film crystallization is 
hindered resulting in amorphous vanadium oxide films. The discontinuous film structure, with only short 
range order between the vanadium atoms leads to increased film resistivities and no thermochromic phase 
transition. 

Two films sputtered at substrate temperatures of 465°C and 310°C (nominal temperatures of 600°C and 
400°C, respectively) are compared (Figure 4.7). The film thickness (≈180 nm) and process parameters (e.g. 
oxygen partial pressure) are kept constant between the depositions. It is observed that a higher substrate 
temperature leads to a larger thermochromic modulation in the deposited films. At 465°C, a typical, slightly 
larger than 2.5 orders of magnitude modulation is obtained for thermochromic films deposited on Si 
substrate. At 310°C substrate temperature, the modulation magnitude is approximately halved and the 
sharpness of the transition is also reduced. Nonetheless, a more than one order of magnitude change in 
resistivity for a film sputtered at a substrate temperature as low as 310°C, is rather remarkable. It is lower 
than the 400 – 500°C commonly reported in literature for conventional sputtering or post-annealing of 
thermochromic VO2 films. However, similar substrate temperatures have been reported for high impulse 
magnetron sputtered VO2 films [Loquai, 2017; Fortier, 2014]. 

For the majority of samples discussed in this work, a substrate temperature of 465°C (nominal temperature 
600°C) has been set. Exceptions to this are only the samples deposited on the XPS compatible Cu holder for 
which the temperature calibration curve, therefore, the exact sample temperature have not been deter-
mined.  
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Figure 4.7. Electrical resistivity curves of films of identical thickness (≈180), sputtered at different substrate tempera-
tures, while keeping all other process parameters constant.  4.1.5 Influence of O2 partial pressure on thermochromism  
The direct dependence of thermochromic properties on the O2 partial pressure, p(O2) stems from the com-
plex V-O phase diagram. Directly bordered by slightly sub- and supra-stoichiometric, V7O13 and V6O13, re-
spectively, and in the close vicinity of numerous other stable vanadium oxides such as: V2O3, V3O5, V2O5, 
deposition of phase pure or even predominantly VO2 containing films is challenging. Setting a well-defined 
oxygen mass flow rate is not sufficient as the amount of reactive oxygen in the plasma might differ be-
tween depositions (depending on the type of coatings deposited previously and the resulting state of the 
chamber walls, e.g. oxidized or metallic coatings). Instead, it is the oxygen partial pressure, p(O2) that is 
fixed during the sputtering process and it is adjusted from deposition to deposition in order to account for 
drifts in the chamber and target erosion. Maintaining the p(O2) within the narrow process range is achieved 
by a Proportional Integral Derivative (PID) feedback control, which regulates the flow of oxygen based on 
the readings of an oxygen sensor. Set PID values are inversely proportional to the oxygen partial pressure: a 
high PID means a low p(O2) and vice-versa.  

Decreasing the PID values (increasing the oxygen partial pressure) in large steps, leads first to metallic films, 
then thermochromic and finally semiconducting ones (Figure 4.8.a). Adjusting the PID values just marginally 
around the thermochromic process window, films with different switching behaviour are obtained. The 
largest thermochromic modulation is obtained for optimum p(O2) and even slightly below or above the 
optimal value, the thermochromic modulation is significantly hindered (Figure 4.8.b).  

Moreover, switching vanadium oxide films sputtered at slightly lower/higher p(O2), show de-
creased/increased absolute electrical resistivities compared to the optimized thermochromic film. Results 
also indicate that, generally, more conductive films tend to exhibit lower transition temperatures, while 
those with rather high resistivities show a higher transition temperature than the optimized thermochromic 
films. These observations are in accordance with literature, where an increase of the VO2 transition tem-
perature at higher O2 partial pressures has been reported [Jiang, 2014].   
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Figure 4.8. Effect of the O2 partial pressure on the sputtering of thermochromic vanadium oxide thin films on Si sub-
strates at 465°C. a) Large variations in p(O2) result in sweeping from metallic to thermochromic to semiconducting 
behaviour. b) Smaller changes in the p(O2) lead to differences in the thermochromic switching magnitude and in the 
corresponding film resistivities. Lower p(O2) lead to reduced absolute resisitivities, and vice-versa, with higher p(O2) 
leading to increased film resistivities. Only a narrow p(O2) range leads to an optimized thermochromic transition.  4.2 HiPIMS deposition of VO2 thin films 
HiPIMS (High Power Impulse Magnetron Sputtering) is a relatively recent development in sputtering tech-
nology. HiPIMS deposited thin films have been shown to exhibit several advantages over classical magne-
tron sputtered films such as a better substrate adhesion, very high density and lower surface roughness.  

Previous studies on high impulse magnetron sputtered vanadium oxide thin films show that dense, stoichi-
ometric VO2 thermochromic films could be deposited at substrate temperatures of around 300°C - 350°C 
[Loquai, 2017; Fortier, 2014]. Furthermore, the addition of a TiO2 seed layer enabled the deposition of 
switching films even at temperatures as low as 275°C [Loquai, 2016].  

Besides, the significantly lower substrate temperatures than in conventional sputtering, HiPIMS deposited 
films show enhanced stability in highly oxidizing or humid environments. Due to the high film density and 
larger average grain size, HiPIMS films retain their thermochromic behavior for at least three times longer 
than conventional magnetron sputtered films, hence, in many cases providing sufficient film durability even 
without an additional diffusion barrier [Loquai, 2017].   

In this work, HiPIMS is primarily employed to investigate whether high-quality, crystalline thermochromic 
films can be deposited at lower temperatures than with conventional magnetron sputtering (MS). Hence, a 
first sample series is deposited on Si at 465°C, 390°C and 310°C substrate temperatures (600°C, 500°C and 
400°C nominal temperatures, respectively) and at constant oxygen flow. Because an adequate crystalline 
substrate might also improve the film crystallinity and thermochromic properties, a second series of sam-
ples is deposited on two different substrate types (Si and Al2O3), by both conventional and high power im-
pulse magnetron sputtering. The depositions are carried out at substrate temperatures of 465°C and 310°C 
(nominal temperatures of 600°C and 400°C) and under constant oxygen partial pressure (PID control). The 
deposition matrix is sown in Table 4.2, while the process parameters for the first and second sample series 
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are summarized in Table 4.3. Profilometry measurement reveal a lower deposition rate for HiPIMS than for 
p-DCMS (pulsed-DC magnetron sputtering). For comparable film thicknesses the deposition times for the 
second set of experiments are adjusted accordingly. The similar thickness of the resulting films is confirmed 
by SEM cross section imaging. 

  

Table 4.2. Deposition matrix for the second sample series. 

 MS HiPIMS 
310°C 465°C 310°C 465°C 

Si     
Al2O3     

 

Table 4.3. Process parameters used for the two set of experiments.  

Set of experiment No. 1 No. 2 
Sputtering mode HiPIMS HiPIMS p-DCMS 
Applied power [W] 150 150 150 
Pulse frequency [kHz] 1 1 250 
Pulse length [μs] 100 100 3.5 
Base pressure [mbar] < 5·10-8 < 5·10-8 < 5·10-8 
Working pressure [mbar] 8.2 ± 0.3·10-3 6.7 ± 0.1·10-3 7.1 ± 0. 2·10-3 
O2:Ar [sccm] 1:9.8 1:9.8 to 1:10.6 1:7.9 to 1:8.5 
Substrate temperature [°C] (nominal temperature [°C]) 465 (600) 

390 (500) 
310 (400) 

465 (600) 
 

310 (400) 

465 (600) 
 

310 (400) 

Deposition time [min] 60 100 60 
Film thickness [nm] ≈110 ≈180 ≈180 

 

 4.2.1 HiPIMS deposited VO2 thin films: dependence on substrate temperature  
Thermochromic films deposited at substrate temperatures of 465°C, 390°C and 310°C are compared. A 
thermochromic switch is identified for all samples. However, the transition magnitude is steadily decreasing 
with the substrate temperature, shrinking from almost two orders of magnitude resistivity drop at 465°C to 
about one order of magnitude at 390°C and, finally, to a reduction of only 1 · 10-5 Ωm at 310°C substrate 
temperature, that is barely observable in the logarithmic plot (Figure 4.9). In this first approach, it appears 
that HiPIMS does not bring a compelling advantage over conventional magnetron sputtering regarding the 
low temperature deposition of VO2 layers. The film crystallinity is significantly limited by the reduction of 
substrate temperature, while thermochromic modulations of similar, or even larger, magnitude have been 
observed for films deposited at comparable substrate temperatures by conventional sputtering. 
Nonetheless, the one order of magnitude switch obtained at ≈390°C is comparable to the thermochromic 
behaviour of HiPIMS deposited VO2 films reported in literature.     



Thèse de doctorat - Anna Krammer 

64 

  

Figure 4.9. Temperature dependent electrical resistivity of the HiPIMS deposited VO2 films at different substrate tem-
peratures plotted in logarithmic scale (a) and in linear scale for the sample deposited at 310°C (b).  4.2.2 HiPIMS versus Magnetron Sputtering: influence of substrate and substrate temperature 
At 465°C substrate temperature (Figure 4.10.a), VO2 films deposited onto Si substrates by HiPIMS and con-
ventional MS are comparable regarding the transition magnitude with slightly more and slightly less than 
three orders resistivity drop exhibited by the HiPIMS and MS deposited films, respectively. What is differ-
ent, however, are the absolute values of electrical resistivity, with the HiPIMS film having more than two 
order of magnitude larger resistivities than the MS film. The HiPIMS film appears to be more oxygen rich, 
despite the lower O2 content in the process gas mixture than during the magnetron sputtering (≈10% O2 for 
HiPIMS versus ≈12% O2 for the MS deposition). This suggest that during the applied high power pulse, ion-
ized species are more readily oxidized than in MS. Finally, the HiPIMS film exhibits a wider hysteresis and a 
steeper transition than the conventional magnetron sputtered film suggesting different film morphologies. 

Also at 465°C, HiPIMS deposited VO2 on sapphire shows a nearly doubled modulation magnitude compared 
to an identical film on Si, confirming once again the importance of the substrate choice. The remarkable 
transition of five orders of magnitude suggests a high crystalline film quality, with – likely – less defects in 
the dense HiPIMS films than in conventional MS films.    

 

Figure 4.10. Comparison of HiPIMS and MS deposited films on Si and sapphire substrates at 465°C (a) and 310°C (b).   

40 50 60 70 80 90 100

10-5

10-4

10-3

Re
sis

tiv
ity

 [Ω
m

]

Temperature [°C]

 465°C
 390°C
 310°C

a

40 50 60 70 80 90 100
2.0x10-5

2.5x10-5

3.0x10-5

3.5x10-5

4.0x10-5

4.5x10-5

Re
sis

tiv
ity

 [Ω
m

]

Temperature [°C]

 310°C
b

40 50 60 70 80 90 100
10-6

10-5

10-4

10-3

10-2

10-1

100

Re
sis

tiv
ity

 [Ω
m

]

Temperature [°C]

 HiPIMS on Si
 HiPIMS on Al2O3

              MS on Si

a

465°C
40 50 60 70 80 90 100

10-6

10-5

10-4

10-3

10-2

10-1

100b

Re
sis

tiv
ity

 [Ω
m

]

Temperature [°C]

 HiPIMS on Si
 HiPIMS on Al2O3

 MS on Si
 MS on Al2O3

310°C



Thermochromic VO2 thin films 

65 

At 310°C substrate temperature, the HiPIMS films cease to exhibit a drop in electrical resistivity regardless 
of the substrate type. However, the conventional sputtered films undergo a transition of above one order 
of magnitude on Si and sapphire substrates alike. As expected, the transition is slightly larger on the sap-
phire substrate.  

The results indicate better thermochromic performance for HiPIMS-deposited films at 465°C, but poorer 
performance at 310°C compared to conventional magnetron sputtering. This might be the result of two 
competing mechanisms: 

• Amorphization by high energy ion impact,  

• Crystallization by surface and bulk diffusion.   

At 465°C substrate temperature, the diffusion of arriving atoms might be sufficiently fast to achieve crystal-
line order in the films. Furthermore, the impinging high energy atoms and ions might densify the film re-
sulting in more compact, defect-free films. However, the arriving high energy species might also introduce 
disorder in the film and, at lower process temperatures, the amorphization by these high energy particles 
might dominate over the crystallization by the slowed-down atom diffusion. 

The HiPIMS and p-DCMS deposited film morphology on the two different substrate types is depicted by 
SEM imaging (Figure 4.11). The SEM images on Si are of high-quality, but blurry on Al2O3 due to charging. 
Nonetheless, it is apparent that HiPIMS deposition leads to considerably larger grain sizes than convention-
al sputtering on both substrate types. This is counter-intuitive as a large grain boundary density is expected 
to result in higher film resistivities, but the contrary has been observed with higher absolute resistances 
measured for the HiPIMS deposited films at both process temperatures and on both substrate types. This 
indicates that the oxygen content in the films might have a bigger influence on the electrical behavior than 
the morphology. For more conductive HiPIMS films and similar to those deposited by MS, the oxygen par-
tial pressure during HiPIMS might need to be further limited, as the high fraction of ionized species are 
easily oxidized already at lower oxygen partial pressures than in MS.  

Concerning the substrate type, grains on Si are larger than on sapphire, regardless of the deposition meth-
od and appear to be highly oriented with visible crystal facets.    
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Figure 4.11. HiPIMS versus p-DCMS film morphology on Si and sapphire substrates observed by SEM. Films deposited 
at 465°C substrate temperature (600°C nominal temperature).  

We conclude this section with the following observations: 

• crystallization is influenced by three factors: ordering by surface and bulk diffusion which is related 
to the substrate temperature; film amorphization and densification that is linked to the fraction of 
ionized species and impinging particle energies;  

• compare to magnetron sputtering, HiPIMS allows for a better film quality at high substrate temper-
atures, but brings no advantage at lower substrate temperatures where amorphization by imping-
ing high-energy particles likely prevails over the temperature controlled surface and bulk diffusion;  

• according to this reasoning, thermal evaporation might be a promising alternative for low tempera-
ture deposition of thermochromic VO2 films;  

• HiPIMS still offers several superior film properties (e.g. denser, more defect-free films) and could be 
of interest for microelectronic or other applications with specific requirements on film morphology; 

• for large scale, solar thermal applications suitable seed layers might be employed to promote 
thermochromic film growth at lower substrate temperatures.     
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4.3 Alternative perovskite-type thermochromic thin films 
Besides vanadium dioxide, perovskite-type oxides constitute another class of materials with potential in 
emissivity changing applications. Manganite perovskites of A1-xBxMnO3 formula, where A is a trivalent cati-
on of the rare-earth lanthanide series (e.g. La, Bi, Pr, Nd, Sm) and B is a divalent alkaline cation (e.g. Ca, Sr, 
Ba) are widely studied for their unique range of combined thermal, electrical and magnetic properties. 
Most notably, they triggered great interest due their colossal magnetoresistance effect (CMR), that is a 
large change in resistance as a result of an applied magnetic field [Jin, 1994; Mahendiran, 1996; Rao, 1998].  
However, among these manganite perovskites, several have been reported to exhibit a temperature modu-
lated optical switch in the IR making them promising for passive thermal regulation.  

Thermochromic Sm1-xCaxMnO3 [Laffez, 2006; Ammar, 2009; Boileau, 2012], La0.7Ca0.3−xSrxMnO3 [Fan, 2013], 
La1-xCaxMnO3 [Tachikawa, 2003; Shen, 2009] and La1-xSrxMnO3 [Shimakawa, 2002; Tang, 2008; Wu, 2010] 
have been studied, but in most cases the optical changes occur below the thermochromic transition tem-
perature of VO2. However, the La0.7Sr0.3MnO3 composition exhibits a substantial infrared modulation even 
at higher temperatures. At 5 μm (2000 cm-1) wavelength, the reflectance of a 150 nm thick La0.7Sr0.3MnO3 
film deposited on a Si substrate changes by nearly 25% between room temperature and 160°C (Figure 
4.12), with a step decrease in reflectance occurring above 140°C [Soltani, 2006]. La0.7Sr0.3MnO3 films are, 
therefore, of particular interest for the envisaged solar absorber application. 

 

Figure 4.12. a) FTIR reflectance curves of a La0.7Sr0.3MnO3//Si sample measured in the 400 – 6000 cm-1 spectral range 
when heating from 27°C to 160°C. b) Temperature dependent sample reflectance at 2000 cm-1 (5 μm) wavelength. 
Reproduced from [Soltani, 2006].  4.3.1 Deposition of La1-xSrxMnO3 thin films 
In this work, La1-xSrxMnO3 (LSMO) films are sputtered from a La0.7Sr0.3MnO3 target onto Si and Al substrates. 
The target composition has been confirmed at La0.68Sr0.32MnO3 by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). Two sets of samples are sputtered:  
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• in a first approach, films are sputtered at room temperature and then subjected to post-annealing 
treatment;  

• in a second approach, films are sputtered for in-line UPS and XPS analysis. During sputtering, the 
substrate is heated to 465°C (600°C nominal temperature, the maximum reachable in the sputter 
chamber).  

The detailed deposition parameters, for both sample sets, are listed in Table 4.4. 

Table 4.4. Process parameters of La1-xSrxMnO3 (LSMO) sputtered films by p-DCMS. 

 1st sample set 2nd sample set 
Base pressure [mbar] < 5·10-8 < 5·10-8 
Working pressure [mbar] 5.77 ± 0.05·10-3 5.96 ± 0.02·10-3 
O2:Ar [sccm] - - 

1:4 
Deposition temperature [°C] Room temperature 465°C 
Post-annealing [°C] - 

350  
700 

- 

Film thickness [nm] ≈150 ≈70 
Applied power [W] 30  50  
Frequency [kHz] 250  250  

  4.3.2 Characterization of La1-xSrxMnO3 thin films 
The XRD spectra of 150nm thick LSMO films deposited on Si at room temperature and subjected to a 2 hour 
post-annealing treatment in dry air atmosphere, at 350°C and 700°C, respectively, are shown in Figure 
4.13.a. Diffraction peaks are present only for the sample annealed at 700°C suggesting that the crystalline 
structure is formed only at temperatures higher than 350°C. This is in accordance with the practices report-
ed in literature where, generally, process temperatures of above 500°C are employed [Soltani, 2006; Bho-
sle, 2007].  

The film annealed at 700°C is polycrystalline, with preferential orientation in the (110) direction. All peaks 
can be indexed to the LSMO phase with pseudo-cubic structure according to [Liu, 2006]. The ideal perov-
skite structure is cubic, but due to the size of the cations and the Jahn-Teller effect, the LSMO structure is 
strained. La1−xSrxMnO3 films with x=0.3 the crystal structure is pseudo-cubic with a lattice parameter of a = 
3.889 Å. The typical La1−xSrxMnO3 perovskite unit cell is shown in Figure 4.13.b. As all La1−xSrxMnO3 (x ≥ 0) 
have XRD peaks in similar positions, conclusions on film composition (Sr content) cannot be drawn. 
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Figure 4.13. a) XRD spectra of two LSMO films annealed at 350°C and 700°C during two hours. Only the sample an-
nealed at 700°C exhibits crystalline diffraction peaks that are indexed to the pseudocubic LSMO structure [Liu, 2006]. 
b) Cubic La1−xSrxMnO3 perovskite structure [Yunphuttha, 2016].  

The second set of LSMO samples, sputtered at 465°C, in 100% Ar and 80% Ar – 20% O2 atmoshpere, is char-
acterised by in-line UPS and XPS. From the UPS He I spectra (Figure 4.14), a valence band maximum (VB) of 
≈1.62 ± 0.02 eV and ≈1.3 ± 0.02 eV are determined for the samples deposited without and with additional 
O2 in the plasma, respectively. According to [Lee, 2015a], LSMO is a p-type semiconductor, but with a Fermi 
level that is close to the middle of the band gap (merely 0.02 eV shifted), approximating the VB as half band 
gap is reasonable. Therefore, a band gap of Eg ≈ 3.2 ± 0.05 eV is found for the film sputtered in 100% Ar and 
an Eg ≈ 2.6 ± 0.05 eV is determined for the film deposited with 20% O2 in the process gas. This is considera-
bly higher than the 0.63 eV reported in [Lee, 2015a] for La0.7Sr0.3MnO3 films sputtered on 
Pt(111)//Ti//SiO2//Si(100) substrates. However, the band gap of thin La0.7Sr0.3MnO3 has been shown to de-
pend strongly on the type of substrate as a result of induced strains, varying greatly from 0.9 ± 0.2 eV on 
(001) LaAlO3 to 2.1 eV ± 0.2 eV on (001) SrTiO3 [Jalili, 2011]. Recently, a band gap of 2.64 eV, determined by 
XPS and XAS (X-ray absorption spectroscopy) analysis, has been reported for La0.67Sr0.33MnO3 films deposit-
ed on (001) SrTiO3 [Cheng, 2019]. That is matching the value determined in this work for the film sputtered 
with 20% O2 in the Ar gas.  

Furthermore, the work functions of Фm = 4.5 ± 0.02 eV and Фm = 4.9 ± 0.02 eV are determined for the LSMO 
film without and with additional O2. Lee et al. report a similar work function of 4.8 eV for La0.7Sr0.3MnO3 
films [Lee, 2015a].   
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Figure 4.14. In-line UPS He I spectra of the LSMO thin films with the determined valence band edge, VB and work func-
tion of the material, Фm. 

The high-resolution La 3d, Sr 3d, Mn 2p and O 1s XPS core-level spectra (shown in Annex 1) reveal peak 
shapes and peak positions that are very similar to those reported by [Soltani, 2006] for La0.7Sr0.3MnO3 films. 
One difference is the much weaker shoulder at 531 eV binding energy in the O 1s spectra, than reported in 
literature. As this peak is generally attributed to surface oxygen species such as chemisorbed oxygen or 
hydroxyls, the much weaker shoulder is expected for the in-situ transferred sample. Among the two sam-
ples analyzed, the transfer between deposition and measurement chamber of the one sputtered in pure Ar 
atmosphere has been slower, therefore, it exhibits a larger shoulder at 531 eV.  

The chemical composition of the sample surface is determined from the La 3d, Sr 3d, Mn 2p and O 1s core 
level peak integration, after substracting a Shirley background and by taking into account the specific sensi-
tivity factors of the elements. The results are summarized in Table 4.5. The quantification suggest an im-
portant strontium segregation at the surface, with much higher Sr to Mn ratios than expected for 
La0.7Sr0.3MnO3 films, however, that is in perfect agreement with previous XPS observations and reported 
values (e.g. Sr:Mn = 0.89) [Bertacco, 2002; Soltani, 2006].   

Table 4.5. XPS quantification of the LSMO surface composition [at.%] and the calculated cationic ratios.   

 O [at.%] La [at.%] Sr [at.%] Mn [at.%] La:Mn Sr:Mn 
LSMO [100% Ar] 60.2 17.2 10.4 12.2 1.41 0.85 
LSMO [80% Ar,20% O2] 62.2 16.0 10.9 10.9 1.47 1 

 

The FTIR reflectance curves of the deposited LSMO samples are measured in the 2.5 – 14 μm spectral 
range, for temperatures from 50°C up to 180°C. The dependence of the reflectance on the temperature is 
illustrated by plotting the spectral reflectance at 8 μm wavelength against the temperature. The deposited 
La1-xSrxMnO3 thin films exhibit thermochromism as the reflectance is changing with temperature.  

The La1-xSrxMnO3//Si samples sputtered at room temperature, exhibit very similar reflectance curves with a 
steady decrease of about 15% in reflectance with temperature, regardless whether the sample has been 
post-annealed or not. The only difference consists in the absolute reflectance values, the sample annealed 
at 700°C showing reflectance around 10% higher (Figure 4.15).  
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Figure 4.15. Temperature dependent reflectance curves of La1-xSrxMnO3 thin films sputtered on Si substrates at room 
temperature, then measured as deposited (left) and post-annealed at 700°C for 2 hours (right). Reflectance values are 
determined at 8 μm wavelength.   

 

Figure 4.16. Temperature dependent reflectance curves of La1-xSrxMnO3 thin films sputtered on Al substrates at 465°C 
(600°C nominal), in pure Ar (left) and in mixed Ar-O2 atmosphere (right). Reflectance values are determined at 8 μm 
wavelength.  

The subsequent set of La1-xSrxMnO3 films sputtered on Al at 465°C substrate temperature, in pure and in 
20% oxygen containing Ar plasma are also measured (Figure 4.16). In the presence of O2, the reflectance 
changes in a steady fashion and amounts to a total decrease of ≈8% over the measured temperature range.   
However, the film sputtered in 100% Ar atmosphere, exhibits a small, but sudden drop in reflectance of 
about 2% above 150°C. This proves, that in principal, high temperature thermochromic switch in perovskite 
type La1-xSrxMnO3 films can be achieved. Nonetheless, at this stage the switching modulation is rather lim-
ited and further optimization of the deposition/post-deposition temperature and process gas mixture is 
required. As for VO2 thin films, the substrate likely plays a critical role in film crystallization and has the 
potential to significantly improve the thermochromic switching modulation. 
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 Doping of VO2 
Through doping with different elements, the optical and electrical properties of vanadium dioxide 

can be tuned and, most importantly, its transition temperature can be tailored to suit various applications. 
As the origin of the metal-to-insulator (MIT) transition in VO2 is still an open subject despite extensive re-
search and decade-long debates on the topic, so is the mechanism through which different dopants inflict 
their effects on the phase transition. Nonetheless, it is generally believed that donor-like dopants with large 
ionic radii (e.g. W6+, Mo6+, Ta5+, Nb5+) decrease the transition temperature TMIT, while acceptor-like ele-
ments of low oxidation state and smaller ionic radii (e.g. Al3+, Cr3+, Fe3+) increase TMIT (Figure 2.8). Tungsten 
has been considered the most efficient among dopants, enabling a reduction of TMIT, with a nearly linear 
rate, of 49-55°C/at.% W dopant [Paone, 2015]. Therefore, for room temperature applications such as smart 
windows, tungsten doping is well-established. However, shifting the MIT towards higher temperatures has 
been less studied and the identified dopants proved less efficient.  

Introduction of smart thermochromic VO2 based solar thermal collectors and recent developments at mi-
croelectronic device level emphasize the importance of a reliable, inexpensive and efficient doping that 
enables a precise control over a wide range of elevated TMIT in vanadium dioxide thin films. Studies on do-
pants shown to increase the transition temperature were mainly published for single crystal or powder VO2.   
Contrary to expectations, Al3+ doping decreased the transition temperature and induced progressive amor-
phization of the VO2 films [Paone, 2015; Chen, 2009; Gentle, 2008]. Fe3+ was also reported to decrease the 
transition temperature in thin films [Phillips, 1987].   

This chapter discusses the experimental observations of sputtered Cr, Si and Ge doped vanadium dioxide 
films. Co-sputtering allows for flexibility in adjusting the dopant concentration of the films by changing the 
applied power on the dopant target. Unlike the V target run by a pulsed-DC power supply, the dopant tar-
gets are powered by a radio frequency (RF) AC unit. To limit the doping, magnets are removed from the 
dopant magnetron, thus reducing the magnetic field and subsequently the plasma density. For successful 
dopants and dopant concentrations, the corresponding alloy targets are ordered, which then simplify the 
deposition process by eliminating the need for a second plasma.  5.1 Chromium (Cr) and Silicon (Si) doping 
In the VO2 lattice, V (IV) is thought to be 6-coordinate type with an ionic radius of 72 pm. In the octahedral 
coordination, Cr (IV) has an ionic radius of 69 pm, slightly lower than that of V (IV), which is expected to 
favor the increase of the transition temperature of the VO2 crystal structure. Furthermore, Cr ions with 
oxidation states ranging from 2+ to 6+ can all take an octahedral coordination, in which cases also a charge 
imbalance could be induced. Therefore, Cr is deemed to be an interesting dopant choice. By contrast, Si (IV) 
doping uphelds the charge conservation and the effect coming from the size of the ionic radius is isolated. 
Si (IV) is significantly smaller than V (IV) with an ionic radius 54 pm in the octahedral coordination and an 
even lower 40 pm in the preferred tetrahedral coordination. Out of these considerents, both Cr and Si are 
investigated as dopant elements. The ionic radii cited here are Shannon ionic radii [Shannon, 1976].  
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5.1.1 Cr doping 
Chromium doped thermochromic films have been deposited on <100> Si substrates by means of co-
sputtering from metal V and Cr targets. When the applied power to the dopant target ranges from 0 to 60 
W, the samples exhibit transition temperatures that do not appear to vary linearly with the doping (see 
Figure 5.1 and Table 5.1). Moreover, with the exception of one sample with 20W applied to the Cr target, 
all samples switch in a narrow temperature range, common for polycrystalline VO2 thin films. This suggests 
that the doping level might be too low or that Cr has difficulties entering the VO2 lattice. At higher applied 
powers, at least some of the sputtered Cr might enter the lattice and, for the two samples with the highest 
expected dopant concentration, an increase of the transition temperature with doping level is noticed. For 
the samples with 70 and 100W applied on the Cr target, transition temperatures of 71.4°C, respectively 
74.5°C have been determined. 

 

Figure 5.1. Electrical resistivity curves of pure and Cr 
doped VO2 thin films measured during heating. The 
concentration of Cr in the films is changed by increas-
ing the applied power on the dopant target. 

 
Table 5.1. Pure and Cr doped samples with the corre-
sponding phase transition temperatures measured. 

Sample [x]W 
on Cr target 

TC [°C] 

0 67.7 ± 0.5 
10 66.9 ± 0.5 
20 72.4 ± 0.5 
30 66.0 ± 0.5 
50 69.6 ± 0.5 
60 68.6 ± 0.5 
70 71.4 ± 0.5 
100 74.5 ± 0.5 

Interestingly, although by doping usually the magnitude of the transition decreases, in the case of Cr dop-
ing, the switching magnitude is comparable to that of the reference sample (in some cases being even larg-
er). Looking at the three samples with the largest expected Cr concentration (60, 70 and 100 W applied), a 
similar switching magnitude is recorded, however, the absolute resistivity values and transition tempera-
tures are increased with doping. This suggests that the stronger the doping, the more semiconducting the 
films behave. A possible way to counter the increase in resistivity could be by reducing the oygen partial 
pressure during deposition with increasing doping. 

While the above observations seem to indicate that, in principle, Cr is successful in increasing the transition 
temperature, for any practical purposes the increase in temperature is insufficient and only achieved at 
relatively high levels of doping. Also, out of practical considerations, the heavy flake formation in the depo-
sition chamber should be noted. On one hand, this together with the varying electrical resistivity values 
determined on different parts of the same sample might suggest a possible segregation of the Cr or chro-
mium oxide in the films.  
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On the other hand, SEM images of Cr doped VO2 films and the corresponding EDX results do not support 
this hypothesis as the films appear to be rather uniform, with well defined crystalline grains ranging from 
≈100 nm to ≈200 nm in size, and exhibit a homogeneous EDX elemental map for V, Cr and O alike (Figure 
5.2). Furthermore, the measured XRD spectra of three doped samples with different Cr content show only 
diffraction peaks attributed to VO2 (Figure 5.3.a). The data also shows that the diffraction peaks shift with 
the doping, higher the doping level larger is the shift. The peaks shift towards higher angles as expected for 
dopants with smaller ionic radius than that of the vanadium ion. Notably, even at high doping levels, no 
peaks associated with Cr or CrxOy are distinguishable. These observations support the case for Cr substitu-
tional doping in the VO2 crystal lattice. 

 

Figure 5.2. Plane view SEM image of a Cr doped VO2 thin film (50 W applied to the Cr target) and EDX elemental map-
ping of V, Cr and O. The polycrystalline film appears to be homogeneous – no segregation observed. 

  

 

Figure 5.3. a) Grazing-incidence XRD spectra of three Cr doped VO2 films. The power applied on the Cr target is 20, 50 
and 100 W, respectively. All diffraction peaks are attributed to VO2. b) XRD spectra of two samples sputtered with 50 
W applied on the Cr target, but at different oxygen partial pressures, p(O2). The sample deposited at high p(O2) shows 
a different preferred grain orientation and CrO3 segregation compared with the sample deposited at lower p(O2).   

Nonetheless, if the deposition parameters are not carefully controlled, at too high oxygen partial pressure, 
segregation of chromium oxide might indeed occur. This is exemplified by two crystalline thin films, both 
deposited by applying 50 W to the Cr target, the only variable being the oxygen partial pressure during 
deposition (Figure 5.3.b). The XRD spectral comparison shows, that while both exhibit the diffraction peaks 
typical for VO2, the preferred grain orientation varies. Finally, the additional peak at 21.3° present in the 
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sample deposited at higher oxygen partial pressures, is associated with the (1 1 0) peak of CrO3, that is the 
strongest peak for crystalline CrO3.  

Outcomes 

• Under controlled oxygen partial pressures, homogeneous Cr doped VO2 films are deposited. No 
segregation is observed.  

• TMIT does not appear to depend linearly on the doping concentration.  

• A maximum TMIT of ≈74.5°C has been reached by Cr doping.   5.1.2 Si doping 
This section borrows part of its text and images from: Krammer, A., Bouvard, O., Schüler, A. Study of Si 
doped VO2 thin films for solar thermal applications. Energy Procedia 122, 745-750, 2017. Available from: 
https://doi.org/10.1016/j.egypro.2017.07.390   

With Si doping, besides the precise determination of the thermochromic properties, the focus lies on un-
derstanding the changes induced at the electronic structure level. To that end, the samples are character-
ized by in-situ X-ray (XPS) and ultraviolet (UPS) photoelectron spectroscopy. 

Film growth  

Five samples, S1 to S5, of pure and Si doped vanadium dioxide films are deposited by reactive magnetron 
co-sputtering on <100> Si substrates. The composition of the films is varied by adjusting the RF power on 
the Si target between 0 and 25W. Higher the applied power, higher is the expected dopant concentration 
of the sample. The exact film deposition parameters are summarized in Table 5.2, while the individual sam-
ples with their corresponding applied power on the Si target is listed in Table 5.3.   

Table 5.2. Process parameters used for the deposition of Si doped VO2 films. 

Base pressure [mbar] < 3·10-7 
Working pressure [mbar] 6±0.2·10-3 

O2 partial pressure [mbar] 6±0.2·10-4 
Substrate temperature [°C] 465 
Film thickness [nm] ≈320 
Applied power [W] V: 150 (DC) 

Si: 0 - 25 (RF) 
 

Table 5.3. List of deposited samples and corresponding applied power on the Si target. 

Sample S1 S2 S3 S4 S5 

Power applied on 
the Si target [W] 0 8 15 20 25 
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Four-point probe resistivity 

The influence of Si doping on the thermochromic film properties is determined by measuring and plotting 
the electrical resistivity of the films between room temperature and 95°C (Figure 5.4). To precisely deter-
mine the phase transition temperature and hysteresis parameters, the derivatives of the resistivity varia-
tion with temperature, log ρ(T) vs. T are plotted for both heating and cooling directions. The curves are 
fitted with Gaussian functions whose minima are defined as the transition temperature for the heating, Th 
and cooling, Tc cycle. The difference between Th and Tc gives the hysteresis width, ΔTt, while the full width 
at half maximum of the derivative curve, FWHM, indicates the steepness of the transition. Smaller FWHM 
value means a steeper slope change, a sharper transition. 

The pure VO2 film switches at 67.8°C during heating. The transition temperature, the hysteresis width and 
the absolute resistivity values increase gradually with doping, up to a certain point, when film amorphiza-
tion is induced and the switching character of the films is lost. The highest transition temperature achieved 
is ≈72.3°C and, in general, Si doping appears to enhance the semiconducting behavior of the films.   

 

Figure 5.4. a) Temperature dependent resistivity curves of pure and Si doped VO2 films. The d(logρ)/dT vs T plots for 
pure VO2 (b) and V(1-x)SixO2 films with 8W (c), 15W(d), 20W (e), 25W( f) power applied on the Si target. Symbols denote 
measured data points, fitted with Gaussian functions. The minima indicate the transition temperature during heating, 
Th and cooling, Tc. The difference between the two is the hysteresis width, ΔTt. The FWHM gives the sharpness of the 
transition.  
 

The three switching samples are characterized by photoelectron spectroscopy. 
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X-ray photoelectron spectroscopy 

Elemental quantification is based on the O 1s, V 2p3/2 and Si 2p core-level peak integration, using Scofield 
sensitivity factors combined with calibration with pure VO2 sample. A Shirley background is adopted. As 
expected, for the pure VO2 sample no Si peaks are identified. For the two Si doped, switching samples, the 
quantification yields 1.2 and 1.5 at.% Si content, respectively. The ratio between the at.% of V and O is 1:2 
for the pure sample and 1:2.05 for the two doped samples.   

In Figure 5.5 the O 1s and V 2p core level spectra of the VO2, V0.988Si0.012O2 and V0.985Si0.015O2 samples are 
shown. The spin-orbit splitting leads to the two-peak vanadium structure, 2p1/2 and 2p3/2. The core lines 
appear to shift to higher binding energies with Si doping. Broad V 2p3/2 lines are observed. This is consistent 
with literature where reported FWHM values of the 2p3/2 peaks range widely from 1.95 to 3.2 eV and have 
been explained by various multiplet configurations in the photoemission final states, resulting from core-
hole - 3d electrons interaction [Demeter, 2000; Sawatzky, 1979]. Besides broadening, this core-hole – 3d 
electron coupling also results in satellite structures falling in the high-binding energy side of the O 1s peak 
and leading to the asymmetry around ≈531eV [Zimmermann, 1998].  

 

The V 2p3/2 peak deconvolution results in two components, P1 and P2, fitted with mixed Lorentzian-
Gaussian curves. Peaking at ≈515.7 and ≈517 eV respectively, the two components coincide with the re-
ported binding energies of the V4+ and V5+ 2p3/2 core lines. Indeed, component P1 is attributed to the V4+ 
states as both its peak position and FWHM of ≈1.9 – 2.2 eV closely match those reported for V 2p3/2 core 
lines of highly pure VO2 samples. As VO2 surfaces readily over-oxidize into V2O5, it is also likely that a fair 
amount of V5+ oxide is present. However, for P2 to be attributed solely to the V5+ contribution, it is striking 
that rather small amounts of Si induce such stark changes in the P1:P2 ratio, especially when the V:O ratio 

Figure 5.5. a) O1s and V2p core-level spec-
tra of the VO2 and V(1-x)SixO2 films. The inter-
secting straight lines mark the position of
V4+ and V5+ states. In b), c), d) the V 2p3/2

peak deconvolution for the three analysed
samples is shown. The two components P1
and P2 are observed. The lines have been
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is basically unchanged (1:2). Furthermore, at 2.2 – 2.3 eV, the FWHM of the P2 component is broader than 
those reported for V5+.  

2p spectra of first row transition metals are challenging to interpret due to peak asymmetries, complex 
multiplet splitting, shake-up and plasmon loss structures and uncertain, overlapping binding energies. 
[Biesinger, 2010] In Ti-Al-N films, complex Ti 2p line shapes have been reported [Schüler, 2001a]. The au-
thors interpret this in terms of a well screened main doublet and a poorly screened satellite doublet, which 
becomes dominant as the screening ability of conduction electrons is decreasing with Al content. Fine 
structured 2p3/2 core lines were also reported for NiO and Cu based materials and have been explained 
based on non-local screening effects. This means that an electron could be taken from a far oxygen atom 
and transferred to the photoionized site. [Hüfner, 2003] Therefore, it is possible that various satellite struc-
tures might be present in the higher binding energy side of the V 2p3/2 peaks as well. A small Si doping ap-
pears to significantly strengthen the P2 component which could be an indication of some non-local screen-
ing effects. 

 

UV photoelectron spectroscopy 

After the deposition, the three samples: VO2, V0.988Si0.012O2 and V0.985Si0.015O2 are immediately transferred to 
the photoelectron spectrometer while still in the hot state. UPS He I spectra are measured continuously 
during sample cooling in order to observe the metal-to-insulator transition and its effects on the density of 
states at the Fermi level. Once the valence band edge does not shift and the sample reached its low tem-
perature state, UPS He II spectra are measured too. 

Figure 5.6 shows the He I and II spectra of the pure, 1.2 at.% and 1.5 at.% Si doped VO2 films. For better 
legibility, a zoomed view of the Fermi level during the cooling process is displayed for each sample. A de-
crease of the density of states at the Fermi level, associated with V 3d states, is observed with Si doping. 
For the pure VO2 film, the opening of a band gap during cooling marks the in-situ metal-insulator transition. 
For the sample with 1.2 at.% Si, only a vague Fermi edge is detectable while changes  in the density of 
states with cooling are moderate. The sample with ≈1.5 at.% Si exhibits no noticeable changes to the va-
lence band edge during cooling. Therefore, although in magnitude the resistivity modulation of the 1.5 at.% 
Si containing sample is similar to that of the pure and lighter doped VO2 film, from an electronic point of 
view, it undergoes a semiconductor-to-semiconductor transition.  

In both the He I and II spectra, broad shoulder-like features centred around 4.8 and 7 eV binding energies 
are identified. According to [Shin, 1990], these two bands at 4.8 and 7 eV are related to non-bonding O 2pπ 
and bonding O 2pσ orbitals with V d band. The intensity of the feature at 7 eV binding energy, indicated in 
the figure with the solid black line labelled “A”, is changing with Si doping.  This suggests that Si reduces the 
strong V 3d – O 2pσ band hybridization.   
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Figure 5.6. He I (measured at T > TMIT) and He II (measured at T < TMIT) valence band spectra of VO2 and V(1-x)SixO2 films 
(top). A zoomed in view of the He I spectra near the Fermi level is given for all three samples (bottom). Only for the 
pure film is a shift in the DOS at the Fermi level observed – from a clear Fermi edge at T > TMIT to a band gap opening 
up at T < TMIT. Dashed lines mark the Fermi energy level, solid lines indicate bonding O 2pσ orbitals with the V d band.  

Outcomes 

• Si raises the insulator-to-metal transition temperature, but, as in the case of Cr doping, the change 
is rather limited with a maximum increase of ≈4.5°C reached.  

• Film amorphization is induced early by doping and, already above 1.5 at.% Si, the transition is lost.  

• Like with Cr, the resistivity values continue to increase with doping over the measured temperature 
range.  

• Through doping, the metallic character of the films in the hot state is hindered in favour of a semi-
conducting behaviour. From the UPS spectra it is shown that the density of states at the Fermi level 
decreases with doping and at 1.5 at% Si a band gap has opened up. 

• The decrease in intensity near the Fermi level with doping, could potentially translate in higher 
thermal emittance values, thus in better heat dissipation to the surroundings above the transition 
temperature 

•  V 2p3/2 XPS peak deconvolution shows that fitted components peak at 515.7 eV and 517 eV binding 
energy. The former is associated with V4+ states, while for the origin of the latter V5+ states, shake 
up and non-local screening satellites are considered. As doping levels increase, the second compo-
nent becomes more important on the expense of the four-fold oxidized V atoms.  
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5.2 Germanium (Ge) doping  
This section borrows part of its text and images from: Krammer A., Magrez A., Vitale W. A., Mocny P., Jean-
neret P., Guibert E., Whitlow H. J., Ionescu A. M., Schüler A. Elevated transition temperature in Ge doped 
VO2 thin films. Journal of Applied Phyics 122, 045304, 2017.  

A quick literature study reveals that Ge, much like Cr or Al doping, is generally considered and cited as a 
dopant that raises the transition temperature of VO2. Meanwhile, Cr or Al doping has been shown to have 
either very limited effect in increasing the temperature and/or induce film amorphization. To all intents and 
purposes, both Cr and Al doping proved unsuitable for the envisaged solar absorber application.  

A deeper look at sources claiming the effect of Ge doping reveal that it originates from a 1968 patent by 
Futaki et al. [Futaki, 1968], which reported elevated transition temperatures in Ge doped VO2 crystals. From 
there on, Ge was much referred to as a dopant which increases the MIT temperature and it was widely 
assumed that this effect would be applicable to thin films too. Therefore, this section sets out with the aim 
to study the effect of Ge doping on vanadium dioxide thin films.  

In a first sample series the effect of Ge doping is investigated; the crystalline structure of the films is in-
ferred from X-ray diffraction; film topography is studied by SEM; film composition is determined from EDX 
measurements. A second series of doped films is then deposited to confirm the effect of Ge doping and to 
optimize the doping concentration in the thermochromic films. Furthermore, complementary characteriza-
tions such as RBS – for precise elemental composition and AFM topography measurements are carried out. 

 5.2.1 Preliminary investigations 
Ge doped VO2 films co-sputtered by applying 10, 20 and 30 W power on the Ge target are compared. The 
measured transition temperatures for the heating and cooling cycle, whose average yields the metal-to-
insulator phase transition temperature, and the hysteresis widths are listed in table Table 5.4. 

Ge doped samples exhibit an increase in transition temperature, TMIT compared to the reference VO2 sam-
ple. The TMIT is increasing continuously with the doping. On the other hand, the discontinous change in elec-
trical resistivity is progressively reduced by increasing the level of doping, as is the hysteresis which com-
pletely disappears for the most heavily doped sample (Figure 5.7.a). Crossing a threshold of dopant concen-
tration in the VO2 lattice, the transition and the thermochromic character of the film is lost. 

Table 5.4. Determined transition temperatures for samples with different applied power on the Ge dopant target. 

Power applied on  
the Ge target [W] 

Th [°C] Tc [°C] TMIT 
[°C] 

ΔTt 
[°C] 

0 71.5 59.7 65.6 11.8 
10 74.3 65.8 70.1 8.5 
20 85.5 85.5 85.5 0 
30 - - - - 
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Figure 5.7. a) Temperature dependent resistivity curves of VO2:Ge films of different Ge content. b) Grazing-incidence 
XRD spectra of VO2 and VO2:Ge films of different composition. All diffraction peaks are attributed to VO2, but in the 
doped films the peaks are shifted towards higher angles.  

The three switching films have been measured by X-ray diffraction and the spectra show well-crystallized 
films (Figure 5.7.b). Only VO2 diffraction peaks are identified. In the doped samples the peak positions are 
shifted to higher angles. These shifts are the result of strain effects induced by planar stresses inside the 
film. Peaks shift to lower angles for compressive stresses and to higher angles for tensile stresses. 

Ge (IV) has an ionic radius of 67 pm in the octahedral coordination and 53 pm in the tetrahedral coordina-
tion, both smaller than the ionic radius of vanadium atoms that they substitute. This generates tensile 
stresses in the film, causing peaks to shift to higher angles, which is in accordance with our results. Higher is 
the level of doping, stronger the peak shift.  

From the plane sectional SEM images of the lightly doped sample with 10 W applied on the Ge target, 
grains showing advanced growth in the plane perpendicular to the substrate plane are observed (Figure 
5.8). These parallelly oriented grains make up patterns in the film and the pattern formation is enhanced by 
Ge doping. In the sample with 20 W applied on the Ge, these patterns dominate the surface morphology 
and they are unformly spread over the film. In the patterns, the grains appear more elongated, acicular in 
comparison with the standard spherical or rounded grains typical for pure VO2 films.    

From the cross sectional SEM images, similar film thicknesses of ≈200 nm for the lightly doped sample and 
≈220 nm for the sample with the higher dopant concentration are identified.  

Information on the chemical composition of the doped films is obtained from complementary EDX meas-
urements (Figure 5.9). Because of the patterning it is interesting to see whether the Ge concentration 
changes in the different regions. EDX spectra are taken locally on both lightly and strongly doped samples in 
the regions with rounded grains and acicular shaped grains. The Ge content in the sample with 10 W power 
applied on the dopant is determined at 0.35 at.% (close to the EDX detection limit), while for the sample 
with 20 W applied on the Ge, the concentration is ≈2.9 – 3 at.% Ge independently on the measured region 
type, patterned or not. This suggests that the films are homogeneous and there is no Ge segregation or 
phase separation in the films.    
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Figure 5.8. Plane view and cross sectional SEM images of the VO2:Ge films  with 10 and 20 W applied on the dopant 
target. The acicular grain formation is more pronounced in the sample with the higher Ge content.    
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Figure 5.9. Electron images of the VO2:Ge samples with the spots of the EDX measurements and the corresponding Ge 
concentrations determined from the EDX spectra.  

 

Outcomes 

• Deposited Ge doped VO2 films are homogeneous and no segregation is observed.  

• TMIT appears to depend directly on the doping concentration.  

• A TMIT of ≈85.5°C has been reached with a Ge doping of ≈3 at.%.  
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5.2.2 Confirmation and optimization of Ge doping  
A second sample series is deposited in order to confirm the effect of Ge alloying into VO2. Furthermore, 
reaching a transition temperature of above 95°C is attempted for the envisaged solar thermal collector 
application.  

Film growth  

Vanadium dioxide based thin films, with different Ge content, are deposited by reactive magnetron sput-
tering in high-vacuum conditions. The 480 - 580 nm thick films are co-sputtered from V and Ge targets onto 
<100> Si substrates. The RF power applied on the Ge source is varied between 0 and 20 W. All the other 
deposition parameters are kept constant (Table 5.5).  

Table 5.5. Process parameters used for the deposition of pure and Ge doped VO2 films. 

Base pressure [mbar] < 5·10-8 
Working pressure [mbar] 7.7±0.2·10-3 
O2 partial pressure [mbar] 4.1±0.2·10-4 
Nominal temperature [°C] 640 
Film thickness [nm] 480 – 580 
Applied power [W] V: 150 (DC) 

Ge: 0 - 20 (RF) 
 

Rutherford Backscattering Spectrometry 

Precise Ge quantification in the V(1-x)GexO2+y thin films and determination of film thicknesses is achieved by 
Rutherford Backscattering Spectrometry (RBS). The simulated spectrum, based on a V(1-x)GexO2+y 
(monolayer)//Si (substrate) model, fits well the experimental RBS data. The energy spectra of the 
backscattered ions are displayed in Figure 5.10, where the yield of backscattered He ions is plotted against 
the channel number (backscattering energy). The Ge contribution is seen at high backscattering energies 
(high channel number) and is partly superposed on the V signal. At lower energies, the oxygen component 
is superposed on the Si substrate signal. The determined Ge content for each sample is given in Table 5.6. 
As expected, by increasing the applied power on the Ge target, the Ge concentration of the deposited films 
is gradually increasing. 

Table 5.6. The Ge at.% as determined by RBS measurement. 

Power applied to 
the Ge target [W] 0 5 15 17 20 

Ge content 
[at.%] 0.1±0.1 0.5±0.1 4.3±0.2 5.9±0.3 8.6±0.4 
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Figure 5.10. a) Experimental data (points) and simulated RBS spectra (solid line) of the V0.941Ge0.059O2+y film. The result 
of the simulation agrees well with the experimental RBS spectrum. (b) Comparison of pure and increasingly doped VO2 
films by varying the applied power on the Ge target. The width of the V and O signals is related to the film thickness, 
while the peak height gives indication on the concentration of backscattered ions. 

 

Four-point probe resistivity 

The thermochromic properties of the films are studied from room temperature up to 120°C by determining 
their temperature dependent electrical resistivity (Figure 5.11). The electrical resistivity curves are plotted 
for all samples but the V0.914Ge0.086O2+y, for which the measured resistivity is too high and does not allow for 
a reliable reading. The measured curves reveal the strong influence of Ge on the switching characteristics.  

The MIT is characterized by (i) the phase transition temperature, TMIT defined as the average value of the 
transition temperature in heating and cooling cycles: 

 TMIT = ½ (Th + Tc) Equation 5.1 
 

(ii) the hysteresis width ΔTt and (iii) the full width at half maximum (FWHM) of the derivative curve, which 
indicates the steepness of the transition. The detailed values for the thermochromic phase transition pa-
rameters are summarized in Table 5.7.  
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Table 5.7. Detailed switching parameters determined for the differently doped vanadium dioxide films. 

Ge content [at.%] Th [°C] Tc [°C] TMIT [°C] ΔTt [°C] FWHM [°C] 

0.1 70.0 62.5 66.3 7.5 5.7 
0.5 73.6 65.6 69.6 8 7.8 
4.3 78.1 73.5 75.8 4.6 14.0 
5.9 96.6 90.6 93.6 6 30.1 

 

 

Figure 5.11. a) Temperature dependent electrical resistivities of VO2 and V(1-x)GexO2+y films on Si (100) substrates. The 
transition temperature is progressively increasing with the Ge content. (b-e) The d(log ρ)/dT vs T curves are plotted for 
all samples. Measured data points (symbols) are fitted with Gaussian functions (lines) whose minima denote the tran-
sition temperatures upon heating, Th and cooling, Tc. The difference between Th - Tc gives the hysteresis width ΔTt, 
while the FWHM determines the sharpness of the metal-to-insulator transition. 

Again, the transition temperature is gradually shifted to higher values upon doping and it increases swiftly 
at higher Ge concentrations confirming the effect of Ge doping on the VO2 phase transition. The shift to-
wards increased TMIT suggests a stabilization of the low temperature, monoclinic phase. A notable increase 
in the transition temperature occurs only at rather high Ge concentrations e.g. ≈6 at.%. This is in accord-
ance with previous studies where transition temperatures were observed to change significantly only for 
relatively large impurity concentrations exceeding 1 at.% [Goodenough, 1971; MacChesney, 1969].    

Film resistivities increase as well, mainly in the high temperature phase. This in turn leads to lowered ampli-
tude modulation of the MIT. The transition magnitude is slowly lowered from about three orders, for the 
pure VO2 sample, to just slightly more than one order of magnitude for the sample with 5.9 at.% Ge. How-
ever, it is possible that this effect is due to non-stoichiometric oxygen in doped V1-xGexO2+y type films, in-
duced by perturbations associated with the presence of a second plasma in the deposition chamber. A fine-
tuning of the oxygen partial pressure might limit the decrease in transition magnitude. 
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Finally, the FWHM is steadily increasing with Ge addition. Hence, the transition becomes less abrupt, ex-
tending over a wide range of temperatures. The hysteresis width is generally narrowed with Ge addition, 
the opposite of what has been previously observed for Si doping.  

 

X-ray diffraction 

Crystallinity and phase composition of the deposited films are determined at room temperature by grazing 
incidence X-ray diffraction. The samples are polycrystalline and exhibit the typical diffraction peaks of the 
M1 VO2 phase (space group P121/c1, a = 0.5742(4), b=0.4521(3), c=0.5373(4) nm, α = 90, β = 122.60(5), γ= 
90°). 

Furthermore, no characteristic peaks of other vanadium oxide phases have been observed, indicating single 
phase VO2 films. Exception from the above was the V0.914Ge0.086O2+y film with no diffraction peaks distin-
guishable. 

For clarity, only the XRD patterns of the least and most doped samples are displayed, that of pure VO2 and 
of the samples with ≈5.9 at.% and 8.6 at.% Ge (Figure 5.12). The absence of certain peaks in the pure sam-
ple ([200], [210]) suggests a textured film with preferential orientation of the crystallites. For the film with 
5.9 at.% Ge, the [200], [210] peaks are present as well. However, the intensity of the [-1 1 1] peak is much 
larger than that of the others peaks, indicating preferential orientation in the (-1 1 1) direction. 

  

Figure 5.12. XRD spectra of VO2, V0.941Ge0.059O2+y and V0.914Ge0.086O2+y films on Si (100) substrate. All diffraction lines 
were assigned to the VO2 monoclinic phase according to PDF 04-003-4401. 

At 5.9 at.% Ge content, the film shows a small feature at ≈26.2° (see inset Figure 5.12). This has been at-
tributed to the (011) peak of GeO2. Preliminary X-ray photoelectron spectra (XPS) of Ge doped vanadium 
oxide films with similar Ge concentrations, show broad 3d Ge core level peaks between 31.2 and 32.1 eV 
binding energies. In this range, contributions from Ge2+, Ge3+ and Ge4+ peak components have been report-
ed [Molle, 2006]. These observations suggest that Ge might be partly oxidized in the reactive environment 
during the deposition process.   
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Here too, the diffraction peaks shift towards higher angles, indicating smaller distances between the crystal 
planes. Moreover, the broadening of the peaks, compared to the pure sample, is attributed to the decrease 
of average grain size in the polycrystalline film with doping.  

The crystallite size can be determined from the peak width (FWHM) through the Scherrer equation. The 
peak widths are corrected with respect to the reference Si peak (the Si wafer has been measured with the 
same optics and under the same conditions as the deposited films). The wavelength of the Cu Kα1 radiation 
is λ = 1.54056 Å, the shape factor Κ is 0.9 for isotropic particles. In these conditions, the crystallite size is 
found to be ≈26 nm in the pure VO2 sample and ≈10.6 nm in the film with 5.9 at.% Ge. The sample with the 
highest Ge content, 8.6 at.%, appears to have undergone an amorphization of the film as diffraction peaks 
vanished. This is consistent with the absence of the MIT during the electrical resistivity measurements dis-
cussed in the previous section. 

Atomic Force Microscopy 

The evolution of film morphology and particle size with doping has been observed from contact mode AFM 
images. In Figure 5.13, the topographic (left) and lateral (right) AFM images of the three samples are 
shown.  

The pure sample shows particles of variable sizes, ranging between 80 and 120 nm. At 5.9 at.% Ge content, 
the particles are smaller, ≈40-70 nm in size, and show a slightly more uniform size distribution. At 8.6 at.% 
Ge concentration, the sample exhibits a smooth and uniform surface, characteristic of homogeneous, 
amorphous films. This general trend is in agreement with the resistivity and XRD measurements. However, 
the particle sizes observed with AFM considerably differ from the crystallite sizes determined from XRD 
peak widths. The Scherrer equation gives an approximation of the individual crystallite sizes, while the par-
ticles observed in AFM might contain several crystallites.  

The decrease of the average grain size with Ge addition is expected as doping leads to disorder in the VO2 
crystal lattice. Therefore, Ge might introduce nucleation centers. High density of nucleation centers leads 
to increased nucleation velocities which, in turn, results in smaller grain sizes. 

As reported in [Brassard, 2005], larger density of grain boundaries and associated defects, could lower the 
resistivity of the semiconducting state, while limiting the conductivity of the metallic state through grain 
boundary scattering of electrons. Thus, grain refinement results in less abrupt transitions. This trend has 
been observed from the electrical resistivity plots. 
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Figure 5.13. Topographic (left) and lateral (right) contact mode AFM images of pure (A,B), V0.941Ge0.059O2+y (C,D) and 
V0.914Ge0.086O2+y (E,F) films. The scale bar corresponds to 400 nm. 

Furthermore, even above the transition temperature, the samples exhibit a semiconducting behavior with 
the resistivity showing a negative temperature coefficient (indicated by dashed ellipses in Figure 5.11). 
Small amount of other VOx phases, which do not undergo MIT, might be present, e.g. at grain boundaries, 
and influence the overall resistivity of the films above TMIT. The more pure is the VO2 film, larger is the tran-
sition amplitude. Inversely, when more non-stoichiometric VOx is present in the film, the resistivity drop is 
lowered due to the enhanced semiconducting behavior above TMIT. It could be speculated then that Ge 
doping facilitates the formation of non-stoichiometric phases in the film. As already mentioned, an optimi-
zation of the oxygen partial pressure during deposition might counter the loss in transition magnitude. 

Additionally to the decrease in transition amplitude, the sharpness of the transition is significantly reduced 
upon doping – larger FWHM. As suggested in [Ruzmetov, 2007], a possible explanation for such smeared 
out transitions, spreading over temperature ranges as high as ≈30°C may be that crystallites exhibit differ-
ent MIT temperatures. The transition in the polycrystalline film occurs over the distribution of transition 
temperatures of the different crystallites. Such variation in the transition temperature of individual crystal-
lites might come from the different levels of doping, if the doping is not homogeneous, or might be strain 
induced. Lattice disorder, defects and grain boundary density, in the doped films, are expected to be supe-
rior to those in pure VO2. V(1-x)GexO2+y lattices are then strained due to the stresses coming from these grain 
boundaries and other defects.  

VO2 bulk single crystals exhibit very narrow hysteresis width of ≈0.5 - 1° C. [Ladd, 1969] High quality epitax-
ial VO2 films show rather comparable widths of ≈1.5 - 2° C. [Jin, 1997; Hood, 1991] However, polycrystalline 
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VO2 films might have considerably broader hysteresis loops, ranging from a few degree widths to more 
than 30°C in some cases [Zhang, 2014; Ruzmetov, 2007]. In polycrystalline films, numerous factors have 
been reported to affect the hysteresis such as grain size, crystallinity, nucleation defects, orientation of 
grain boundaries, grain shape etc. In general, the hysteresis widths of our doped polycrystalline VO2 films 
are smaller than that of the pure film.  

In [Lopez, 2002], a nucleation theory is proposed where the phase transition is nucleated on defects. Ac-
cording to this study, an increased number of nucleation seeds can potentially trigger the phase transition 
and lead to narrower hysteresis loops.  

Ge might enhance the heterogeneous nucleation of VO2 particles similarly to Ti in VO2 [Du, 2011]. The larg-
er density of grain boundaries and lattice disorder could be accountable for a higher effective defect con-
centration in doped samples. The increase in defect-induced nucleation site density in doped samples, 
might lead to a lowering of the free energy decrease for the MIT and a smaller ΔT – narrower hysteresis – 
can trigger the transition. Indeed, a narrowing of the hysteresis width in doped thermochromic samples is 
observed experimentally [Paone, 2015]. 

The role of lattice distortion and charge doping effects on the phase transition in doped vanadium dioxide 
systems is unclear. In [Wu, 2015] and references therein, an overview of the proposed mechanisms for the 
widely studied W6+ doping is presented. Several studies attribute the reduction of TMIT to the increase of 
electron density, some claim that the effect of W6+ on neighboring cells is only structural, while others have 
shown that both electronic contribution and local structure perturbations are responsible for the reduced 
TMIT. The authors of the cited study [Wu, 2015] agree with the latter and conclude their comparative analy-
sis on Ti and W doped VO2 suggesting that charge doping is the more effective in regulating the transition 
temperature in VO2, although the local structure perturbations induced by dopants have an inevitable in-
fluence on it. [MacChesney, 1969] also points out that, regardless of the origin of the transition, changes in 
the band structure are sensitive to changes in the lattice and speculate that the changes induced by do-
pants are the result of the interplay of size and charge. Small cations e.g. Al3+, Ga3+, Ge4+ with empty d or-
bitals are more stable in lower anion coordination and seem to stabilize the low temperature phase. Addi-
tionally, when charge compensation is accomplished through the creation of V5+ ions – smaller than V4+, 
with empty d orbitals and unstable in an oxygen octahedron – a lower anion coordination is favored again 
[Goodenough, 1971]. 

The significant change in transition temperature reached through Ge doping – as in the case of W doping – 
is presumably the result of both lattice distortion and electronic effects.  

Outcomes 

• Pure VO2 and V(1-x)GexO2+y films have been deposited.  

• A direct correlation between the MIT characteristics, most notably the transition temperature and 
doping concentration has been established.  

• A TMIT of ≈96°C has been reached with 5.9 at.% Ge. To the best of our knowledge, this is the highest 
transition temperature reported for doped VO2 based thin films.  
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5.3 UPS and XPS study of Ge doped VO2 films 
This section borrows part of its text and images from: Krammer A., Gremaud A., Bouvard O., Sanjines R., 
Schüler A. In situ photoelectron spectroscopic characterization of reactively sputtered, doped vanadium 
oxide thin films. Surface and Interface Analysis 48(7), 440-444, 2016.  

The electronic band structure of pure and Ge doped VOx and VO2 samples are studied by in-situ UPS and 
XPS. Due to a different substrate holder used for the transfer to the photoelectron spectrometer, the 
reached sample surface temperature is lower than that for the standard holder and results in a first, non-
switching sample series. In a second run, the nominal temperature is adjusted to 640°C in order to obtain 
switching thermochromic samples. The temperature calibration curve for the UPS/XPS-compatible holder 
has not been determined, therefore, in this section the nominal temperatures are given instead of the sub-
strate temperatures.  5.3.1 VOx and VOx:Ge deposited at 490°C 
Film growth 

Vanadium oxide based thin films, with different Ge content, are deposited on <100> Si substrates by reac-
tive magnetron co-sputtering in high-vacuum conditions. The deposition parameters are listed in Table 5.8.  

Table 5.8. Process parameters used for the deposition of VOx and VOx:Ge films for UPS and XPS measurements. 

Base pressure [mbar] < 5·10-8 
Working pressure [mbar] 2.6±0.1·10-3 
O2 partial pressure [mbar] 1.9±0.1·10-4 
Nominal temperature [°C] 490 
Film thickness [nm] ≈300 
Applied power [W] V: 150 (DC) 

Ge: 0 - 50 (RF) 
 

UV photoelectron spectroscopy 

The UPS He I spectra of the pure VOx film exhibits a Fermi edge and features at 0.72 eV, 4.3 eV and 7 eV 
binding energy. At room temperature, VO2 is semiconducting, however, a Fermi edge could be expected for 
slightly oxygen-deficient, conducting VO2-x films. For the VOX:Ge sample with 10 W Ge the Fermi edge dis-
appears and the valence band edge is at 0.41 eV binding energy. The valence band shows more features 
than the other two samples, with structures at 1.3 eV, 3.6 eV, 5.4 eV and again 7 eV. The strongly doped 
film has its valence band edge at 0.6 eV and features around 1.5 eV, 4.25 eV and 7 eV binding energies 
(Figure 5.14.a). 

According to [Romanyuk, 2007] the band at 4.3 eV binding energy could be assigned to non-bonding oxy-
gen band, O 2pπ, while the one centered at 7 eV binding energy is associated to bonding O 2pσ orbitals 
with vanadium d band. An additional feature around 5.4 eV binding energy is present for the slightly doped 
sample. Romanyuk et al. also observed a third feature for V2O5-x films with a relatively high V5+ content, 
obtained during a two-step oxidation process from V0 to V4+ and V4+ to V5+. After the first oxidation step, 
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where vanadium 4+ states are dominant, the He I spectrum shape and feature position match those of the 
pure VOx sample from our study.  

 
Figure 5.14. He I and He II valence band spectra of VOx and VOx:Ge films. The intersecting straight lines mark the posi-
tion of the Fermi edge as well as that of nonbonding (A) and bonding (B) oxygen 2p orbitals with vanadium d band 
[Romanyuk,2007] 

The He II spectra show some similar features with the UPS He I (Figure 5.14.b). A Fermi edge is present for 
the VOx film and it disappears for both, slightly and strongly, doped ones. There are features present at 
0.55 eV, 3.3 eV, 4.9 eV and 7 eV for the VOx film, at 1.25 eV, 3.8 eV, 5.35 eV and 7 eV for VOx:Ge10W film 
and at 1.35 eV, 3.9 eV, 5.4 eV and 6.9 eV binding energies for the VOx:Ge50W film.  

Again, an additional feature appears for the slightly doped film at 3.8 eV binding energy. This is in accord-
ance with the He II spectra of V2O5 which also exhibits three bands centered around 3.8 eV, 5.4 eV and 7 eV 
[Shin, 1990]. Shin et al. also published He II spectra for VO2 and it is matched by the valence band spectrum 
of the pure VOx film. The He II spectrum of the strongly doped film also shows features associated with 
V2O5, such as the shoulder around 3.9 eV binding energy. It is less pronounced than in the case of the slight-
ly doped film, however it still suggests the presence of vanadium atoms in both 4+ and 5+ oxidation states.  

Therefore, the results point toward a chemical environment with predominantly four-fould oxidized V at-
oms in the VOx film and the dominant presence of V5+ in the doped samples. In particular, the slightly 
doped vanadium oxide film with the more and better defined features seems to be more oxidized than the 
other two films.  

The decrease in the density of states at the Fermi level and the shift in the states close to the valence band 
edge, associated predominantly with V 3d states, lead to the opening of a band gap and indicate that Ge 
doping, much like Si doping previously, increases the insulating character of the films. 

X-ray photoelectron spectroscopy 

The XPS survey spectrum of the pure VOx film shows only V and O Auger (VLMM, VLMV, OKLL) and photoemis-
sion (O 1s, O 2s, V 2s, V 2p, V 3s, V 3p) peaks (Figure 5.15). For the weakly doped sample, the peaks associ-
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ated with Ge (Ge 3p, Ge 3d) are hardly distinguishable, but are well-defined in the strongly doped sample. 
No C contamination of the samples is recorded.   

 

Figure 5.15. XPS survey spectra of VOx and VOx:Ge films. Only peaks associated to V, O and Ge atoms are present. For 
all samples, C signal was below the detection limit. 

The line shapes of the core-level spectra of O 1s, V 3p and Ge 3d peaks are shown in Figure 5.16. For all 
core-level spectra, background substraction and satellite correction is performed.  

The O1s peak is at binding energy 529.46 eV for the pure oxide, 529.83 eV for the slightly doped film and 
530.07 eV for the strongly doped one. For the pure VOx film, the O 1s peak is slightly asymmetric, while for 
the doped samples it becomes symmetrical. An asymmetry towards higher binding energies can be an indi-
cation of core-hole screening by conduction electrons with binding energy close to the Fermi level. An 
asymmetric peak suggests a manifold of states around the Fermi level. This idea is supported by the UPS He 
I and He II valence band spectra shown in Figure 5.14, where a Fermi edge is present for the pure VOx film.  

Meanwhile, the quantification shows that the VOx film is slightly under-stoichiometric with regards to the 
composition of VO2. Hence, the asymmetric peak could also be attributed to the oxygen deficient VOx and 
the presence of different vanadium oxidation states alike. 

The V 3p peak is positioned at binding energy 40.1 eV for the VOx film, 41.8 eV for the VOx:Ge10W film and 
41.9 eV for the VOx:Ge50W film. The V 3p peaks of the doped samples exhibit a shoulder around 40 eV 
binding energy, corresponding to the V 3p peak position of the pure, metallic sample. This suggests the 
presence of a multiphase material in the doped films.  
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For the lightly doped sample, a rather small and smeared out Ge 3d core-line shape is observable at around 
31.1 eV binding energy, while for the strongly doped film a well-defined, symmetric peak is observed at 
31.9 eV. According to [Zatsepin, 2015; Prabhakaran, 1993], a binding energy of 31.8 eV is attributed to GeO 
(II) type species. Therefore, the oxidation state of the Ge atoms in the VOx:Ge50W film is thought to be 
predominantly 2+.The small and broad core-line structure in the weakly doped sample might indicate the 
presence of Ge atoms in multiple oxidation states. It could be possible then, that in the lightly doped film 
with a Ge content of only 0.3 at%, the Ge atoms enter the structure as dopant and adopt different oxida-
tion states in different local chemical environments. However, in the strongly doped sample with a Ge con-
tent of 4.4 at%, the structure might not accommodate for all the Ge and it could segregate as GeO.  

 

Figure 5.16. From left to right: O 1s, V 3p, Ge 3d and V 2p core-level spectra of VOx and VOx:Ge films (Mg Kα excita-
tion, hν = 1253.5eV, PE =29.925eV). The intersecting straight lines in the V 2p spectrum mark the position of V4+ and 
V5+ oxidation states 

The film composition is evaluated from the O 1s, V 3p and Ge 3d core-level peak integration using Scofield 
sensitivity factors in combination with calibration obtained with a pure VO2 sample.  

Table 5.9. XPS elemental quantification of pure and Ge doped VOx films. 

Sample V [at.%] O [at.%] Ge [at.%] 

VOx 34.1 65.9 - 
VOx:Ge (10 W) 31.8 67.9 0.3 
VOx:Ge (50 W) 25.5 70.1 4.4 

 

In the V 2p core-level spectra, the solid black lines mark the reference position of V 2p3/2 peak at 515.8 eV 
for V4+ and at 516.9 eV binding energy for the V5+ oxidation states [Romanyuk, 2007]. The V 2p3/2 peak of 
the pure VOx film coincides with the position of V4+, suggesting that V in 4+ oxidation states are dominant. 
However, the peak is rather broad, and contributions from V5+ or other oxidation states might be also pre-
sent. In the Ge doped films V5+ states are dominant and the contribution of V4+ states is less pronounced. 
Albeit vanadium atoms in a 4+ oxidation state would suggest the presence of a VO2 film, such a film, if crys-
talline, should be semiconducting at room temperature and instead it exhibits a Fermi edge. One explana-
tion for weak or lack of thermochromic behavior might be the formation of amorphous vanadium dioxide 
due to insufficient heating. Moreover, due to the slightly substoichiometric nature of the VOx film and de-
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fects that may result in shifts to higher and lower oxidation states, a distribution of V3+, V4+ and V5+ could be 
suspected, with the average composition suggesting a V4+ oxidation state.  

The relative positions of the O 1s, V 3p, Ge 3d and V 2p peaks for the three samples illustrate the difficulty 
of identifying the compounds based only on peak position. Additionally, the separation between tetrava-
lent and pentavalent vanadium oxides is ≈1.1 eV, which makes unambiguous determination of mixed oxida-
tion states difficult by peak position alone, especially when the compared samples exhibit different elec-
tronic behavior (metallic/insulating).  

Consequently, the Wagner plot of the L3M23V Auger transition and V 2p3/2 photoemission for the deposited 
VOx, VOx:Ge10W, VOx:Ge50W and reference V, VO2 and V2O5 compounds, is shown in Figure 5.17. The di-
agonal lines indicate the values of the Auger parameter, which is the sum of the Auger kinetic energy and 
the binding energy. The Auger parameter is particularly valuable because it is independent of charging and 
calibration concerns, hence small shifts could indicate a change in chemistry and be useful in determining 
oxidation states.  

However, due to the consistency of the Auger parameter in vanadium compounds across various oxidation 
states, little is gained in the identification of the unknown VOx films. The precision in photoemission peak 
position is very high because the peak is sharp with high peak intensity, but the Auger peak is broad, allow-
ing for less precise peak identification and larger error bars in the vertical direction, finally leading to diffi-
culties in inferring much additional information from the Wagner plot.   

 

Figure 5.17. Wagner plot of the V 2p3/2 photoemission binding energy and V L3M23V Auger electron kinetic energy for 
selected V compounds. Values for the V, V2O5 and VO2 reference compounds have been retrieved from the NIST 
Standard Reference Database and Romanyuk et al. The plotted V reference value is the median value of the binding 
energies available in the database (the corresponding horizontal line indicates the range of available data). For the 
measured samples, vertical error bars show the uncertainty in Auger peak identification. 
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Outcomes 

• The asymmetric O 1s core-level peak of the VOx sample can be correlated with the presence of a 
Fermi edge in the He I and He II valence band spectra. 

• The elemental quantification yields a slight oxygen substoichiometry in the VOx film and over-
stoichiometry in the VOx:Ge films.   

• The evolution of valence band spectra, from pure VOx exhibiting a Fermi edge to doped VOx:Ge 
without a Fermi edge, indicates that Ge doping increases the insulating character of the films.  

• In the pure film V4+ states, while in the doped samples V5+ states are predominant.   

• Finally, insufficient film crystallinity or oxygen stoichiometry might be accountable for the non-
switching behavior of the studied films. 

 5.3.2 VO2 and VO2:Ge deposited at 640°C 
The nominal deposition temperature is increased progressively until sufficient film crystallization is 
achieved. Switching, crystalline films are deposited at 640°C. After the high-temperature deposition, sam-
ples are immediately transferred to the photoelectron spectrometer. During cooling, UPS spectra are taken 
at two-minute intervals. In this manner the transition from high temperature, metallic phase into the low 
temperature, semiconducting phase is observed in-situ (Figure 5.18). 

  

Figure 5.18. He I UPS spectra of pure and Ge doped switching VO2 films showing the change in the density of states 
near the Fermi level during cooling. 

In the VO2 film, the Fermi edge – present in the hot state – vanishes during cooling. The density of states 
near the Fermi level shift and a band gap opens up, marking the metal-to-insulator transition. The VO2:Ge 
film, even in the high temperature state exhibits no Fermi edge. Nonetheless, here too the density of states 
near the Fermi level shift toward higher binding energies during the cooling suggesting that the insulating 
character of the film is strengthened.  

 The UPS spectra of the two samples can be correlated with the results of the electrical resistivity meas-
urements (Figure 5.19). The VO2 sample, which shows a clear Fermi edge in the hot state and a gap opening 
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near the Fermi level in the cold state, exhibits a sudden drop in resistivity of more than two orders of mag-
nitude with very low resistivity values in the hot, metallic state. Meanwhile, the doped sample which exhib-
its only slight changes in the density of states at the valence band edge and lacks a Fermi edge even in the 
hot state, displays a rather smeared out transition of smaller magnitude than the pure sample. Moreover, 
the resistivity values in the hot state are considerably higher than in the case of pure VO2. This could ex-
plain the absence of a true metallic character of the film. 

 

Figure 5.19. Temperature dependent electrical resistivity curves of the two samples studied by UPS. 

Other than the already discussed differences concerning the Fermi edge, the He I and He II valence band 
spectra of the two films are very much alike, exhibiting the same type of band structure and features at the 
same positions (Figure 5.20). As before, the features marked with A and B in the He I spectra are attributed 
to non-bonding and bonding oxygen 2p orbitals with the vanadium d band. The He I spectra are measured 
at temperatures above the critical transition temperature, while the He II spectra are measured after the 
samples are cooled down, therefore, for the latter no Fermi edge is expected for either of the films.  

 

Figure 5.20. He I and He II valence band spectra of VO2 and VO2:Ge films. The intersecting straight lines mark the posi-
tion of the Fermi edge as well as that of nonbonding (A) and bonding (B) oxygen 2p orbitals with vanadium d band. 
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The survey scans show only V and O peaks for the pure sample and additional Ge peaks for the doped sam-
ple (Figure 5.21). On the pristine sample surface no C contamination is detected.  

 

Figure 5.21. XPS survey spectra of VO2 and VO2:Ge films. Only peaks associated to V, O and Ge atoms are present. C 
was below the detection limit. 

From the O 1s, V 3p and Ge 3d core peak integration (Figure 5.22), the chemical composition of the films is 
determined (Table 5.10). The pure VO2 film is not stoichiometric. Although the transfer is done as soon as 
possible from the deposition chamber (≈10-6 mbar) to the analysis chamber (≈10-9 mbar), at 10-6 mbar only 
1s is enough to form a monolayer of reactive impurity gas. Therefore, the surface might be slightly oxidized 
leading to a higher oxygen concentration than expected for stoichiometric, switching VO2. 

Table 5.10. XPS elemental quantification of pure and Ge doped VO2 films. 

Sample V [at.%] O [at.%] Ge [at.%] 

VO2 31.1 68.9 - 
VO2:Ge 25.7 69.7 4.6 

 

The samples are already in the low temperature, semiconducting state when measured by XPS. Therefore, 
the O 1s peak is symmetric for both films. The V 3p peaks are rather broad, with a shoulder around 42 eV 
which becomes more pronounced in the VO2:Ge film suggesting a multicomponent structure. The Ge 3d 
peak of the doped sample is well-defined and symmetric.      
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Figure 5.22. O 1s, V 3p and Ge 3d core level spectra of VO2 and VO2:Ge films (Mg Kα excitation, hν = 1253.5eV, PE 
=29.925eV). 

Finally, the V 2p core level spectra are studied (Figure 5.23). Like for the V 3p, here too a shoulder is pre-
sent in the pure VO2 film and becomes larger in the Ge doped one suggesting the presence of a doublet. 
Considering the same reference as before [Romanyuk, 2007], it is assumed that in the Ge doped film the V5+ 
states prevail on the expense of the V4+ states which dominate in the pure film. Despite the oxygen partial 
pressure being lower during the deposition of the doped sample, the film seems to be more oxidized. Once 
again, this suggests that Ge doping enhances the semiconducting character of the thermochromic films. 

 

Figure 5.23. V 2p core-level spectra of the VO2 and VO2:Ge films (Mg Kα excitation, hν = 1253.5eV, PE =29.925eV). The 
intersecting straight lines mark the position of V4+ and V5+ oxidation states.  
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5.4 Effect of Ge doping on the thermal emittance  
This section borrows part of its text and images from: Krammer A., Demière F.T., Schüler A. Infrared optical 
properties of doped and pure thermochromic coatings for solar thermal absorbers. Proceedings of Solar 
World Congress 2017, 1-7, 2017. https://doi.org/10.18086/swc.2017.17.04  

The successful increase of the transition temperature of pure VO2 thin films, from 68°C to ≈96°C, by Ge dop-
ing is significant and compares favourably with the – so far - only commercially available thermochromic 
solar absorber that is based on Al doped (4 – 12 at.%) VO2 films with a TC of around 70 – 75°C. However, for 
efficient absorber coatings, the infrared spectral behavior of the thermochromic films is of chief im-
portance. In this section, the spectral emittance of pure and Ge doped VO2 films are measured and com-
pared. The angular dependence of the thermal emittance is also discussed.   

Film growth 

Pure and Ge doped VO2 films are deposited on 0.5 mm thick, 50 mm x 50 mm sized Al sheets (Goodfellow) 
for the Fourier transform infrared (FTIR) spectrometry and thermal imaging, and on Si wafer for the angular 
dependence determination. The used process parameters are summarized in Table 5.11. 

Table 5.11. Process parameters of deposited VO2 and VO2:Ge for the study of thermal emittance. 

Base pressure [mbar] < 5·10-8 
Working pressure [mbar] 7.1±0.1·10-3 
O2 partial pressure [mbar] 5.3±0.2·10-4 
Substrate temperature [°C] 465 
Film thickness [nm] ≈210 - 215 
Applied power [W] V: 150 (DC) 

Ge: 0, 8 , 12 (RF) 
 

Spectral emittance of VO2  

The total reflectance spectra of a VO2 coated aluminium sheet is determined by FTIR spectrometry in the 
mid-infrared spectral range (2 - 15μm). The measurement is done both below and above the transition 
temperature, TC of vanadium dioxide. For opaque samples, the spectral emittance can be determined di-
rectly from the measured reflectance spectra.   

The spectral emittance of the thermochromic film differs considerably between the room and high temper-
ature states (Figure 5.24). Above 100°C collector temperature, the operating temperature should be limited 
to avoid thermal stresses on the system. As the spectral emittance of a blackbody at 100°C peaks at around 
8 μm wavelength, the emittance modulation in this spectral region is of special interest. At 8 μm, the emit-
tance changes markedly from 0.07 below TC to 0.32 above TC.  
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Figure 5.24. Spectral reflectance (a) and corresponding spectral emittance (b) of an Al substrate coated with ≈210 nm 
VO2 film, measured both below and above the thermochromic transition temperature, TC.  

 

Angular dependence of the thermal emittance  

The angular dependence of the emittance of a thermochromic VO2 film deposited on Si wafer, above its 
critical transition temperature, is determined (Figure 5.25.a). Since the coating is supposed to show metallic 
properties, the emittance versus angle for a rough oxidized aluminum plate is measured for comparison. 
The measurements are performed at 100°C for the VO2 and aluminium samples.  

The metallic VO2 film follows the same trend of directional emissivity as the Al plate, whose values are simi-
lar to those given in tables. They are roughly constant from normal angles to about 60 degrees from the 
normal. At angles higher than 60 degrees the thermal emittance rises and reaches a maximum at grazing 
angles. The thermal emittance is expected to drop to 0 when parallel to the surface, but this measurement 
could not be made precisely with the experimental setup. This behavior of the spectral directional emissivi-
ty of an opaque, isotropic medium is well described by the Fresnel equations [Teodorescu, 2007]: 

 𝜀 = 1 − 12 ( 𝑛 𝛽 − cos 𝜃) + 𝑛 + 𝑘 𝛼 − 𝑛 𝛽( 𝑛 𝛽 + cos 𝜃) + 𝑛 + 𝑘 𝛼 − 𝑛 𝛽+ ( 𝑛 𝛾 − α/cos𝜃) + 𝑛 + 𝑘 𝛼 − 𝑛 𝛾( 𝑛 𝛾 + α/cos𝜃) + 𝑛 + 𝑘 𝛼 − 𝑛 𝛾  

Equation 5.2   

with: 

 𝛼 = 1 + sin 𝜃𝑛 + 𝑘 − 4𝑛𝑛 + 𝑘 sin 𝜃𝑛 + 𝑘 , Equation 5.3   

   
 𝛽 = 𝑛 + 𝑘2𝑛 𝑛 − 𝑘𝑛 + 𝑘 − sin 𝜃𝑛 + 𝑘 + 𝛼 , Equation 5.4   

   
 𝛾 = 𝑛 − 𝑘𝑛 + 𝑘 𝛽 + 2𝑛 𝑘𝑛 + 𝑘 𝑛 + 𝑘𝑛 𝛼 − 𝛽 / . Equation 5.5   
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where ε  is the spectral emissivity at a wavelength λ, θ is the polar angle and nλ and kλ are the optical con-
stants.    

Typical result for a metal with n = 1.5 and k = 7 is illustrated in Figure 5.25.b.  

 

Figure 5.25. a) Angular dependence of the thermal emittance of VO2 and Al plate. b) Typical directional emissivity of a 
metal according to Fresnel's relation with n=1.5 and k=7 [Teodorescu, 2007]. 

The emittance being higher at greater angles is beneficial as most thermal emittance measurements are 
done at normal angles. Therefore, the thermochromic coating will be more efficient at dissipating heat via 
radiation than what normal measurements would predict. 

 

Spectral emittance of Ge doped VO2  

The spectral emittance of two Ge doped thermochromic coatings, deposited on Al, is measured (Figure 
5.26). Like previously, the Ge content in the doped samples has been varied by applying 8 and 12 W power 
on the Ge target during deposition. This is calculated to correspond to 1.1 and 2.6 at.% Ge in the samples.  

At room temperature, the pure and doped films show similar spectral behavior, however, at 100°C the 
emittance of the Ge doped sample is superior to that of the pure film. At 8 μm, the emittance of the VO2:Ge 
sample, with 12W applied on the Ge target, changes from 0.06 to 0.41. That is roughly a 10% increase in 
spectral emittance modulation at 8 μm compared to the pure VO2 film. If weighed over the mid-infrared 
spectral range (2.5 – 14 μm), the total thermal emittance of the two films is determined to be identical at 
room temperature, εVO2 = εVO2:Ge = 0.08 and ΔεVO2 = 0.23 (0.08 at room temperature and 0.31 at 100°C) for 
the VO2 film and ΔεVO2:Ge = 0.3 (0.08 at room temperature and 0.38 at 100°C) for the VO2:Ge film. 
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Figure 5.26. Spectral emittance change between the low (dashed line) and high temperature state (solid line) of three 
samples with different com-position: pure VO2, weakly doped and strongly doped coatings. 

This emittance change is intuitively depicted by infrared thermography (Figure 5.27). At room temperature 
the films are transparent to IR radiation and only the reflecting substrate is visible in the thermal image. 
When heated, the films switch into their high emittance state and are distinguishable on the Al substrate. 
Moreover, the higher thermal emittance of the VO2:Ge over the pure VO2 film can also be qualitatively con-
cluded from the thermal image (the temperature scale is arbitrary as a constant ε = 0.9 has been set for the 
camera). Thus, Ge doping not only increases the transition temperature of the thermochromic transition, 
but it also improves the radiative cooling behavior of the solar collector in its switched, high temperature 
state. 

  

Figure 5.27. Thermal images of pure and Ge doped VO2 coatings on Al substrates measured in the low (a) and high 
emittance state (b). 

Using a simple model collector consisting of a glass cover, an air gap and a switchable absorber in thermal 
contact with the water pipes [Baldi, 2008] calculated the stagnation temperature map plotted as a function 
of solar absorptance and thermal emittance. Based on this work and with the assumption that the switch 
only impacts the absorber emittance, while the solar absorptance remains relatively unchanged, the stag-
nation temperature is estimated to be lowered from ≈195°C to ≈150°C using pure VO2 based absorbers and 
from ≈185°C to ≈140°C for Ge doped VO2 based absorbers.  

 

 



Doping of VO2 

105 

Outcomes 

• At 8 μm, the emittance of a ≈210 nm VO2 coating on Al substrate changes significantly from 0.07 to 
0.32.  

• In the high temperature, high emittance state, the thermal emittance of VO2 increases with increas-
ing the angle from normal incidence. This suggests that standard, normal emittance measurements 
underestimate the total emittance of the coatings.  

• Finally, besides raising the phase transition temperature, Ge doping has the additional advantage of 
increasing the emittance of the thermochromic coating above TC. In the high temperature state, a 

≈10% increase in spectral emittance at 8 μm and 7% increase in total emittance modulation for the 
VO2:Ge with ≈2.6 at.% Ge is recorded. Enhanced absorber emittance then leads to lower stagnation 
temperatures.  

 5.5 Ge doped VO2 films sputtered from V-Ge alloy target  
Co-sputtering at an industrial scale is challenging and sputtering from alloyed targets is proposed instead. A 
V-Ge alloy target with 5 at.% Ge is chosen to test the feasibility of depositing doped films directly from 
mixed targets (e.g. stable process in spite of the different sputter yields, conservation of the target compo-
sition in the deposited film). Plotting the Ge concentration versus the measured switching temperature 
determined for the co-sputtered VO2:Ge films, for a V-Ge alloy target with 5 at.% Ge a ≈83°C transition 
temperature is expected (Figure 5.28).   
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Figure 5.28. Ge concentration of the VO2 film vs measured transition temperature. 

 

Four-point probe resistivity 

After slight adjustments of the process parameters such as the working and oxygen partial pressures, sput-
tering from V-Ge alloy target proved successful. Switching films have been sputtered and the temperature 
dependent resistivity curves of several of these samples are plotted in Figure 5.29. 
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Figure 5.29. Temperature dependent electrical resistivity of VO2:Ge films on Si (100) substrates deposited at different 
oxygen flows. 

The magnitude of the thermochromic transition and the absolute resistivity values are strongly dependent 
on the oxygen partial pressure; even the transition temperature is slightly impacted by the O2 flow. Higher 
is the set oxygen flow during the sputtering process, higher is the electrical resistivity of the deposited films 
and the corresponding transition temperatures, and vice versa (Figure 5.29.a).  

The phase transition temperature is determined at ≈82°C, close to the expected transition temperature for 
a film with 5 at.% Ge content, and it represents a 15°C increase compared to the 68°C of pure VO2 films. 
The transition temperature is rather constant, contained between 81-82°C for all studied O2 flows. 

Pure films generally exhibit three or more orders of magnitude increase in conductivity, but for doped 
samples significantly smaller modulations are common. The measured doped films undergo an approxi-
mately one order of magnitude transition, having measured the highest resistivity modulation of 1.6 order 
of magnitude for a film deposited with 1.9 sccm oxygen flow, at an O2/Ar ratio of 1:9.1 (Figure 5.29.b). A 1.6 
order of magnitude transition in a sample switching at 82°C is remarkable.  

The relatively straightforward deposition of high-quality switching VO2:Ge films from alloy targets instead 
of co-sputtering, makes the former the preferred process and strengthens the case for industrial upscaling 
of Ge doped VO2 based selective solar absorber coatings. 

 

Spectral emittance of Ge doped VO2 sputtered from V-Ge alloy target 

The spectral emittance of a ≈150 nm alloy-sputtered VO2:Ge film is measured. The emittance modulation at 
8 μm is Δε (8 μm) = 0.3, changing from ≈0.02 in the room temperature state to ≈0.31 at 100°C (Figure 
5.30.a). This is larger than the emittance modulation of the thicker ≈210 nm VO2 film. In order to compare 
the spectral emittance of the VO2:Ge films sputtered from alloy target with that of pure VO2 and a VO2:Ge 
film deposited in the co-sputtering process, the corresponding measured spectra have been also plotted in 
Figure 5.30.b. As the compared film thicknesses are not exactly the same, only qualitative observations 
shall be made.  

30 40 50 60 70 80 90 100 110

10-4

10-3

10-2

Re
sis

tiv
ity

 (Ω
m

)

Temperature (°C)

 1.94 sccm O2

 1.92 sccm O2

 1.86 sccm O2

a

30 40 50 60 70 80 90 100 110

10-4

10-3

10-2

Re
sis

tiv
ity

 (Ω
m

)

Temperature (°C)

 1.9 sccm O2

b



Doping of VO2 

107 

In the low temperature state, the three samples show the same behaviour, only varying in the absolute 
values as the emittance is thickness dependent. As expected, the thinnest VO2:Ge film sputtered from the 
alloy target, shows the lowest emittance. However, in the high temperature state, the co-sputtered VO2:Ge 
film exhibits rather constant and high spectral emittance until ≈10 μm where it suddenly decreases (a step-
decrease), whereas for the VO2:Ge sputtered from alloy target and pure VO2 films the spectral emittance is 
decreasing gradually over the measured range. It is likely that the film sputtered from the alloy target is 
more homogeneous than the co-sputtered one, therefore, showing a similar behaviour to pure VO2 films, 
whereas the co-sputtered VO2:Ge could exhibit some phase mixture leading to the higher emittance (and 
feature between 8 – 11 μm). Indeed, in the XRD spectra of some of the previously co-sputtered VO2:Ge 
films, a peak corresponding to GeO has been identified.         

   

Figure 5.30. a) Spectral emittance change between the low (dashed line) and high temperature state (solid line) of a 
≈150 nm thick VO2:Ge film deposited from an alloy target; b) Comparison with ≈210 nm thick pure VO2 and VO2:Ge 
deposited by co-sputtering. 

 

Morphology and doping homogeneity of VO2:Ge films   

The surface topography of the films has been investigated by STM. The observed grains vary in shape and 
size, ranging from ≈20 to 60 nm. Examples are shown in Figure 5.31. The grain sizes are smaller than those 
determined in pure VO2 films deposited in similar conditions, however, it is comparable to the grain sizes in 
VO2:Ge films deposited by co-sputtering. Smaller grains are expected in doped samples as dopants can sig-
nificantly increase the density of defect induced nucleation sites, enhancing the heterogeneous nucleation 
of VO2 particles. 

Rounded (or spherical) and elongated (or acicular) grains are observed. The former are typical for pure va-
nadium dioxide films. However, the latter are particular and have been previously observed in Ge doped 
films obtained by co-sputtering (see Figure 5.8). Therefore, it is likely that Ge encourages the formation of 
such granular structures and it is tempting to assume that compositional differences might occur between 
the different grain types.  

In order to check the sample homogeneity, the I-V curves are recorded locally, on individual neighboring 
grains, in a voltage interval from -1 to 1 V by single-point STS. If the Ge segregates in the regions with more 
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ordered, acicular grains, or even if the Ge concentration in neighboring grains slightly varies, the measured 
I-V characteristics should be different as STS is very sensitive to changes in the surface density of states. 

  

 

Figure 5.31. Different topographies and grain sizes of the Ge doped VO2 thin films. The height profile of the grains 
gives an indication on the surface roughness.    

The characteristic I-V curves of both spherical and acicular grains are measured (Figure 5.32). Plotting the 
derivative of the current versus the voltage, the local band gap is determined from the flat section of the 
curve. In noisy datasets, the band gaps might be prone to erroneous reading.  From all measured single-
point STS spectra, the determined band gap is ≈0.5 eV. This suggests a homogeneous sample and disproves 
the occurance of phase separation, Ge segregation or preferential doping in VO2:Ge films sputtered from 
alloy target.    

Calculated and measured band gaps for the insulating VO2 phases have been reported in the range of 0.5 – 
0.6 eV [Lee, 2015b; Tran, 2017; Verleur, 1968; Qazilbash, 2007; Shin, 1990]. STM and STS studies on VO2 
consistently report band gaps of 0.5 eV at room temperature [Yin, 2011; Chang, 2007]. This is in perfect 
agreement with our measurements of Ge doped VO2.  

The indirect optical band gap of the material is determined from the Tauc plot (Figure 5.33). Plotting (α 
hν)1/2 vs. hν, where α is the absorption coefficient and hν the photon energy, the band gaps are determined 
from the extrapolation and intersection of the linear part of the curve. For pure VO2 film (deposited on 
sapphire substrate) a band gap, Eg = 0.61 ± 0.03 eV has been found. For the Ge doped case (film deposited 
on Si wafer), a very similar, only slightly smaller, bandgap of 0.59 ± 0.03 eV is found.  

Density functional theory studies of GeO2 – VO2 alloys suggest a decrease of the VO2 bandgap [Lu,2019], 
which seems to be confirmed by the optical measurements. Nonetheless, the difference being rather small 
and as graphical methods are not indubitably accurate, conclusions on the effect of Ge doping on the opti-
cal band gap of VO2 should be cautious. 
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Figure 5.32. STM topography image of the VO2:Ge thin film surface for a 100 x 100 nm rounded grain section (a-b) and 
a 30 x 30 nm acicular grain section (c); the characteristic I-V curves measured by single-point STS (marked by spots on 
the topographic images); the first derivative of the current, I vs. the voltage, V with the determined band gap, ≈0.5 eV 
for all grain types.  

 

Figure 5.33. Tauc plot and the optical bandgap determined for pure and Ge doped VO2 thin films. The absorption edge 
at 1.19 eV corresponds to the bandgap of Si (substrate). 
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Outcomes 

An important step towards the industrial upscaling of Ge doped VO2 thermochromic films for smart solar 
absorber coatings is achieved, as switching VO2:Ge thin films have been deposited from V-Ge alloy target.  

• Sputtering from a V-Ge alloy target is run in a stable mode; the process parameters are successfully 
adjusted. 

• A first alloy target composition with 5 at.% Ge, leads to thermochromic films switching above 80°C 
– a ≈15°C increase compared to the pure VO2 films. 

• The deposited films are homogeneous; a band gap of ≈0.5 eV is determined throughout the sam-
ple. 

• Other target compositions leading to transition temperatures of above 90°C shall be investigated.   
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 Thermochromic absorber coating 
In this chapter, first the shortcomings of single layer VO2 or VO2:Ge thermochromic absorbers are 

discussed. Then a multilayered thermochromic solar absorber design with a spinel CuCoMnOx is proposed 
and two absorber types – based on pure and Ge doped VO2 – are sputtered and characterized. From the 
determined solar absorptance αsol and thermal emittance εth the thermochromic collector performance is 
simulated and the expected stagnation temperatures Tstagnation predicted.  

Improved absorber designs, with increasing ε and decreasing αsol over the thermochromic transition are 
proposed. Several examples of multilayered coating designs are proposed and their performance is evalu-
ated by thin film simulations. Selected designs are deposited and measured. Finally, the durability of the 
thermochromic absorbers is assessed through accelerated aging tests.  

 6.1 Thermochromic selective absorber coatings based on single layer VO2  
VO2 exhibits some spectral selectivity and the simplest absorber design would be a single VO2 layer depos-
ited on an Al substrate. The thermal emittance modulation of thermochromic VO2 films has been shown to 
be thickness dependent [Guinneton, 2004]. The thicker is the film, larger is the resulting modulation of 
thermal emittance, with the switching amplitude seemingly stabilizing above thicknesses in the order of 
200 nm (Figure 6.1).  

 

Figure 6.1. Influence of the film thickness on the modulation of normal integrated emittance (8 – 12 µm) for a single 
VO2 layer deposited on amorphous Si substrate. Reproduced from [Guinneton, 2004]. 

A ≈270 nm thick VO2 is deposited on an industrial multichannel Al substrate and the spectral emittance is 
measured both at room temperature and at 100°C over the 2.5 – 14 µm range. A remarkable emittance 
modulation of 0.5, from 0.135 to 0.635, is achieved at 8 µm wavelength (Figure 6.2). In terms of total ther-
mal emittance, integrated over the entire measured specrum, the modulation is about 0.34, changing from 
0.19 to 0.53 between the cold and hot state. For another sample of similar thickness, but with slightly dif-



Thèse de doctorat - Anna Krammer 

112 

ferent working and oxygen partial pressures, the Δε could be improved to 0.4 achieving a much more suita-
ble thermal emittance of 0.07 in the low temperature state and an ε of 0.47 at 100°C (Figure 6.3.a). 

 

Figure 6.2. a) Photo of the deposited VO2 film on the multichannel Al absorber. b) SEM image of the coating shows a 
rough surface with cauliflower-like structures, advantageous for increased absorptances. c) Measured spectral emit-
tance in the mid-IR range and the determined total thermal emittances and spectral emissivities at 8 µm for both low 
and high temperature states. d) Thermographic images of the coating below and above the TMIT.  

However, the limitation of the single layer thermochromic absorber coating, as it is also hinted by the visi-
ble color of the absorber shown in Figure 6.2.a, is the rather poor solar absorptance. The simulated reflec-
tance spectra of such a 270 nm thick VO2 film on multichannel Al substrate is shown in Figure 6.3.b and a 
solar absorptance of αsol = 0.71 is determined. Although, this value is significantly improved by the addition 
of an antireflective SiO2 top-layer, the predicted αsol = 0.86 is still below the solar absorptance values of 
commercially competitive absorbers. Therefore, in the following section, the focus is turned towards multi-
layered solar absorber coatings.  
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Figure 6.3. a) Measured spectral emittance of a 270 nm VO2 single layer on Al multichannel absorber with improved 
thermal emittance modulation, Δε = 0.4. b) Simulated reflectance spectra of an identical 270 nm VO2 single coating on 
Al multichannel absorber and a 270 nm VO2 with a 100 nm anti-reflective SiO2 top-coating with the corresponding 
solar absorptance values.  6.2 Thermochromic selective absorber coatings based on VO2:Ge and spinel CuCoMnOx  
A multilayered absorber coating based on an aluminum substrate, pure or Ge doped vanadium dioxide 
thermochromic layer, a CuCoMnOx spinel film and an amorphous SiO2-x antireflective top-coating is pro-
posed. The CuCoMnOx black selective spinel oxide is promising for its high temperature oxidation and cor-
rosion resistance.  

Complex spinel oxides exhibit an intrinsic spectral selectivity showing a weak absorption in the infrared 
spectral range, as few vibrational bands exist at 1000 cm−1, and a strong electronic absorption in the visible 
spectral range (inter-band transitions) [Kaluža, 2001]. Most references on CuCoMnOx spinels for solar ener-
gy conversion report on the dip-coating deposition method and promising solar absorptance and thermal 
emittance values are achieved: αsol = 0.855, εth = 0.045 for a sample with three dipping/annealing cycles 
[Kaluža, 2001] or very similar values obtained after only a single dipping/annealing cycle with an SiOx pro-
tective over-coating [Vince, 2003]. More recent CuMnOx based work reports on improved αsol = 0.94 and εth 
= 0.06 after optimization and deposition of SiO2 antireflective coating [Bayón, 2008a]. For an Al-
CuMnOx//FeMnCuOx//SiO2 multilayer, an even higher solar absorptance of 0.957 and thermal emittance of 
only 0.038 at 100 °C are reported [Farchado, 2018]. Additionally, a high thermal stability and corrosion re-
sistance of sol-gel deposited CuCoMnOx has been demonstrated on two-meter long stainless steel tubes for 
concentrated solar power (CSP) applications [Joly, 2013]. In the present work, CuCoMnOx spinel films are 
deposited by means of magnetron sputtering – currently one of the most common industrial deposition 
method of black selective absorbers.  
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Deposition of thin films    

All the oxide thin films discussed – VO2, VO2:Ge, CuCoMnOx and SiO2-x – are deposited by reactive magne-
tron sputtering (co-sputtering in the case of Ge doped samples) in high vacuum conditions (base pressure 
below 5 · 10-8 mbar)  . The oxide films are sputtered from 2” high purity metal and semimetal targets: vana-
dium (99.95%), germanium (99.999%), copper-cobalt-manganese (99.9%) and silicon (99.999%). The multi-
layered thin film stacks have been deposited on Al sheets (Goodfellow, 50 mm x 50 mm, 0.5 mm thick). For 
the various characterizations of individual oxide thin films, <100> Si wafers are used as substrate. 

For the oxygen partial pressure sensitive VO2 film deposition the Proportional Integral Derivative (PID) 
feedback control is used to regulate the oxygen flow. The spinel CuCoMnOx and SiO2-x, being less sensitive 
to fluctuations in oxygen, setting the oxygen flow is sufficient to obtain the desired oxide films. For uniform 
film thicknesses, the samples are rotated during deposition. The process parameters for all the different 
deposited oxides are summarized in Table 6.1.  

Table 6.1. Deposition parameters of the various oxide thin films. 

 VO2 VO2:Ge CuCoMnOx SiO2-x 
Base pressure [mbar] < 5·10-8 
Working pressure [mbar]  7.2 ± 0.1 · 10-3 7.1 · 10-3 4.1 · 10-3 7·10-3  
O2 to Ar ratio 1:11.8 to 1:12.3 1:12.3 to 1:13 1:3.2 1:21 
Applied power [W]  

150 (DC) 
V Ge  

75 (MF) 
 
100 (RF) 150 (DC) 12 (RF) 

Frequency [KHz] - - 250 13560 
Thickness [nm] ≈ 210 ≈ 215 20 40 
Temperature [°C] 465 465 465 - 

 

Thermochromic VO2 and VO2:Ge thin films 

The first layer of the absorber is the thermochromic VO2 or VO2:Ge. In order to precisely determine the 
phase transition temperature and hysteresis in the films, the temperature dependent electrical resistivities 
are plotted for both the pure and Ge doped VO2 (Figure 6.4).  

As expected, in the Ge doped sample an increase in the phase transition temperature is observed, Th = 
72.6°C, up from the ≈66°C in the pure sample. The increase is accompanied by a significant decrease in the 
phase transition amplitude.  

The SEM images of the sputtered films shown in Figure 6.5, reveal a rather dense crystalline structure with 
an average grain diameter between 100 - 150 nm and a film thickness of ≈210 nm for the pure and ≈215 
nm for the Ge doped VO2 film.   

The spectral emittance curves of these films have been discussed previously (Section 5.4). It is recalled that 
at 8 μm, the spectral emittance of pure VO2 changes from 0.07 at room temperature to 0.32 at 100°C and 
for the VO2:Ge from 0.06 to 0.41. The total thermal emittance modulation of the two films over the mid-
infrared spectral range (2.5 – 14 μm) is ΔεVO2 = 0.23 and ΔεVO2:Ge = 0.3.  
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Figure 6.4. (a) Temperature dependent electrical resistivities of VO2 and Ge doped VO2 films on Si (100) substrates (b-
c). The d(log ρ)/dT vs T curves of the pure and Ge doped samples. Measured data points (symbols) are fitted and the 
determined minima denote the transition temperatures upon heating, Th and cooling, Tc. The difference between Th - 
Tc gives the hysteresis width ΔTt, while the FWHM determines the sharpness of the metal-to-insulator transition. 

 

Figure 6.5. Plane and cross-sectional scanning electron microscopy (SEM) images showing the morphology and thick-
ness of the pure and Ge doped thermochromic thin films.    

CuCoMnOx spinel absorber   

The Solar Energy and Building Physics Laboratory disposes with considerable experience in the sol-gel dep-
osition of black selective spinel oxide coatings on 2 m long tube collectors. In this work, CuCoMnOx spinel 
films are deposited by magnetron sputtering. Therefore, the process parameters must be accurately de-
termined and the obtained films are thoroughly investigated by structural, morphological, optical and elec-
tronical characterizations.   

First, the XRD patterns of two, ≈100 nm thin, CuCoMnOx films sputtered at substrate heater temperature of 
240°C and 465°C are shown in Figure 6.6. For the film deposited at 240°C, only one broad peak is present 
between 41° – 45°. Many Co-Mn and Cu-Mn oxides exhibit peaks in this range and the exact crystalline 
phase cannot be identified. The temperature might be insufficient for the formation of the spinel crystal 
structure. However, the film deposited at 465°C, exhibits rather broad diffraction peaks – an indication of 
nanocrystalline film.  The peaks at 2θ of 36.4°, 44.2°, 54.8° and 58.5° can be assigned to diffraction lines 
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produced by the (311), (400), (422) and (511) planes of CuCoMnOx. The peaks can be indexed to the spinel 
structure in space group Pnma according to JCPDS 47-0324 [He, 2015; Yang, 1991]. The peak at 2θ of 38.9° 
is assigned to CuO. Other authors have previously reported the formation of CuO crystallites for Cu-Co 
mixed spinels. When the calcination is done above 400°C, the obtained CuCoMnOx or Cu-Co spinels are not 
structurally pure, rather the predominantly spinel structure is accompanied by trace amount of tenorite 
CuO [Yang, 1991; Li, 1990]. The size of the grains is estimated via the Scherrer equation from the full width 
at half maximum (FWHM) of the (400) and (511) peaks and it is found to be around 9 nm. 
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Figure 6.6. X-ray diffraction spectra of the CuCoMnOx films measured at 240°C and 465°C. At 240°C, there is only one 
broad peak and many Cu-Mn and Mn-Co oxides exhibit peaks in the 41°-45° range. At 465°C, only two phases are 
identified: spinel CuCoMnOx and tenorite CuO. 

The morphology of CuCoMnOx films deposited on Si wafers has been investigated by both SEM and STM 
(Figure 6.7). The plane sectional SEM image reveals a porous structure with agglomerates of 30 to 70 nm in 
size. This is larger than the grain sizes estimated from the XRD peak broadening and suggests that the ob-
served agglomerates are likely made up by smaller crystalline grains. The in-line STM has a superior resolu-
tion and is capable of visualizing just few nanometer large crystallites. Indeed, the STM image and 3D rep-
resentation show several agglomerates made up of multiple, well-defined nanocrystallites. Typical crystal-
lite sizes ranging from 5 to 10 nm are determined. Thus, the crystallite sizes closely match those deter-
mined by XRD. In a study on Nix-, Znx-, Cux- Co2−xMnO4 spinels, rather similar morphologies with nanocrystal-
line porous films have been reported [Le, 2016]. 

 

Figure 6.7. a) SEM image of ≈100 nm thin CuCoMnOx spinel film on Si substrate. b, c) STM image and the correspond-
ing 3D representation of CuCoMnOx nanocrystallites which make up the larger grains observed with SEM. d) The 
height vs length profile of the linescan shown in (b) depicting grains of sizes ranging between 5 and 10 nm. 
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A rough film surface is in general favorable for reaching high absoptance values. The reflectance curve of a 
100 nm thin CuCoMnOx deposited on reflecting Al substrate is measured (Figure 6.8). The film is absorbing 
over the solar spectrum and its reflectance increases around 2 – 2.5 μm to values above 90% exhibiting 
good selective behavior. The calculated solar absorptance and thermal emittance are αsol = 0.74 and εth = 
0.02 (selectivity, S = α/ε = 37). To be noted that these values correspond to a single 100 nm thin CuCoMnOx 
layer with no SiO2-x top coating.  

 

Figure 6.8. Spectral reflectance of a 100 nm thin CuCoMnOx film deposited on an Al substrate, the normalized stand-
ard solar radiation at the Earth’s surface (AM 1.5G) and the normalized blackbody radiation at 100°C. 

By UPS, the density of electronically filled states is measured. Due to the in-line transfer, sample contami-
nation is avoided, no Ar etching of the surface is required and the as-deposited sample can be measured. 
The He I and He II UPS spectra are displayed in Figure 6.9. From these, the valence band edge and the cut-
off energy of the secondary electrons can be directly determined. The work function of the material, Фm is 
then given by  

 Фm = h𝜈 - (Ecutoff - EF) Equation 6.1 

where hν is the incident photon energy, EF is the Fermi edge and Ecutoff is the onset of the secondary elec-
tron cutoff. The valence band edge, VB is determined at 0.38 eV in both He I and II spectra, while the work 
function is found to be 5 eV. The optical band gap of the material is determined by plotting the Tauc rela-
tion for both direct and indirect allowed transitions and band gaps of 0.56 eV and 0.45 eV, respectively, are 
found. Both values suggest that the material is n-type semiconductor. This is in good agreement with the 
findings reported in [Huang, 2015], where authors similarly determine a valence band edge at 0.67 eV and 
an optical band gap of 0.69 eV in a Mn-Co-Ni-O spinel film, concluding the n-type character of the film. 
There, the determined work function is 3.96 eV.    

In the He I spectrum four features labelled A, B, C and D are visible at ≈5.2 eV, 3.8 eV, 3.05 eV and 1.2 eV. In 
the He II spectrum the features are more pronounced and occur at very similar positions – although only 
three out of the four: at 5.2 eV labelled A*, C* at 3.05 eV and D* at 1.2 eV. The feature appearing at ≈3.8 
eV in the He I spectrum is not present in the He II spectrum. The strongest peak around 3 eV is attributed to 
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the Cu 3d states [Kukuruznyak, 2006; Wang, 2016]. The peak at the low energy side of the spectrum, 
around 1.2 eV, was also observed in a series of Co-Mn oxide compositions [Broemme, 1990]. Others associ-
ated it with Co 3d bands in Co3O4 [Langell, 1999]. The weaker peak at ≈5.2 eV is arising due to the mixing of 
the metal 3d levels with O 2p states, while the additional peak found in the He I spectrum at 3.8 eV, could 
be a 3d-derived feature resulting from Co 3d orbitals with eg character.   
 

 

Figure 6.9. In-line UPS He I and He II spectra of the CuCoMnOx spinel film. The valence band edge, VB and work func-
tion of the material, Фm have been determined at 0.38 eV and 5 eV, respectively. Features labelled A, B, C, D in He I 
and A*, B*, D* in He II spectra are associated to metal 3d levels mixing with O 2p states, Cu 3d states and Co 3d states, 
respectively. 

The measured Cu 2p spectrum (Figure 6.10.a) is typical for CuO as reported in the reference work of 
Biesinger et al. [Biesinger, 2010]. The Cu 2p shows significantly split spin-orbit components, with the sepa-
ration between the Cu 2p1/2 at 952.4 eV and the Cu 2p3/2 at 932.5 eV binding energies being 19.9 eV. This 
agrees well with the split of 19.8 eV reported for pure CuO [Hussain, 1989]. The strong shake-up satellite 
between 938 eV and 945 eV is also an indication of an open 3d9 shell and dominant Cu(II) species, while the 
Cu LMM Auger emission line measured at 917.9 eV (not shown here), closely fits the reference position of 
917.88 eV reported for CuO (compiled from the NIST database [Wagner, 2012] based on a survey of 12 
literature sources). A small shoulder at ≈2 eV below the energy of the main Cu 2p3/2 peak could be attribut-
ed to the presence of small amount of Cu+ species. The formation of Cu+ species in Cu-Mn spinel oxides 
annealed at temperatures above 450°C has been reported [Bayón, 2008b], where a solid state redox reac-
tion occurs and Cu(II) is partially reduced to Cu(I) due to the oxidation of some Mn(III) to Mn(IV). Similarly, 
Cu+ species have been observed in CuCoMnOx spinels as well. [Geng, 2011]      

The Co 2p spectrum (Figure 6.10.b) consists of two main lines: 2p3/2 at 779.8 eV and 2p1/2 at 795.1 eV with a 
spin-orbit splitting of 15.3 eV and two broad satellites at ≈786 and 803 eV binding energy. As very similar 
doublet separation and binding energies have been reported for both CoO and Co3O4 (Co 2p3/2 NIST data-
base average of 780.45 eV for CoO and 779.88 eV for Co3O4), the position of satellite peaks should be con-
sidered for determining the Co oxidation states. In [Wei, 2008; Zhu, 2009], authors discuss that the energy 
gap between the Co 2p3/2 main peak and satellite peak is highly dependent on the oxidation states: an en-
ergy gap of ≈6 eV is related to Co2+, while for an energy gap of ≈9 – 10 eV, a 3+ valence is assigned to the Co 
atom. In the measured spectrum, a broad satellite between 785 and 792 eV is present, and although the 
individual satellite peaks at ≈6 and ≈10 eV separation are not well-distinguishable, it is likely that both Co(II) 
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and Co(III) are present. Studies on Co3O4 [Oku, 1976] or MnCo2O4 [Li, 2013] spinel compounds, report on 
very similar Co 2p spectral shape and binding energies to those measured here, while the peaks are best 
fitted considering two spin-orbit doublets characteristic of Co2+ and Co3+ and two pairs of shake-up satel-
lites. Another relevant study on (Co,Mn)3O4 spinel nanowires [Cheng, 2013] prepared at 500°C concludes 
the presence of both Co2+ and Co3+ in the sample, showing the Co 2p3/2 and Co 2p1/2 at 779.7 eV and 795.0 
eV and the corresponding satellite peaks at 786.2 and 803 eV which match closely the binding energies 
determined in this work. Finally, when comparing with the Co oxide references from [Biesinger, 2011] the 
measured spectrum is close to that of CoO, with the notable difference of the broader satellite peak – 
characteristic of Co3O4. Biesinger reports 780 eV binding energy for reference CoO and 779.6 eV for Co3O4, 
while in the present work it is determined at 779.8 eV. Based on the wide Co 2p core lines, their binding 
energies, the spin-orbit splitting values, the shape and the separation of the satellite peaks, it is concluded 
that both Co (II) and Co (III) species are present in the spinel film. 

The core level data of manganese with its multiple oxidation states (0, I, II, III, IV, VI, VIII) and multiplet split-
ting with overlapping binding energies are challenging to interpret. The Mn 2p3/2 main peak is found at 
641.7 eV and the 2p1/2 at 653.1 eV with a spin-orbit splitting of 11.4 eV (Figure 6.10.c). This compares well 
to the peak structures, the binding and splitting energies reported for (Co,Mn)3O4 [Cheng, 2013], CoMn2O4 
spinel [Li, 2013] or MnCo2O4 [Zhu, 2009]. Published spectra of standard pure MnO showed characteristic 
shake up satellite above 645 eV binding energy [Biesinger, 2011; Oku, 1975].  The lack of any shake up sat-
ellite in the measured spectrum suggests the absence of Mn(II). Moreover, the previously reported 640.3 
[Biesinger, 2011] or 640.6 eV [Oku, 1975] binding energy of Mn(II) is rather low compared to the one de-
termined here. Mn2+ species could be further oxidized to Mn3+

 and Mn4+ during the high temperature depo-
sition and the consequent annealing process. In their study on Cu-Mn-O spinel thin films, Bayon et al. re-
port on the lack of Mn2+ in the films even when starting from Mn(II) precursors and also propose that a 
further oxidation to Mn3+

 and Mn4+ occurs in the solution or during the annealing process [Bayón, 2008b]. 
Indeed, authors found that in all cases the broad Mn 2p3/2 peak could be fitted considering only two com-
ponents: Mn3+ and Mn4+ and observed an increase in the amount of Mn4+ with increasing annealing time 
and temperature. As the lowest percentage of Mn4+ was determined for the pure MnOx sample – all other 
samples containing Cu – it was inferred that a Cu2+ + Mn3+ → Cu+ + Mn4+ reaction must be occurring during 
the annealing process. Therefore, in the presence of Cu, some of the Mn3+ could be partially oxidized to 
Mn4+ and Cu+ is formed. In the present work, the Mn4+ has been assigned a reference binding energy of 
642.5 eV, while a binding energy of 641.7 eV is associated with the Mn3+ based on NIST database averages 
and pure reference samples discussed in [Biesinger, 2011]. These reference positions are indicated in Figure 
6.10.c by vertical straight lines. The comparison of the measured spectrum with literature suggests the 
existence of manganese in both 3+ and 4+ oxidation states, while the presence of a small shoulder on the 
Cu 2p3/2 peak, attributed to Cu+ species, fits the interpretation proposed by Bayon et al. [Bayón, 2008b] 

Finally, the O 1s core level spectrum is composed of a main peak at 529.5 eV, assigned to the oxygen in the 
spinel lattice, and a shoulder around 531.5 eV attributed to surface oxygen species such as chemisorbed 
oxygen or oxygen ions in low coordination (Figure 6.10.d). This is in accordance with what has been report-
ed previously for Cu-Co-Mn-Si oxide spinels [Joly, 2015], in various spinel cobaltites (Cu-, Mn- and Ni-
cobaltites) [Zhu, 2009], in Cu-Co mixed spinel oxides [Li, 1990; Tavares, 1998] and in MnO2 and spinel 
Mn2O3 [Oku, 1975].       
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Figure 6.10. In-line XPS core level spectra of Cu 2p (a), Co 2p (b), Mn 2p (c) and O 1s (d) (measured with Mg Kα X-ray 
source with hν = 1253.6 eV, at a pass energy of 29.925 eV). Asterisks denote the positions of the satellite peaks, while 
vertical straight lines indicate the reference positions from literature. 

Core-level spectroscopy provides also quantitative information on the chemical composition of studied 
samples. The concentration of different elements is determined by integration over the Cu 2p, Co 2p, Mn 
2p and O 1s core-level signals after subtracting a Shirley background (Table 6.2). The resulting stoichiome-
try corresponds to CuCoMnO4 spinel and CuO, in a 1:1 oxide ratio, indicating a CuO rich surface. While the 
presence of CuO is in accordance with the outcome of the XRD measurements, where tenorite CuO has 
been identified in the CuCoMnO4 spinel film, the bulk and surface stoichiometry are likely different with 
spinel dominating the bulk phase and considerable enrichment in CuO occurring at the surface as a result of 
Cu diffusion.     

Table 6.2. XPS quantification of the CuCoMnOx film. 

Element Orbit Atom [%] 
Cu 2p 26.0 
Co 2p 12.9 
Mn 2p 9.6 
O 1s 51.5 
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The main findings of the UPS and XPS analysis are summerized herein: 

• A work function of 5 eV and a valence band maximum at 0.38 eV are determined. From the valence 
band maximum and the calculated optical band gaps, the n-type semiconductor nature of the film 
is inferred.  

• The Cu 2p, Co 2p, Mn 2p and O 1s core level spectra are in agreement with data reported in litera-
ture and formation of the spinel structure is confirmed.  

• Transition metals such as Cu, Co, Mn can adopt multiple oxidation states. In the presence of Cu, 
partial oxidation of Mn might occur according to the redox reaction: Cu(II) + Mn(III) → Cu(I) + 
Mn(IV). On the other hand, Mn(IV) can oxidize Co(II) to Co(III). In the deposited CuCoMnO4 spinel 
film Cu in the Cu(I) and Cu(II) states, Mn in the Mn(III) and Mn(IV) states and Co as Co(II) and Co(III) 
are identified.  

• The quantification yields that both spinel CuCoMnO4 and CuO are present at the surface, suggest-
ing a Cu rich surface (Cu diffusion).   

 

Multilayered absorber coating 

Based on the previously discussed individual thin films, a multilayered absorber design, with suitable film 
thicknesses, is proposed according to Figure 6.11.a. Two absorbers consisting of an IR reflective Al sub-
strate, a ≈210 nm thermochromic layer, a ≈20 nm CuCoMnOx spinel type absorber and a ≈40 nm SiO2-x anti-
reflective and oxidation barrier top-layer are deposited. The first absorber, A1 is based on pure VO2, the 
second absorber, A2 is based on Ge doped VO2.    

                                         

Figure 6.11. (a) Schematic drawing of the solar absorber multilayered coating and proposed film thicknesses. (b) Re-
flectance curves of the absorbers A1 (VO2 based) and A2 (VO2:Ge based), measured in the 0.4 – 14 μm spectral range 
both below, at Troom, and above the thermochromic transition temperature, at T = 100°C. 

According to simulations, the multilayered absorber A1 is expected to yield αsol = 0.77, εth = 0.07 in the low 
temperature state and αsol = 0.87 and εth = 0.21 in the high temperature state. The optical response of the 
envisaged thin film stack is predicted based on the optical constants n and k of the individual layers, either 
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directly determined from ellipsometry measurements (in the case of SiO2-x) or adopted from literature 
(from [Paone, 2015b] for VO2 in both the cold and hot state, from [Joly, 2015] for CuCoMnOx) and Semilab 
SEA database (for Al substrate).  

The experimentally measured reflectance curves for absorbers A1 and A2, both at room temperature and 
at 100°C are shown in Figure 6.11.b. The corresponding solar absorptance and thermal emittance values 
are summarized in Table 6.3. The final absorber coating retains an excellent thermal emittance modulation 
over the thermochromic transition. The difference in thermal emittance, Δε of 0.31 and 0.33 are deter-
mined for absorber A1 and A2, respectively. Although the changes over the thermochromic transition occur 
mainly in the near- and mid-infrared spectral region, some difference in the optical response in the visible 
spectral range is also recorded. A 0.05 and 0.07 increase in solar absorptance is measured for absorber A2 
and A1 which is detrimental for an efficient overheating limitation.  

Table 6.3. Experimentally determined solar absorptance and thermal emittance values of the deposited multilayered 
absorber coatings. 

Absorber type αsol at Troom αsol at T = 100°C εth at Troom εth at T = 100°C Δε 
A1 [VO2] 0.84 0.91 0.09 0.4 0.31 
A2 [VO2:Ge] 0.87 0.92 0.11 0.44 0.33 

 

The experimentally measured αsol and εth for the pure VO2 based absorber indicate a better absorber per-
formance than what is predicted by simulation. In terms of αsol, at both room temperature and 100°C, the 
achieved values are higher than predicted by 0.07 and 0.04, respectively. Both simulation and measure-
ment corroborate an increase of αsol over the thermochromic transition.  

In terms of εth, simulated and measured values are rather consistent at room temperature with 0.07 versus 
0.09. The films being highly transparent to the infrared radiation, it is the total coating thickness and, most-
ly, the IR reflective substrate that govern the multilayer response. However, in the high temperature state, 
the values diverge significantly from 0.21 to 0.40. This considerable difference might arise from traces of 
other vanadium oxides such as V2O3 or V2O5 present in the film, which could significantly increase the emit-
tance in the high temperature state. For solar thermal applications, where at high operating temperatures 
a high εth is desired, these results are favorable. Variation between simulated and measured spectral be-
havior is expected as the optical constants are not directly determined, but adopted from literature on VO2 
films deposited at slightly different process parameters.  

With the experimentally determined solar absorptance and thermal emittance values of the novel thermo-
chromic absorbers, it is possible to predict the thermal performance of a prospective thermochromic col-
lector and to compare it with that of a standard flat plate collector. This is achieved using a free and vali-
dated numerical simulation model (SolCoSi) [Pérez-Espinosa, 2018]. The simulation is based on a nodal 
model which combines the multilayer method of Cadafalch with a discretization also in the longitudinal 
direction [García-Valladares, 2009; Cadafalch, 2009]. For the simulation, the parameters of a standard flat 
plate collector, with a single glass cover and aluminum absorber are used. To simulate the performance of a 
thermochromic solar collector, only the absorptance and the emittance of the standard selective absorber 
coating (αsol = 0.95; εth = 0.05) are exchanged with those of absorber A1 and A2. The collector efficiency is 
determined based on the inlet fluid temperature, Tin and collector aperture area. The complete list of used 
collector parameters and test conditions is given in Annex 2.   
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As expected, the efficiency of the standard collector is constantly decreasing with increasing fluid tempera-
ture (Figure 6.12). The thermochromic collectors exhibit a similar trend, with a small drop in efficiency at 
the phase transition temperature where the absorber emittance suddenly increases – at 66°C for the col-
lector based on A1 absorber and ≈73°C for the collector with the A2 absorber.  

The predicted stagnation temperature for the standard flat plate collector is 177°C. In comparison, both 
thermochromic collectors are expected to have stagnation temperatures of 152°C (Table 6.4). The 25°C 
reduction in stagnation temperature is mostly due to the remarkable thermal emittance modulation, Δε = 
0.31 for absorber A1 and Δε = 0.33 for absorber A2, and it happens in spite of the increasing solar absorp-
tance over the thermochromic transition. Another contributing factor, is the slightly lower αsol of the ther-
mochromic absorber in the high temperature state compared to that of a standard absorber. At normal 
operating temperatures, the αsol of the thermochromic absorber is even more modest and considerably 
limits the collector performance. At low temperatures, higher αsol is desired. 

Nonetheless, the important reduction of 25°C, shortens significantly the duration of stagnation conditions. 
Glycol degradation is also hindered, bringing about important reductions in maintenance costs. Moreover, 
at stagnation temperatures only 2°C lower, around 150°C and at 2 – 2.5 bar overpressure typically present 
in such systems, evaporation of the heat transfer fluid in the collector loops could be entirely avoided.  

 

 

Figure 6.12. Simulated efficiency curves of the three flat plate collectors considered: standard collector, thermo-
chromic collector based on A1 type absorber (with VO2) and thermochromic collector based on A2 type absorber (with 
VO2:Ge). The collector efficiency is plotted against the ratio between the temperature difference of the inlet fluid 
temperature, Tin and ambient temperature, Tamb and the incident solar radiation, G.    
Table 6.4. Simulated collector stagnation temperatures for the different absorber types considered.  

Absorber type Standard selective Thermochromic A1 [VO2] Thermochromic A2 [VO2:Ge] 
Tstagnation [°C] 177 152 152 
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Summary 

Solar absorber coatings combining thermochromic Ge doped VO2 with high oxidation resistant CuCoMnOx 
spinel absorber have been deposited by magnetron sputtering. 

The deposited spinel is porous of nanocrystalline nature with grains ranging from 5 to 10 nm in size (XRD, 
STM) that form agglomerates of ≈30 - 70 nm (SEM). In-line UPS and XPS spectra of CuCoMnOx spinel are 
reported here for the first time. XPS and XRD results are congruent and indicate the successful formation of 
the spinel phase. However, the presence of CuO has also been corroborated by both characterization 
methods. Therefore, instead of phase pure CuCoMnOx spinel, a spinel-CuO phase mixture is observed, but 
bulk and surface stoichiometry seem to differ significantly. XPS quantification suggests an important CuO 
surface enrichment with the same order of magnitude of Cu atoms bonded in the CuCoMnO4 and CuO 
structures, while in the bulk the spinel is dominating (only small CuO peaks in the XRD spectrum).   

For pure spinel films the substrate temperature during deposition should be adjusted. High temperatures 
are necessary to form crystalline spinel thin films and we show that at 240°C substrate temperature the 
spinel structure is not yet formed. However, literature indicates that phase separation and CuO formation 
occurs above 400°C. Therefore, for single phase CuCoMnOx spinel films, the process window between 
240°C and 400°C substrate temperatures might be of interest.    

The measured reflectance curves of the pure and Ge doped VO2 based absorbers are rather similar. The 
doped VO2 based absorber, A2 outperforms the emittance values reached by absorber A1 by 0.04 in the 
high temperature state and 0.02 in total emittance modulation. However, these comparable values sug-
gest, that in the case of limited Ge doping as in the present study, the n and k optical constants of VO2:Ge 
are fairly close to those of pure VO2. Hence, it is adequate to use the latter for the simulation of VO2:Ge 
based multilayer coatings. It is interesting to see if this holds true also for heavily doped samples as re-
quired for reaching high switching temperatures of above 95°C.  

For the VO2:Ge based thermochromic absorber, the measured solar absorptance and thermal emittance 
values of 0.87 and 0.11 in the cold state and 0.92 and 0.44 in the hot state are very encouraging. The de-
posited thermochromic absorbers exhibit a switch in both α and ε, however, from the perspective of over-
heating prevention, the switch in α occurs in the wrong direction as it is increasing with the temperature. 
This is mainly due to the presence of a reflectance peak around 1.8 and 2 µm wavelength in the room tem-
perature spectra of the pure and Ge doped based absorbers, respectively, and its disappearance when 
measured at 100°C. Efforts should be made to reduce this peak and it might be resolved by novel multi-
layered designs.    

The strong emittance modulation, Δε of up to 0.33, leads to prospective thermochromic collector stagna-
tion temperatures of 152°C. That is 25°C lower than for a standard collector and it is sufficient to largely 
limit the glycol degradation and the evaporation of the heat transfer fluid in the collector system.    

The proposed film thicknesses for the multilayered absorber are realistic in range and are reasonable for 
industrial adoptation. Furthermore, as all involved layers are oxide based, a very high stability of the solar 
absorber coating in air is expected. However, aging test are needed to confirm the high durability potential 
of thermochromic and spinel oxide based selective absorbers.   
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6.3 Improved thermochromic absorber designs 
Visible color change of VO2 and VO2:Ge thin films on certain Al substrates already hinted towards a switch-
ing solar absorptance, which was ignored in a first approximation as the optical changes of vanadium diox-
ides are known to be the strongest in the near- and mid-infrared spectral range. However, the solar absorp-
tance modulation turns out to be rather significant and, unfavourably for the envisaged solar absorber ap-
plication, it increases with temperature by 0.07 for a ≈210 nm VO2 based absorber measured at 100°C.  

Despite the strong emittance modulation of the thermochromic absorbers discussed, the simultaneous 
increase in solar absorptance over the thermochromic transition renders the overall decrease in collector 
efficiency underwhelming.  

Would the solar absorptance stay constant, a much more important cutback in efficiency would be ex-
pected. Let us assume two solar absorbers, A3 and A4, with a constant solar absorptance of 0.84 and 0.95, 
respectively, and undergoing the same thermal emittance modulation as measured for absorber A1 (Table 
6.5). The corresponding collector efficiency curves and stagnation temperatures are determined (see Figure 
6.13 and Table 6.6). Throughout this chapter, absorber A1, the first thermochromic VO2 based absorber 
deposited, will be used for comparison with the new and improved absorber designs proposed.    

In normal operating conditions, absorbers A1 and A3 yield identical collector efficiencies that are lower 
than that of a standard collector, due to the somewhat poorer αsol and εth of 0.84 and 0.09. Above the 
phase transition, the efficiency of collector A3 is decreasing more decidedly as the emittance modulation 
occurs in the absence of an increase in solar absorptance. The lowest stagnation temperature of 147°C is 
predicted and at this temperature the evaporation of the heat transfer medium and glycol degradation is 
suppressed.    

Assuming higher αsol values of 0.95, as customary in standard absorbers, the simulated efficiencies at nor-
mal operating temperatures are more adequate and considerably outperform the efficiency of collector A1. 
With a constant αsol, a favourable Tstagnation of 155°C, more than 20°C lower than that of a standard col-
lector, would result based solely on the thermal emittance modulation.  

Table 6.5. Measured solar absorptance and thermal emittance of the multilayered absorber coating A1 [VO2] and 
assumed values for two absorbers, A3 and A4, of constant αsol.  

 αsol εth Δα Δε ΔTot 
Troom T = 100°C Troom T = 100°C 

Measured A1 0.84 0.91 0.09 0.40 -0.07 0.31 0.24 
Scenario A3 0.84 0.84 0.09 0.40 0 0.31 0.31 
Scenario A4 0.95 0.95 0.09 0.40 0 0.31 0.31 
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Figure 6.13. Efficiency curves of a standard flat plate 
collector and thermochromic collectors based on ab-
sorber A1 (measured), A3 and A4 (assumed). 

 

Table 6.6. Calculated stagnation temperatures for flat 
plate collectors with different absorbers: standard 
selective, thermochromic A1 (measured) and thermo-
chromic A3 and A4 (assumed scenarios). 

Absorber type Tstagnation [°C] 
Standard selective 177 
Thermochromic A1 
(measured) 

152 

Thermochromic A3 
(assumed) 

147 

Thermochromic A4 
(assumed) 

155 

 

 

 

However, for best performance in normal operating conditions and enhanced overheating protection, a 
switch from high to low αsol accompanying the large thermal emittance modulation is desired. In the follow-
ing, new multilayered designs with improved absorptance in the low temperature state and lower absorp-
tance in the high temperature state are proposed. 

Optimization of the multilayered thin film stack is performed with the aim of minimizing the reflection peak 
around 1.8 µm in the low temperature state and maximizing the near-IR reflectance in the high tempera-
ture state. Both the black CuCoMnOx spinel oxide and the VO2 are not sufficiently absorbing in the near-IR 
spectral range. The integration of a layer with higher n and k constants between the high index metal sub-
strate and thermochromic oxide layer is proposed. Metal nitride films are commonly used in the solar ab-
sorber industry and exhibit appropriate optical constants for the envisaged graded refracting index absorb-
ers. In a first proof of concept, thermochromic absorber designs based on Ti1-xAlxN layers, where x = 0.14 
and 0.38, as described in [Schüler, 2001b] are simulated.  

Three examples of multilayered coating designs are shown in Figure 6.14 and the spectral reflectance of 
coating no.1 is displayed, for both room and high temperature states, in Figure 6.15. The NIR reflectance 
peak is present in both states, however, at low temperatures it is found at higher wavelengths, above 2 µm, 
whereas at high temperatures it shifts to lower wavelengths peaking around 1.2 µm. This shift of the reflec-
tance peak leads to a decrease of αsol in the order of 3 – 5% for all proposed designs, while thermal emit-
tances are expected to increase by 16 – 18 %. The total modulation over the thermochromic transition is 
above 21% for all proposed coatings (Table 6.7). These are the first reported multilayered thermochromic 
coating designs with simultaneously decreasing αsol and increasing εth.   
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Figure 6.14. Examples of multilayered thermochromic absorber designs with negative αsol modulation over the ther-
mocrhomic phase transition. 

Table 6.7. Simulated solar absorptance, αsol and thermal emittance, εth values of the proposed multi-layered coating 
designs.  

Coating example αcold [%] αhot [%] εcold [%] εhot [%] Δα [%] Δε [%] ΔTot [%] 
No.1  93.7 89.6 9.0 26.6 4.1 17.6 21.7 
No.2 93.9 89.0 10.6 27.0 4.9 16.4 21.3 
No.3 92.2 89.2 10.9 28.3 3.0 17.4 21.4 

 

Figure 6.15. Simulated reflectance spectra for the proposed multi-layered coating design no.1, both below and above 
the thermochromic transition.  

In the framework of a collaboration with a solar absorber manufacturer, the integration of thermochromic 
layers into the commercial solar absorber coating is targeted. The industrial absorber is based on a TiAlSiN 
selective layer, that is similar to the TiAlN films proposed previously, and it typically consists of a multi-
channel Al substrate//80 nm TiAlSiN//30 nmTiAlSiON//100 nm SiO2.  

The optical constants of the TiAlSiN, TiAlSiON and SiO2 layers, in the 250 – 2500 nm range, have been pub-
lished elsewhere [Rebouta, 2012]. For the same spectral range, the optical constants n and k and film 
thicknesses of pure and Ge doped VO2 layers have been determined (Figure 6.16) by fitting of the reflec-
tance and transmittance spectra in the SCOUT software [Theiss,2012]. Details about the assumed models 
and their adaptation can be found in literature [Theiss,2012; Rebouta, 2012]. As expected, the extinction 

0.4 0.6 0.8 2 4 6 81 10
0

20

40

60

80

100

R
ef

le
ct

an
ce

 [%
]

Wavelength [μm]

 Troom
 T = 100°C

Al substrate 

Al2O3 (80 nm) 

Cu-Co-Mn-Ox (90 nm) 
TiO2 (30 nm) 

VO2 (80 nm) 
Ti0.86Al0.14N (100 nm) 

Al substrate 

Al2O3 (80 nm) 

Cu-Co-Mn-Ox (90 nm) 
TiO2 (30 nm) 

VO2 (98 nm) 
Ti0.86Al0.14N (100 nm) 

Al substrate 

Ti0.62Al0.38N (70 nm) 
Ti0.86Al0.14N (50 nm) 

VO2 (90 nm) 
Cu-Co-Mn-Ox (90 nm) 

TiO2 (30 nm) 
Al2O3 (70 nm) 

Coating example No.1  Coating example No.2  Coating example No.3  



Thèse de doctorat - Anna Krammer 

128 

coefficients of the doped film are somewhat lower than for the pure VO2 film. Nonetheless, the results con-
firm that for limited Ge content, as is the case for 5 at.% Ge in the VO2 film, pure and alloyed films have 
comparable optical constants allowing for rather adequate multilayer simulations of VO2:Ge containing 
coatings even when only optical data of pure VO2 films are available.  

 

Figure 6.16. Refractive index, n and extinction coefficient, k determined in the 250 – 2500 nm spectral range for pure 
and Ge doped VO2 layers at room temperature.  

Simulations based on these optical constants reveal that VO2 or VO2:Ge can efficiently replace the TiAlSiON, 
while no adjustments to the first deposited metal nitride layer are necessary. Thinner the thermochromic 
layer, higher is the expected αsol. On the other hand, sputtered thermochromic films need a minimum 
thickness of ≈30 nm to exhibit switching behavior, with thicker films showing more important emittance 
modulation. It is found that a 50 nm VO2 or VO2:Ge ensures a satisfactory emittance increase of Δεth > 0.2, 
while keeping the αsol above 0.93.  

Hence, an absorber A5, based on an Al substrate//80 nm TiAlSiN//50 nm VO2//100 nm SiO2, is proposed 
(Figure 6.17). The spectral reflectance of the absorber at room temperature shows no peak in the near-
infrared and exhibits an absorption edge above 2 µm. At 100°C, the absorption edge shifts to lower wave-
lengths by roughly 1 µm, leading to lower αsol values than in the low temperature state.      

The corresponding optical properties, summarized in Table 6.8, are used to predict the performance of the 
new thermochromic collector (Figure 6.18). The determined Tstagnation of 156°C, is more than 20°C lower 
than the stagnation temperature of standard collectors, while very similar efficiencies are achieved in nor-
mal operating conditions, e.g. ηmax_standard = 0.67 and ηmax_thermochromicA5 = 0.66. In contrast, the first thermo-
chromic VO2 based absorber, A1 yielded considerably lower maximum collector efficiencies, ηmax of only 0.6 
(Table 6.9).   

Table 6.8. Simulated solar absorptance, αsol and thermal emittance, εth values of the proposed absorber coating, A5. 

Coating  αcold [%] αhot [%] εcold [%] εhot [%] Δα [%] Δε [%] ΔTot [%] 
Absorber A5  93.4 84.8 9.4 21.6 8.6 12.2 20.8 
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Figure 6.17. Schematic of the multilayered solar absorber coating, A5 with proposed film thicknesses and the corre-
sponding reflectance curves below and above the thermochromic transition temperature, at Troom and at T = 100°C. 

 

 

Figure 6.18. Thermal efficiency curves simulated for a 
standard collector, a thermochromic collector based 
on absorber A1 (increasing εth and αsol) and A5 (in-
creasing εth, but decreasing αsol).  

 

Table 6.9. Predicted collector stagnation temperatures 
and maximum efficiencies for the three absorber 
types: standard selective, thermochromic A1 and A5.     

Absorber type Tstagnation 
[°C] 

ηmax 

Standard selective 177 0.67 

Thermochromic A1 152 0.60 

Thermochromic A5 156 0.66 
  

 

 

    

 

Based on the very promising simulated results, the deposition of the proposed design is attempted. The 
first sputtered layer of TiAlSiN is measured to be only 68 nm thick instead of 80 nm, therefore, the simula-
tion is adjusted for the new thickness. The newly determined optical constants are listed in Table 6.10 . The 
differences are small with only slightly lower αsol and εth reached, due to the thinner TiAlSiN layer.  

Then, a Al//68nm TiAlSiN//50nm VO2:Ge//100 nm SiO2 multilayer is sputtered. Additionally, coatings with 
≈60 nm, ≈65 nm and ≈130 nm VO2:Ge are also sputtered. Measured αsol and εth are given in Table 6.11. 

The first thermochromic multilayered absorber with increasing thermal emittance and decreasing solar 
absorptance, predicted by thin film simulations, has been successfully demonstrated experimentally. For 
thin, ≈50 – 60 nm VO2:Ge films the switch in αsol occurs in the right direction: from high to low over the 
thermochromic phase transition. However, for thicker 65 - 130 nm VO2:Ge films, this trend is reversed and 
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the solar absorptance, αsol increases with the temperature. Therefore, a precise control of the thicknesses is 
required.  

Table 6.10. Determined αsol and εth of the simulated coating designs after adjusting the TiAlSiN thickness to the exper-
imentally measured value.   

Coating [Simulated] αcold [%] αhot [%] εcold [%] εhot [%] Δα [%] Δε [%] ΔTot [%] 
Al//68nm TiAlSiN//50nm VO2//100nm SiO2 92.6 84.9 7.9 20.0 7.7 12.1 19.8 
 

Table 6.11. Experimentally measured αsol and εth of the deposited multilayered absorber coatings.  

Sample [Deposited] αcold [%] αhot [%] εcold [%] εhot [%] Δα [%] Δε [%] ΔTot [%] 
S19 (≈130 nm VO2:Ge) 89.5 91.7 11.6 34.9 -2.2 23.3 21.1 

S192 (≈65 nm VO2:Ge) 91.2 91.6 9.5 28.6 -0.4 19.1 18.7 

S10 (≈60 nm VO2:Ge) 91.5 91.3 11 23 0.2 12 12.2 

S193 (≈50 nm VO2:Ge) 92.6 90.5 8.5 25.1 2.1 16.6 18.7 

        

 

Figure 6.19. Thermal efficiency curves simulated for a 
standard collector, a thermochromic collector based 
on absorber A1 (increasing εth and αsol) and S193 (in-
creasing εth, but decreasing αsol).  

 

Table 6.12. Predicted collector stagnation tempera-
tures and maximum efficiencies for the three absorber 
types: standard selective, thermochromic A1 and 
S193.     

Absorber type Tstagnation [°C] ηmax 

Standard selective 177 0.67 

Thermochromic A1 152 0.60 

Thermochromic S193 159 0.65   
 

 

 

 

 

The n and k of VO2:Ge are available only between 0.36 – 2.5 µm and only for the room temperature state. 
Therefore, in the case of αcold, identical measured and simulated values are compelling (αcold_simulated = 
αcold_measured = 92.6%). For αhot, εcold and εhot, the simulation is based on the optical constants of pure VO2 
films, therefore, larger deviations between predicted and measured values are expected. Because Ge dop-
ing mainly improves the radiative properties of the film in the high temperature state, the largest differ-
ences between simulated and measured values are observed for εhot. For the sample with ≈60 nm VO2:Ge, 
the thermal emittance modulation is surprisingly low, and the εcold is rather high suggesting a likely impure 
VO2:Ge phase. As expected the thermal emittance modulation is increasing with thermochromic layer 
thickness, but on the expense of inferior solar absorptance values at normal operating temperatures.    
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Based on the measured optical properties of absorber S193, with 50 nm VO2:Ge, the predicted collector 
stagnation temperature is 159°C and maximum collector efficiency, ηmax = 0.65 (Table 6.12). This compares 
favourably to collectors with standard selective absorbers (Tstagnation = 177°C, ηmax = 0.67) and it is closely 
matching the simulated collector performance for the very similar absorber A5 (Al//80nm TiAlSiN//50nm 
VO2:Ge//100 nm SiO2).     

The sudden efficiency drop is expected at 81°C which is the phase transition temperature of the VO2:Ge 
films with 5 at.% Ge. This is a big step forward from the performance of a collector with absorber A1, the 
first deposited thermochromic absorber coating. It is recalled that absorber A1 yielded a αcold = 0.84, αhot = 
0.91, εcold =0.09 and εcold = 0.4 with a total modulation of ΔTot = 0.24. This is still larger than the ΔTot < 0.19 
determined for absorber S193. Yet, the latter outperforms the former per a large margin (see Figure 6.19). 
This is due to the so-called performance criteria (PC) of a solar absorber coating being expressed by αsol - 
0.5ɛth according to ISO 22975-3. The expression reflects that the absorber performance is primarily de-
pendent on the solar absorptance, weighing twice as much as the thermal emittance. 

Summary 

Multilayered absorber coatings with increasing εth and decreasing αsol when heated above the thermo-
chromic transition temperature have been simulated.  

The improved designs are based on the inclusion of a metal nitride layer (e.g. Ti1-xAlxN) between the Al sub-
strate and the thermochromic thin film. The first experimental εth-increasing and αsol-decreasing thermo-
chromic absorber has been successfully demonstrated on an Al//68nm TiAlSiN//50nm VO2:Ge//100 nm 
SiO2 multilayer.  

The improved thermochromic absorber could reduce the stagnation temperature of a thermal collector 
system to 159°C (compared to the 177°C simulated for the standard one), while keeping a high maximum 
collector efficiency.  

 6.4 Aging of thermochromic absorbers 
The aging properties and environmental stability of the improved thermochromic absorbers have been 
evaluated. Samples S19, S10 and S193 are selected to undergo accelerated aging tests according to the ISO 
22975-3:2014 standard. Samples S19 and S10 are tested in the original sample size. S193 is cut in four iden-
tical, smaller pieces and, therefore, a smaller sample with two newly exposed cross-sections is selected for 
aging.  

The samples are tested under the following conditions: 

S19: aging for 600h at 300°C in dry air (measured before and after aging); 

S10: aging for 600h at 40°C and 100% relative humidity (measured before and after aging); 

S193: aging for 600h at 278°C in dry air (measured at each aging step: 0 h, 18 h, 36 h, 75 h, 150 h, 300 h and 
600 h).   

The detailed results of the accelerated aging tests are displayed for each sample in the corresponding table. 
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Table 6.13. Accelerated aging test in dry air during 600 h at 300°C. 

Sample  αcold [%] αhot [%] εcold [%] εhot [%] Δα [%] Δε [%] PC 

S19 at t = 0 h 89.5 91.7 11.6 34.9 -2.2 23.3 
 

S19 at t = 600 h 91.5 96.6 11.8 35.3 -5.1 23.5 -1.9 

Table 6.14. Accelerated aging test at 100% relative humidity and at 40°C during 600 h. 

Sample  αcold [%] αhot [%] εcold [%] εhot [%] Δα [%] Δε [%] PC 

S10 at t = 0 h 91.5 91.3 11 23 0.2 12 
 

S10 at t = 600 h 88.1 89.2 13.7 33 -1.1 19.3 4.8 

Table 6.15. Accelerated aging test in dry air during 600 h at 278°C. 

Sample  αcold [%] αhot [%] εcold [%] εhot [%] Δα [%] Δε [%] PC 

S193 at t = 0 h 93.2 91 8.1 23.9 2.2 15.8 
 

S193 at t = 18 h 93.4 91.4 9.4 24.2 2 14.8 0.45 

S193 at t = 36 h 93.2 92.2 8.4 21.6 1 13.2 0.15 

S193 at t = 75 h 93.8 93.3 8.9 21.6 0.5 12.7 -0.2 

S193 at t = 150 h 93.8 93.9 8.2 18.6 -0.1 10.4 -0.55 

S193 at t = 300 h 94.7 94.9 9.2 18.0 -0.2 8.8 -0.95 

S193 at t = 600 h 95.3 95.9 9.2 16.9 -0.6 7.7 -1.55 
 

Full-sized samples S19 and S10 have shown no degradation of the thermochromic switch with aging. On the 
contrary, the thermal emittance of the sample aged in humid conditions (S10), while did slightly increase at 
room temperature (< 3% increase), it also improved by a remarkable 10% in the high temperature state 
resulting in an even larger modulation of the thermal emittance. The solar absorptance decreased only by 
≈3% during the accelerated aging. The sample aged in dry air (S19), showed an improvement in solar ab-
sorptance at normal operating conditions by 2%, while maintaining the same thermal emittance.  

The smaller sample cut from S193 and aged in dry air, exhibits a remarkable stability in the optical proper-
ties measured at room temperature, with the beneficial, increase in solar absorptance also present. Note 
that the optical properties of the smaller, cut S193 sample have been remeasured and, therefore, the initial 
values are slightly different from the those reported for the larger sample at t= 0 h (Table 6.11). Nonethe-
less, the values are similar and within the measurement error. 

Concerning the thermochromic modulation, the sample exhibits a steady decrease at each aging step. In 
the high temperature state, the solar absorptance increases, while the thermal emittance decreases gradu-
ally. Hence, the overall thermochromic modulation is significantly limited. Deterioration of vanadium diox-
ide based thermochromic films in air, due to exposed surfaces and interfaces has been already reported in 
literature [Chang, 2019].  

After cutting, sample S193 has two exposed cross-sections through which the VO2 film is readily oxidized to 
the thermodynamically stable V2O5. On the other hand, samples S19 and S10 covered by the undamaged 
antireflective and oxidation barrier top coating, show no signs of degradation of the thermochromic prop-
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erties. These findings confirm the importance of exposed VO2 surfaces, but also prove that, AR coatings – if 
not damaged – are sufficient to adequately protect the thermochromic layer from oxidation. 

Finally, full-sized samples have successfully passed the accelerated aging tests in dry and humid conditions 
alike. The requirements of a minimum service life of 25 years have been met according to the ISO 22975-
3:2014 standard: performance criteria, PC < 5%. 
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 Advanced thermochromic concepts 
The previous chapters detailed the deposition of pure and Ge doped VO2 thermochromic thin 

films and discussed their integration into multilayered solar absorber coatings. Here, several novel, ad-
vanced thermochromic concepts are proposed, based on the developed thermochromic thin films.  

The concept of Fabry-Pérot interferometers is adapted to multilayered thermochromic thin film designs 
and leads to a much enhanced thermal emittance modulation between the phases below and above the 
critical phase transition temperature. Other novel approaches concern the nanostructuring of thermo-
chromic solar absorber coatings. In particular, spinel oxide nanoneedle deposition and nanoimprint lithog-
raphy on thermochromic VO2 based underlayers have been investigated. Nanostructuring improves the 
solar absorptance significantly, while the temperature dependent thermal emittance is successfully main-
tained. 

   7.1 Enhanced emittance switch in Fabry-Pérot inspired multilayers    
A Fabry-Pérot interferometer consists of two parallel mirrors separated by a spacer of a given thickness d. 
In multilayered thin film coatings, the spacer is usually a dielectric layer. The light entering the Fabry-Pérot 
cavity is reflected multiple times between the mirror surfaces before exiting the structure (Figure 7.1). The 
reflected beams interfere and only the ones that interfere constructively are transmitted. The wavelength 
of the radiation passing through the Fabry-Pérot filter depends on the refractive index and thickness of the 
spacer. Due to this wavelength selectivity, reflection interference filters can be designed to exhibit en-
hanced optical reflection or transmission over the desired wavelengths or spectral bands.  

 

 

Figure 7.1. Fabry-Pérot interferometer with the two highly reflecting plates separated by a distance d constituting a 
resonating cavity where the multiple beam interference occurs. Reproduced with permission from [Kuhn, 2014]. 

Here, the Fabry-Pérot concept is adapted to thermochromic layers, which behave as dielectrics below and 
become metallic above the critical transition temperature. The aim is to maximize the thermal modulation 
of the thermochromic multilayered coatings, especially in the mid-infrared 7 – 10 μm spectral range.  
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In literature, a similar concept has been discussed, where an emittance range of 0.49 was obtained across 
the semiconductor-to-metal transition for a VO2 (≈30 nm)//SiO2 (850 nm) stack deposited on Au substrate 
[Hendaoui, 2013]. Sun et al. report on further enhancement of the emittance modulation in a 80 nm 
Al//1200 nm SiO2 spacer//50 nm VO2 based structure with patterned thermochromic layer. This is due to 
plasmonic resonances in the thermochromic meta-surface [Sun, 2018]. Nonetheless, the thick SiO2 spacer 
layer used in both approaches leads to a large absorption band around 8-10 μm, region of high importance 
in radiative applications.  

Our optical simulations suggest that the mid-infrared absorption can be avoided by using TiO2 as dielectric 
spacer layer. A multilayered interference coating based on an Al substrate//650 nm TiO2 spacer//30 nm 
VO2//650 nm TiO2 spacer is proposed according to Figure 7.2.a.  

A surprisingly large emittance modulation is observed around 8 μm wavelength. The total thermal emit-
tance, calculated over the 2.5 – 10 μm range, changes remarkably from εth = 0.18 below the transition tem-
perature, to a quasi-blackbody behaviour with εth = 0.97 above TC. The magnitude of the emittance modula-
tion is striking for such a thin thermochromic layer. In comparison, the same thickness of VO2 on Al, without 
the spacer layer (Figure 7.2.b), switches negligibly from 0.01 to 0.02 in thermal emittance.  

The thermal emittance values are estimated from the simulated reflectance values at normal incidence. 
The optical constants of the dielectric spacer – sputtered TiO2 thin film – are determined by ellipsomety.  

 

Figure 7.2.  Schematic and simulated reflectance spectra of the a Fabry-Pérot inspired thermochromic multilayer de-
sign (a) and the reflectance spectra of a thermochromic layer of identical thickness, but without dielectric spacers (b). 

The experimental validation of Fabry-Pérot inspired multilayers, with enhanced thermal emittance modula-
tion, is attempted. However, the sputter rate of TiO2 is rather low with 1.6 nm/min. The ensuing long depo-
sition process could not be run in a stable mode. Subsequent arcing altered the optical properties of the 
deposited titanium oxide layer.  
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While the total thermal emittance of the multilayer increases from 0.44 to 0.73, the magnitude of the 
modulation is lower than expected and the overall spectral shape differs significantly from the simulated 
one (Figure 7.3).  

 

Figure 7.3. Measured reflectance spectra of the Al substrate//650 nm TiO2//30 nm VO2//650 nm TiO2 structure. 

As an alternative to TiO2, Ta2O5 spacer layer has been proposed. The simulations have been adjusted to the 
new oxide type and the spectral measurements validate the applicability of the Fabry-Pérot concept to 
thermochromic multilayers. For an Al substrate//808 nm Ta2O5//30 nm VO2//808 nm Ta2O5 interference 
coating, an excellent emittance modulation of ≈0.5 is recorded around the region of interest of 8 μm 
(Figure 7.4). About the same magnitude of total emittance modulation over the 2.5 – 10 μm spectral range 
is maintained, increasing from 0.34 to 0.84. Generally, the emittance modulation of a thermochromic layer 
is proportional to its thickness. Our simulations predict a Δεth of only 0.01 for a 30 nm thin VO2 deposited 
on an Al substrate. In the Fabry-Pérot inspired multilayer deposited here, the thermal modulation of a 30 
nm thin thermochromic layer is 50-fold enhanced by inserting a dielectric spacer between the metallic, Al 
substrate and the thin thermochromic layer. 

 

Figure 7.4. Reflectance of the Al substrate//808 nm Ta2O5//30 nm VO2//808 nm Ta2O5 multilayer measured at room 
temperature and at 100°C (left). SEM image of the multilayer cross section with the determined layer thicknesses 
(right). 

Thermochromic technologies have already impacted the building sector with the advance of vanadium 
dioxide based smart windows. An enhanced thermal switching could be promising for radiative cooling 
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applications and heat island mitigation in future cities (e.g. for thermal regulation of roofs or building enve-
lopes).  7.2 Spinel oxide nanoneedles  
Nanostructured absorbers with ultra-high solar absorptance, αsol of over 0.99 have been reported recently 
[Rubin, 2019]. The impressive αsol values are achieved through the growth of Co3O4 and CuCo2O4 nanon-
eedles with a high aspect ratio, exhibiting an extreme light trapping effect. These refractory spinel oxide 
nanoneedles are suitable for high-temperature solar thermal applications.   

A collaboration with the authors of this study, Dr. Elizabeth Rubin, Ka Man Chung and Prof. Renkun Chen 
from the Thermal Energy Materials and Physics (TEMP) Laboratory at the University of California San Diego, 
was set up. The motivation is to combine the ultra-high solar absorptance of the nanoneedles with the 
temperature dependent thermal emittance response of thermochromic films. Hence, a multilayer consist-
ing of a metallic, reflecting substrate, a VO2:Ge thermochromic film and the highly absorbing, black spinel 
Co3O4 nanoneedles is imagined.  

The spinel nanoneedles are synthetized through a hydrothermal process described in detail in [Rubin, 2019] 
and briefly summarized here. CoCl2·6H2O and urea are dissolved in deionized water and placed in an auto-
clave at 90°C along with the substrate. Then, cobalt-hydroxide-carbonate [Cox(OH)y(CO3)z] nucleates on the 
substrate. As the nuclei grow, CO3

2- from the urea, drives the anisotropic growth of nanoneedles. Finally, in 
order to decompose the [Cox(OH)y(CO3)z] to Co3O4, the sample is annealed at 300°C for 4 h. The schematic 
of the involved process steps is shown in Figure 7.5. 

 

Figure 7.5. Schematic of the steps involved in the hydrothermal growth of spinel Co3O4 nanoneedles. Adapted from 
[Rubin, 2019]. 

The choice of substrate is limited by the high, ≈450°C deposition temperature of the first, thermochromic 
layer and by the highly alkaline environment necessary for growing the nanoneedles. In the published work, 
the black spinel nanoneedles were grown on Haynes 230 substrates, but it limits the spectral selectivity of 
the absorber due to its rather high thermal emittance of around 0.55. In this work, VO2:Ge films were typi-
cally grown on Al absorber sheets. However, a high pH environment of ≈13-14 pH can dissolve the Al sub-
strate. Hence, a Si wafer with a 10 nm Ti and 50 nm Pt layer is selected as substrate, due to the low thermal 
emittance and high chemical stability of Pt. Pt is also thought to be stable at high temepratures. The Ti in-
terlayer serves only to facilitate the adhesion between the Si and Pt. 

A 280 nm thick VO2:Ge film has been deposited on the selected Pt substrate. Visually, the sample appears 
hazed. SEM reveals two type of grains: the typical, ≈100 nm sharp edged grains and more rounded, over-
grown grains, large enough to interfere with visible light leading to the hazed appearance (Figure 7.6.a). 



Advanced thermochromic concepts 

139 

 

Figure 7.6. a-b) Plane view SEM image of sputtered VO2:Ge surface at different magnifications. c) Cross-section of the 
VO2:Ge film. d-e) Surface of the Pt substrate after being exposed to temperatures of 450°C. f) Surface of the as-
received Pt surface. 

This is growth type is unusual for thermochromic VO2 films and it is suspected that it is the Pt substrate 
which undergoes changes during the heating step. As-received Pt coated Si substrates (Figure 7.6.f) are 
compared with ones exposed to the 450°C deposition temperature (Figure 7.6.d-e). Indeed, while the Pt 
coating on the as received substrate exhibits a completely smooth and flat surface, the substrate heated at 
450°C shows plenty of large structures. It appears to have melted, de-wet the Si substrate and agglomerate 
resulting in a porous, rough surface when cooled.      

This substrate roughening increases considerably the emittance of the substrate. Indeed, infrared spectral 
measurements confirm that the thermal emittance of the Pt substrate exposed to high temperatures in-
creases to 0.2 compared with the 0.05 of the as-received substrates. For future experiments, other high-
reflectivity substrate, stable at high deposition temperatures should be selected. Nonetheless, the growth 
of nanoneedles on the existing substrates has been carried out by our collaborators and the samples have 
been sent back for optical measurements.  

Before the growth of Co3O4 nanoneedles, the measured solar absorptance of the thermochromic sample is 
≈0.82, both below and above TC. The temperature dependent IR modulation is confirmed, with the thermal 
emittance increasing from 0.26 at room temperature to 0.39 above the phase transition temperature. The 
rather high emittance of the thermochromic sample in the low temperature, IR transparent state is mainly 
due to the high emittance (εth = 0.2) of the rough Pt substrate that has agglomerated during the exposure 
to high deposition temperatures (Figure 7.7). 
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Figure 7.7. a) FTIR spectral curves of the as received and 450°C heated Pt substrates measured at room temperature 
and the thermochromic sample measured below and above the transition temperature. The emittance of the thermo-
chromic sample in the low temperature phase is limited by the underlying Pt substrate, roughened during the 450°C 
deposition process. b) Spectral reflectance curves of the thermochromic samples before (solid lines) and after (dashed 
lines) the growth of nanoneedles (NN). The samples are measured below and above the thermochromic transition 
temperature and the corresponding solar absorbtance and thermal emittance values are calculated. c) Photograph 
showing the blue color of the sample before the growth of nanoneedles and a deep black after the growth of nanon-
eedles.   

After the growth of black spinel nanoneedles, the solar absorptance of the samples is improved, by an 
important 13 percentage points, to nearly 0.95 (from 0.82) at both low and high temperatures. Up to 800 
nm wavelength, the measured reflectance curves are completely flat, suggesting a perfect absorber in that 
spectral region. However, a reflection peak centered around 1 µm wavelength is responsible for the solar 
absorptance being limited to 95%. Concerning the thermal emittance, the temperature dependent 
modulation is maintained, confirming the feasibility of nanostructured thermochromic absorbers with very 
high solar absorptance and dynamic, temperature dependent thermal emittance. Nonetheless, the 
calculated thermal emittance values are rather high, increasing from 0.63 to above 0.72 with temperature. 
The selectivity of the nanostructured absorber must be improved and, likely, the length of the nanoneedles 
must be reduced.  

Indeed, cross-section SEM images confirm that the nanoneedles are about 13-14 µm long and the diameter 
at the base is ≈450 – 500 nm. For a better selectivity, shorter nanoneedles are recommended. Furthermore, 
the nanoneedles appear to be fragile, getting considerably damaged during transport. Plane view SEM 
images of the sample before transport show very sharp needles, while the vast majority of the needles are 
broken after shipping (Figure 7.8).  

3 4 5 6 7 8 9 10 11 12 13 14
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
εth=0.05

εth=0.2

εth=0.39

R
ef

le
ct

an
ce

 

Wavelength [μm]

 Pt_Troom
 Pt_heated @450°C_Troom
 Ge:VO2_Troom
 Ge:VO2_100°C

εth=0.26

a b 

Before NN 

c 

After NN 

0.4 0.6 0.8 2 4 6 81 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

R
ef

le
ct

an
ce

 
Wavelength [μm]

 Before NN (cold) αsol=0.82, εth=0.26
 Before NN (hot) αsol=0.82, εth=0.39
 After NN (cold) αsol=0.95, εth=0.63
 After NN (hot) αsol=0.95, εth=0.72



Advanced thermochromic concepts 

141 

 

Figure 7.8. Top-view SEM imaging of the nanoneedles before transport (a) and after handling and transport (b-c). 
Cross-section SEM showing 13-14 μm long nanoneedles (d). SEM image credit: Ka Man Chung and Dr. Olivia Bouvard.  7.3 Plasmonic absorbers 
Besides the good optical selectivity, the appeal of plasmonic absorbers resides in the ease of tuning their 
optical properties by changing the geometry of the plasmonic structures. Indeed, plasmonic absorbers 
based on various metals such (e.g. W, Ag, Au or Ti) have been reported, suggesting that the absorptance of 
nanostructured layers is mainly dependent on the geometry of the structures rather than the optical prop-
erties of the material itself.  

Nanostructuring of large surfaces, with commonly used electron beam lithography, is time and cost inten-
sive. Instead, an additive fabrication method combining UV nano-imprint lithography (UV-NIL) – for creating 
the nanopatterned mask, and magnetron sputtering – for the growth of metallic particles, has been pro-
posed recently [Mitteramskogler, 2019]. It promises a faster and cheaper approach for large area fabrica-
tion (roll-to-roll or roll-to-plate) of samples with high-resolution nanofeatures.  

The method consists of multiple steps that are graphically summarized in Figure 7.9. First, the lift-off layer 
is spin-coated, followed by the deposition of an imprint resist. The sample is then nanoimprinted with the 
negative of a PDMS (polydimethylsiloxane) stamp of selected geometry. The imprint resist is then plasma 
etched in order to expose the underlying lift-off layer. Next, a wet chemical development selectively etches 
the lift-off layer creating the necessary undercuts for mask lift-off. Then, the desired metal is sputtered 
onto the sample. Finally, the mask is lifted-off by wet chemical means. Only the metal nanoparticles, depos-
ited on the surfaces uncovered by the mask, are left behind.  
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Figure 7.9. Schematic of the fabrication procedure: 1) spincoating of the lift-off layer; 2) UV nanoimprint lithography 
(to transfer the nanopattern from the stamp to the substrate); 3) reactive ion etching; 4) wet chemical development; 
5) metal sputtering; 6) mask lift-off. Reproduced from [Mitteramskogler, 2019].  

This fabrication method has been successfully demonstrated for elliptical shaped W nanoparticles, of ≈250 
nm and ≈440 nm axes, deposited on Si wafer. The regularity of the well-defined, high resolution nanoparti-
cles is remarkable (Figure 7.10). The resulting nanostructured surfaces were visually black.  

 

Figure 7.10. SEM image of the elliptical W nanostructures on Si wafer, after mask lift-off (right) and the W coated 
mask before lift-off (left). Reproduced from [Mitteramskogler, 2019].  

Stemming from these very promising results, like in the case of spinel oxide nanoneedles, a collaboration 
was set up with the authors of the cited study, in particular with Tina Mitteramskogler, affiliated to the 
Austrian company Profactor. The aim was to pattern the surface of thermochromic multilayered absorbers 
with metallic nanoparticles as means to increase the solar absorptance, while maintaining the temperature 
dependent thermal modulation in the infrared spectral range.  

The thermochromic multilayered sample selected for nanostructuring has the following composition: 

• Si wafer substrate, 

• ≈135 nm W layer, to render the substrate IR reflective and stable at high deposition temperatures, 

• ≈35 nm SiO2 interlayer, to help the adhesion between the thermochromic and W layer, 

• ≈350 nm thick VO2 film for an important modulation of the thermal emittance.  
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For the nanoimprint step, an available, large-area 8x8 cm2 hole pattern master with 145 nm wide holes has 
been selected. This deposition mask shall generate the inverse structure of 145 nm wide pillars on the film 
surface.    

In a first approach Ti is sputtered on the imprinted sample. However, the mask lift-off is unsuccessful as the 
Ti appears to “glue” the nanopatterned mask to the substrate, causing lift-off problems already at 8 nm film 
thickness. Therefore, a second metal deposition is carried out using W. This time, the wet chemical devel-
opment is successful and the nanostructured absorber is characterized by SEM and spectral reflectance 
measurement.     

The top-view SEM images show the regularly placed, circular W structures of ≈200 nm diameter (Figure 
7.11). This is larger than the expected width of 145 nm for the metallic pillars. A similarly significant differ-
ence between the mask hole diameter and obtained nanoparticles has been observed in [Mitteramskogler, 
2019]. The broadening of the holes of the mask has been attributed to a non-zero, lateral etch rate during 
the reactive ion etching (step 3). Some of metallic nanoparticles might be removed during the lift-off, leav-
ing behind spots of exposed, thermochromic grains laying beneath. Cross sectional SEM images reveal all 
the multilayers and their corresponding thicknesses. The height of the W nanoparticles is ≈110 nm. In the 
backscattered electron image, the individual W nanoparticles are easily distinguishable. So is the W coating 
on the Si substrate, as both appear brighter than the rest of the multilayer, due to the high atomic numer 
of tungsten.  

 

Figure 7.11. Top-view SEM image of the 200 nm wide W nanoparticles (a-b) and secondary (c) and backscattered elec-
tron (d) image of the multilayer cross section with the corresponding layer thicknesses. SEM image credit: Dr. Olivia 
Bouvard.   

Next, the optical performance of the new, plasmonic absorber is compared with the performance of the 
thermochromic absorber before the nanostructuring. The corresponding spectral reflectance curves are 
compared both below and above the critical phase transition temperature (Figure 7.12).  
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Figure 7.12. Spectral reflectance curve of the thermochromic absorber before and after nanopatterning, measured 
both at room temperature and at 100°C. 

It is found that surface nanostructuring increases the solar absorptance of the samples by 8-9 percentage 
points, while a thermal emittance modulation of ≈7 percentage points is maintained (compared to the 
≈17% modulation in the non-structured samples). The solar absorptance is significantly boosted and, unlike, 
in the case of spinel nanoneedle absorbers, the selectivity of the nanoimprinted samples is rather high. 
Nonetheless, optimization of the nanopattern geometry might limit the decrease in thermal emittance 
modulation.  

In this chapter, exciting, novel thermochromic concepts for the enhancement of solar absorptance and 
thermal emittance modulation have been explored. The proposed approaches are in their explorative stag-
es and improvements could be suggested for all three directions discussed. Nonetheless, proof of concept 
has been provided for Fabry-Pérot interferometer inspired thermochromic multilayers and for enhanced 
nanostrcutred solar absorbers – by nanoneedle growth and nanopatterning.   

Additionally, the thermochromic VO2 and VO2:Ge films developed in this work have proven valuable for 
nano- and microelectronic device applications as well. In the framework of collaboration with the Nanelec-
tronic Device Laboratory (Nanolab) of EPFL, led by Prof. Mihai Adrian Ionescu, thermochromic thin films 
have been successfuly employed for tunable steep-slope transistors, reconfigurable RF phase shifters, te-
rahertz detection, tunable microwave filters, rectifiers and inductors. The fruitful collaboration led to nu-
merous quality publications, listed in the “List of Publications” section. Published articles are attached to 
the Annex of this document. 
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 Conclusions and outlook 
This thesis has focused on the study of pure and doped VO2 thermochromic thin films. The devel-

opment of smart solar absorber coatings with a dynamic, temperature dependent optical response as a 
result of the metal-to-insulator phase transition of VO2, constitutes the main objective of this research. 
However, the outcomes of this work have implications beyond the field of solar absorbers spanning from 
fundamental insights on doping of thermochromic thin films to prospective use in the nano-/micro-
electronics, nanophotonic, thermochromic meta-materials and radiative cooling applications.   

This chapter concludes the thesis with a summary of its main achievements and its implications on future 
research are highlighted.  

 8.1 Outcomes of the thesis  
The study of pure VO2 thin films sputtered onto various substrates reveals the importance of substrate 
choice even for film thicknesses of a couple hundred nanometers. GaN and Al2O3 substrates are particularly 
well-suited for the growth of high quality, switching films with large thermochromic modulation of above 
four orders of magnitude. Generally, for the same deposition method, the modulation magnitude is limited 
with decreasing film thickness. Here, the minimum thickness for sputtered films, exhibiting a thermo-
chromic switch, is identified at only 30 nm. Even more remarkable is the more than three order magnitude 
transition reported for such a thin film.  

Comparisons of conventional and high-power impulse magnetron sputtering reveal that at higher deposi-
tion temperatures, HiPIMS leads to denser films with superior thermochromic modulation, while at lower 
deposition temperatures, magnetron sputtering is more favorable. This is speculated to be the result of a 
high-energy ion induced amorphization in the HiPIMS process. For practical applications and industrializa-
tion, reducing the deposition temperature is critical. Switching thermochromic films are reported for sub-
strate temperatures as low as ≈310°C. Experimental evidence of a small, but sudden thermochromic mod-
ulation in La0.7Sr0.3MnO3 perovskites above 150°C is provided.    

Local STM probing of pure and Ge doped VO2 films allow for the determination of the band gap at the indi-
vidual grain level. The gaps of the pure and doped grains do not differ appreciably, however, agglomera-
tions can take elongated structures in the doped films.  

An increase of the thermochromic phase transition temperature up to ≈96°C is achieved by Ge doping of 
VO2 films. Despite the long-standing debate about the origin of the phase transition in VO2, recent papers 
seem to converge on the importance of electron-electron interactions leading the MIT. However, compared 
to conventional semiconductor doping, relatively high concentrations of Ge are needed to change the tran-
sition temperature – ≈5.9 at.% Ge for TC ≈ 96°C. The mechanism governing the MIT might differ from the 
one controlling the transition temperature. Our experimental observations are in accordance with recent 
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theoretical calculations (DFT GGA+U), where an increase in the energy difference between the metallic and 
insulating phases, leading to an increase of TC, is calculated for VO2:GeO2 alloys [Lu, 2019]. 

Besides raising the phase transition temperature, Ge doping/alloying of VO2 brings additional benefits for 
solar absorber applications as it leads to the increase of thermal emittance modulation Δε, especially due 
to an increase of the thermal emittance in the high-temperature state. The successful deposition of switch-
ing films from V-Ge alloy targets proves the feasibility of VO2:Ge films for industrial upscaling. 

First thermochromic absorber coatings based on VO2/VO2:Ge and nanocrystalline CuCoMnOx
 spinel absorb-

er show a large thermal emittance modulation, Δε > 0.3,  but also an increase in solar absorptance with 
temperature. Optical simulations suggest that adding a layer with relatively high n and k, such as Ti1-xAlxN, 
between the substrate and the thermochromic layer might reverse the switch in solar absorptance so that 
it decreases with increasing temperature. The concept is then adapted to industrial absorber designs and 
improved absorbers based on Al//TiAlSiN//VO2:Ge//SiO2 multilayers are deposited. To our knowledge, 
thermochromic absorbers with decreasing αsol and increasing εth over the phase transition are reported 
here for the first time.  

The lifetime of the improved thermochromic absorbers has been evaluated and the requirements of a min-
imum service life of 25 years have been met according to the ISO 22975-3:2014 standard. Samples suc-
cessfully passed both accelerated aging test in dry air at 300°C during 600 h and in 100% relative humidity 
at 40°C during 600 h. Samples with newly exposed interfaces between the thermochromic layer and air 
show a steady degradation of the switching properties, but as-deposited samples with unaltered SiO2 top-
layer are remarkably stable during aging. This underlines the importance of complete coverage of the 
thermochromic layers by the antireflective and oxidation barrier top layers. 

Simulation of the corresponding thermochromic collector indicates a nearly 20°C drop in stagnation tem-
perature, to Tstagnation ≈ 159°C. Such an important limitation, is expected to significantly shorten the dura-
tion of stagnation conditions. Glycol degradation is also hindered, bringing about important reductions in 
maintenance costs. Moreover, at stagnation temperatures only few degrees lower, at ≈ 150°C and at 2 – 
2.5 bar overpressure typically present in such systems, evaporation of the heat transfer fluid in the collec-
tor loops is entirely avoided. 

Finally, several advanced thermochromic concepts are proposed. Fabry-Pérot interferometer inspired mul-
tilayered coatings exhibit unusually high thermal modulation of 0.5 based on merely 30 nm thick, switch-
ing VO2 films. Surface nanostructuring is shown to enhance the solar absorptance of thermochromic ab-
sorbers. Light-trapping Co3O4 spinel nanoneedles increase the solar absorptance by 13 percentage points, 
to αsol = 0.95, while the emittance modulation of the thermochromic absorber is maintained. Plasmonic 
absorbers with regularly spaced, W nanoparticles deposited on the thermochromic layer, exhibiting good 
selectivity and temperature dependent emittance, are fabricated by means of nanoimprint lithography 
and sputtering.       

 

 



Conclusions and outlook 

147 

8.2 Outlook 
The successful integration of the developed thermochromic layer into an industrial absorber design, and 
the fabrication of laboratory sized absorbers with positive emittance and negative absorptance modulation 
reported here for the first time, bring to the forefront the remaining issues towards its industrialization. 
The high temperature deposition of around 450°C represents the main challenge for industrial upscaling. 
Lowering the substrate temperature by a suitable seed layer or by a plasma enhanced CVD process should 
be investigated.  

HiPIMS is shown to lead to superior film quality, hence, it should be further studied as an alternative to 
conventional magnetron sputtering. The denser HiPIMS films, with larger electrical modulation, fewer de-
fects and grain boundaries could be advantageous for applications where charge transport properties are 
critical.     

The newly installed STM and STS, together with the already in place, vacuum connected X-ray and UV pho-
toelectron spectrometer, constitute a powerful and rather unique in-situ characterization platform for the 
sputtered thermochromic layers. STM and STS open up the possibility to study pure and doped thermo-
chromic films locally, at the nanoscale level. It might be possible to observe the opening and closing of the 
band gap, even for individual, nanometric grains. XPS and UPS can help understand the physics at the inter-
layers between thermochromic films and other oxide or metal layers that is of fundamental importance for 
microelectronic device applications.        

The experimental validation of the giant emittance modulation of ≈ 0.8 in the mid-infrared spectral range 
(2.5 – 10 μm) predicted by simulations in Fabry-Pérot inspired multilayers is still pending.    

Lastly, the combination of MIT driven thermochromic behavior, with nanoscale structuring remains a rich 
field for exploration. Reflectance/transmittance of single or multilayers can be tailored to well-defined 
wavelengths by suitable nanopattern designs. The study of plasmonic resonances in thermochromic meta-
surfaces and nanophotonic devices is still in its early stages.  
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Annexes  Annex 1. XPS core level spectra of La1-xSrxMnO3 thin films.  

 In-line XPS core level spectra of La 3d, Sr 3d, Mn 2p and O 1s (measured with Mg Kα X-ray source with hν = 1253.6 eV, at a pass energy of 29.925 eV).    
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Annex 2. Solar collector parameters used for the SolCoSi simulation. 
Parameter Collector X 
Gross dimensions 
Length [m] 
Width [m] 
Thickness [m] 

 
2.043 
1.15 
0.083 

Aperture Dimensions (cover) 
Length [m] 
Width [m] 

 
1.992 
1.098 

Cover 
Number of covers 
Material 
Thermal Conductivity [W/mK] 
Transmittance 
Emittance 
Refractive index 
Thickness [mm] 
Textured 

 
1 
Glass 
1.0 
0.9 
0.88 
1.526 
4.0 
Yes 

Internal arrangement 
Number of tubes 
Tube to tube spacing [mm] 
Cover-plate air spacing [mm] 
Plate-insulation air spacing [mm] 

 
9 
116.0 
9.7 
22.0 

Absorber plate 
Material 
Thermal conductivity [W/mK] 
Absorptance 
Emittance 
Thickness [mm] 

 
Aluminium 
200.0 
0.95 
0.05 
0.4 

 Tube 
Material 
Thermal Conductivity [W/mK] 
Outer Diameter [mm] 
Inner Diameter [mm] 

 
Copper 
398.0 
12.7 
11.4 

Insulation 
Back Insulation Material 
   Thermal conductivity [W/mK] 
   Emittance 
   Thickness [mm] 
Lateral Insulation Material 
   Thermal conductivity [W/mK] 
   Thickness [mm] 
Box Material 
   Thermal conductivity [W/mK] 
   Emittance 
   Thickness [mm] 

 
Polyurethane 
0.0269 
0.92 
40.0 
Polyurethane 
0.0225 
25.0 
Aluminium 
200.0 
0.02 
0.5 

Test Conditions 
Incident solar radiation (G) [W/m2] 
Diffuse radiation proportion (Gd/G) 
Ambient temperature [°C] 
Wind speed [m/s] 
Collector slope [°] 
Fluid 
Mass flow rate [kg/min] 

 
832.0 
0.2 
24.8 
2.5 
15.0 
Water 
1.81 
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  Annex 3. Co-authored articles on VO2-based nanoelectronic devices 
 

 

 

 

 

The open access articles are reprinted with the permission of the authors, in accordance with the Crea-
tive Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/) and 
© IEEE License. 
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The Smith chart, invented in 19391, is a graphical tool widely used in various fields of electrical engineering and 
applied physics when dealing with frequency dependent reflection coefficients or impedances. The Smith chart is 
extensively employed in the design/measurement stage of a large variety of circuits, from metasurfaces2 to coils3 
(Supplementary Fig.  3 in3) or scanning microwave microscopy4, while being mostly present in 
microwave-terahertz frequency region in the design and characterization of antennas5, transmission lines6,7, 
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power amplifiers8, filters9 or acoustic resonators10. The 3D Smith chart proposed in11 generalizes the Smith chart 
(which is limited within the unit circle to circuits with reflection coefficients Γ Γ Γ= + j( )r i  magnitudes smaller 
than unity Fig. 1a) onto the Riemann sphere in order to make it usable for all circuits (Fig. 1b,c) further conveying 
the theoretical support and advance for an intuitive spherical drawing for which the first insights have been pre-
sented in12. The next developments of the 3D Smith chart13,14 propose a Java tool with the 3D Smith chart which 
additionally displays the group delay and amplifier stability circles too.

An essential drawback of the Smith chart and previous 3D Smith chart representations1–14 is the lack of vis-
ualization of the variable parameter (frequency), thus the orientation changes and dynamics of the scattering 
parameters (S) frequency dependency being impossible to be pictured. Although many circuits exhibit a clock-
wise orientation of their driving point impedances and reflection parameters curves as frequency increases2–5,9, 
(– unspecified)6,10, the absence of a clockwise motion (i.e. discontinuity points or counter-clockwise motion) was 
often reported leading to diverse interpretations. In active devices (transistors), as for example in15,16 it is referred 
as “kink-phenomenon”, in lossless (purely reactive) non-Foster circuits (such as negative capacitors and induc-
tors)17–20, as an intrinsic phenomenon. Unfortunately, this counter-clockwise dynamics phenomenon recurrent 
existence in lossy circuits with non-Foster elements19,21–24, led to some misleading conclusions: in21–24 the authors 
assume that the existence of this phenomenon proves the presence of a non-Foster element, while in25 it is stated 
that passive linear devices cannot exhibit driving point immittances with counter-clockwise frequency depend-
ency on the Smith chart.

Figure 1. Smith chart limitations and clockwise and counter-clockwise frequency dependency of Foster 
and non-Foster elements on a newly introduced frequency dependent 3D Smith chart. (a) Smith chart. (b) 
Extended Smith chart (c), 3D Smith chart as in 2018 (without frequency dependency). (d) 3D Smith chart 
representation of the two port reflection coefficient and newly implemented frequency dependent 3D Smith 
chart representation for it. For a capacitor with purely negative capacitance and an inductor with positive 
inductance their reflection coefficient frequency representation overlaps on the Smith chart for a wide 
frequency range, their orientation changes cannot be distinguished. On the newly implemented frequency 
dependent 3D Smith chart (when compared to our previous works in11,13,14) one can clearly see their clockwise 
motion with increasing frequency for the inductor while the counter-clockwise motion for the capacitor with 
negative capacitance. (e) 3D Smith chart representation of the reflection coefficient and newly implemented 
frequency dependent 3D Smith chart for a negative valued inductor and capacitor with positive capacitance. 
Again, their trace is identical on a Smith chart, their intrinsic opposed frequency dependency cannot be seen. 
On the 3D Smith chart one can directly see the clockwise motion of the reflection coefficient of the capacitor 
and the counter-clockwise motion of the reflection coefficient of the negative valued inductor.
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Because of their lack in zooming capacity, 2D Smith chart representations may oversee also the changes of 
orientation occurring for the input impedances and reflection coefficients (while increasingly sweeping the fre-
quency), in simple passive networks too. These reversals occur in networks with only Foster elements too as 
empirically observed in26,27. Otherwise orientation reversal phenomenon which occurs in lossy networks with 
Foster elements is often overlooked or seen as an interpolation error and its presence is often ignored. Since the 
paths of the reflection coefficients of distinct circuits may coincide within a specific frequency on the Smith chart 
(as for negative inductors and positive capacitors and viceversa17,19,20,26) a frequency dependency visualization 
is missing in order to get an insight beyond the reflection coefficients paths, regarding their dynamics within it.

From the (differential) geometrical point of view the input impedance and reflection coefficients are particular 
cases of parametric curves of the frequency variable for each single RF circuit. Their parametric curves equations 
describe more than a simple geometrical image (their path on the Smith chart), they also contain the information 
about their motion on it (as for example: orientation and speed).

For this purpose, we first introduce here the notion of oriented curvature k28 (in our case, frequency 
dependent- k(ω) where ω represents the angular frequency and apply it to the reflection coefficients analysis. We 
prove the mixed clockwise-counter-clockwise orientation phenomenon in lossy circuits with Foster elements and 
propose a frequency orientation quantification (while increasing the sweeping range) with a new implementa-
tion within the 3D Smith chart tool by using the topology of the Riemann sphere29,30. Thus, while (increasingly) 
sweeping the frequency, a new vision to detect this orientation reversal for both Foster and Non-Foster17–24,31–33 
elements-based networks is first presented. This phenomenon was impossible to quantify for a 2D parametrical 
plot such as the Smith chart or basic 3D Smith chart (where only the Riemann sphere surface is used).

Further the 3D Smith chart is additionally exploited and developed here in order to display simultaneously 
parameters needed in reconfigurable frequency designs while dealing with inductors. Frequency dependent 
inductances based on the Y11

34–36 admittance parameter (shunt models Lshunt), series models of inductances 
Lseries based on the Y21

37,38 parameter, quality factors34–39 (Q), self-resonant frequencies, Smith chart informa-
tion39 (Γ) need ideally all to be simultaneously modeled and analyzed over a wide frequency range during the 
designs and characterizing stages of inductors. This leads34–39 to a larger number of graphics or to different scaling 
in order to grasp all parameters of interest. Here all these factors are implemented and analyzed on a single com-
bined mode of display using the 3D Smith chart topology and different perspectives.

The newly developed capabilities are particularly suited to explore reconfigurable microwave characteri-
zations, here with reconfigurable CMOS-compatible inductors equivalent circuit modelling for microwaves 
frequencies using a phase change (PC) material like vanadium Dioxide (VO2)37,38,40–49 for tuning the values 
of inductance. Indeed, it is known that VO2 behaves like an insulator under its phase transition temperature 
Tc = 68 °C (or higher when doped42) with monoclinic crystal structure40 while deposited on SiO2/Si substrates. 
Because of its ease of integration, reversible insulator to metal transition (IMT), low transition temperature and 
fast switching time, the employment of VO2 as a reconfigurable radio frequency (RF) material has been just 
recently investigated for a variety of RF-reconfigurable devices37,38,40,44,45. Still, much of existing studies are car-
ried out in the frequency range of terahertz or far-infrared41,43,46,48, leaving (RF) VO2 a largely uncharted area for 
exploration in development. The conductivity levels of VO2 in its insulating (off) state and in its conductive (on) 
state vary over a wide range depending on the substrate37,38,40–49 causing limitations in the RF devices perfor-
mances (being below 50,000 S/m for SiO2/Si depositions in the on state).

The on state (limited) conductivity levels of VO2 restricted the maximum quality factors (Qmax_on) of the recon-
figurable inductors fabricated with this PC material to sub-unitary values38, or to values below three in37 for 
CMOS compatible processes on SiO2/Si substrates.

Here, after evaluating the VO2 conductive/insulating properties, using the new implemented multi-parameter 
displays, we design and fabricate a new type of SiO2/Si CMOS compatible reconfigurable inductors with VO2 
switches based on Peano curves50 and extract their equivalent circuit while analyzing their behavior in a 
complex-scalar 3D Smith chart-based environment. The aim was to improve the performances obtained in37 on 
SiO2/Si substrates in terms of: Qmax_on tuning range and Qmax_on/Qmax_off ratio (where Qmax_off denotes the maxi-
mum quality factor in the insulating phase of the VO2).

The experimentally fabricated and measured reconfigurable inductors improve by 2.33 times the Qmax_on val-
ues previously reported in37 for the VO2 based inductors fabricated within the same CMOS technology on SiO2/Si 
substrates (and by orders of magnitude in respect to38), while also increasing the number of reconfiguring states 
too (from two in37 to three here). Further due to their original geometry the inductors exhibit a tuning range of 
77% (improving the 55% in37 or 32% in38) and have a Qmax_on/Qmax_off ratio of 0.87 unlike 0.27 in our previous 
work37. It is worth pointing out that the inductor while facing the limited conductivity levels of VO2 on SiO2/Si 
substrates reveals a 2.33 better Qmax_on value in in respect to other VO2 based reconfigurable inductors such as the 
SiO2/Sapphire inductors reported in51 where the conductivity levels of VO2 exceed 300.000 S/m.

Based on k(ω)28 described in detail within the Supplementary Material, we show that the changes in sign of the 
reactance frequency derivative do not always imply changes in orientation neither for the input impedance nor 
for the reflection coefficient of 1- port networks (when losses occur). We provide the conditions and equations 
under which one may have the same orientation (more details in Supplementary Section 1) for both reflection 
coefficient and input impedances. The lossless (reactive) cases (purely Foster17,18,27 and non-Foster17–20) become 
particular cases where the reflection coefficients are direct inversive (Mobius) and indirect inversive transforma-
tions30 of the oriented imaginary axes of the impedance plane. The clockwise and counter-clockwise motions on 
circles are a consequence of the reactance slope and sign in the lossless cases.
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By introducing the geometrical notion of oriented curvature in this field we prove that the assumptions made 
by other authors21–25 may not apply (see Supplementary Section 1). Further, as seen also for the input impedance 
of an antenna in27, the negative frequency derivative of the reactance of a lossy 1-port network does not imply 
counter-clockwise motions in the case of lossy 1-port networks. The paths of both 1-port and 2-port networks 
(such as in Fig. 1) become simple consequences of the magnitude and sign changes of k(ω) (sgn(k(ω)):

For any parametric curve C(jω)(1) (a) (all reflection coefficients and input impedances are particular cases of 
frequency dependent parametric curves) its corresponding k(ω)is given by (1) (b).
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Figure 2 illustrates the concept of oriented curvature along several frequency dependent curves.
Consider now a 1-port network terminated on a resistive load r. The input impedance is given by (2), where 

rm(ω) denotes its resistive part and xm(ω) its reactive part, while its reflection coefficient is given by (3). Computing 
the oriented curvature values for both of them (Supplementary Section 1) we get kzm(ω) (the oriented curvature 
of the input impedance) and ωΓk ( )

zm1
 (the oriented curvature of the 1-port reflection coefficient) as (4) and (5).
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Figure 2. Oriented curvature k(ω) and its sign sgn(k(ω)) for various motions on various reflection coefficient 
or impedance curves C(jω). (a) k(ω) > 0 when C(jω) is counter-clockwise oriented; k(ω) < 0 where C(jω) is 
clockwise oriented. (b) ω =k( ) 0 for any line shape of ωC j( ). (c) When ωC j( ) has a circle shape of radius 2 and a 
counter-clockwise motion ω =k( ) 1/2. (d) When ωC j( ) has a circle shape of radius 1 and a clockwise motion 
ω = −k( ) 1.



5SCIENTIFIC REPORTS |         (2019) 9:18346  | 

www.nature.com/scientificreportswww.nature.com/scientificreports/

Denoting with ωx ( )mF  and ωB ( )mF  the reactance and susceptance of purely Foster elements and with ωx ( )mNF  
and ωB ( )mNF  the ones for Non Foster elements we obtain: for Foster networks rm(ω) = 0 while >ω

ω
0dx

d
( )mF  and 

>ω
ω

0dB
d

( )mF  and using (3)-(4) we get the input impedance and 1 –port reflection coefficient curvatures for them 
as: kFzm(ω) = 0 and ω = −Γk ( ) 1

zmF1
 (Supplementary Section 1). For Non-Foster networks rm(ω) = 0 too, while 

< <ω
ω

ω
ω
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d

( ) ( )mNF mNF  hold thus via (4) and (5) we get the input impedance and 1 –port reflection coeffi-
cient curvatures for them as kNFzm(ω) = 0 and ω =Γk ( ) 1

zmNF1
.

In the case of two port networks with equal port impedances similar computations can be done for purely 
Foster and non-Foster elements resulting in the corresponding reflection coefficients Γ2zmF and Γ2zmNF (6) with 
their corresponding oriented curvatures (computed in Supplementary Section  1) ω = −Γk ( ) 2
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 and 
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Their oriented curvature magnitudes explain the reflection coefficients paths on 0.5 radius circles in Fig. 1d,e 
on the Smith chart and 3D Smith chart (see Supplementary Section 1). Their oriented curvature opposite signs in 
(6) determines their reversed orientation.

The reflection coefficients of purely reactive 1-port elements are given in Fig. 3a–d (purely reactive Foster 
and non-Foster circuits in Fig. 3a, lossy circuits with non-Foster elements in Fig. 3c and lossy circuits with Foster 

Figure 3. Reflection coefficient orientation changes and the sign of the oriented curvature for different circuits. 
(a) Smith chart representation of the reflection coefficient for a 1-port negative capacitance (purely non-Foster 
circuit) and a positive inductance (purely Foster). For a capacitor with purely negative capacitance and an 
inductor with positive inductance their reflection coefficients Γ ωj( )zm1  overlap on the Smith chart on a wide 
frequency range. Their opposite orientation is given by the different sign of their oriented curvature ωΓk ( )

zm1
. 

Their same path is given by the same absolute value of their oriented curvature. (b) On the newly implemented 
frequency dependent 3D Smith chart one can see the clockwise motion with increasing frequency for the 
inductor with positive inductance and the counter-clockwise motion for the negative valued capacitor, the 
motion is on the contour of the equatorial plane (lossless circuits). (c) Mixed motion for a fabricated circuit 
containing non-Foster (lossy elements). (d) Mixed clockwise and counter-clockwise motion of the reflection 
coefficient of a passive lossy network described by the positive real function zm(s) with the 1 port reflection 
coefficient (for s = jω) Γ ωj( )zm1 . The reflection coefficient has a clockwise orientation from −2 < ω < −0.28 and 
for 0.28 < ω < 2, while counter-clockwise orientation for −0.28 < ω < 0.28. The sign changes of its 1-port 
reflection coefficient curvature ωΓk ( )

zm1
(5) generates the changes of orientation of its path on the Smith chart. It 

is interesting to notice that mixed motion can exist on limited bandwidth also for lossy circuits with only Foster 
elements and thus that the counter-clockwise motion is by no means a prove of an existence of a non-Foster 
element in the network. A more detailed description on oriented curvature and 1-port and two port networks is 
given in Supplementary Section 1.
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elements in Fig. 3d). The results in Fig. 3d show that reflection coefficients and input impedance orientation 
reversal can occur at lossy 1-port networks containing only Foster elements too.

The results plotted in Figs. 1,e and 3b,c show the new 3D Smith chart implementations capable of detecting 
orientation changes phenomenon.

The main new insight is given by the representation of the frequency parameter over the 3D Smith chart rep-
resentation of the reflection coefficient ωS j( )11 d3

 via a variable homothety with its center in the center of the 3D 
Smith chart: each frequency that corresponds to a point of the 3D Smith chart reflection point of the ωS j( )11 d3

 
curve will be displayed as a segment on the line that passes from the center of the 3D sphere and the point of the 
3D Smith chart surface curve of ωS j( )11 d3

. The length of the segment will be given by the normalized frequency 
and the direction will be outwards of the surface of the 3D sphere. Figure 1d displays in the 3D Smith chart sur-
rounding space the counter-clockwise dynamics of the two port negative capacitor reflection coefficient while the 
clockwise dynamics of the two port reflection coefficient of the positive inductor. In Fig. 1e one may see the clock-
wise frequency increasing orientation of the reflection coefficient of the positive capacitor and the 
counter-clockwise orientation of the negative inductor. (Supplementary Section 2 describes the 3D implementa-
tion in detail).

The Smith chart plot can detect the magnitude of the curvature ωΓk ( )F2  (which gives the path of the reflection 
coefficient-curve shape) but cannot perceive its sign which determines its direction; the new 3D Smith chart fre-
quency orientation quantification and visualization implementation (the frequency sweeping is always increasing 
in our modelling) detects its sign (see additional video) and thus its orientation. In the cases presented in Fig. 1d,e, 

ωΓk ( )F2  is constant but not zero thus the shape of the curves is a circle. The same happens in Fig. 3a,b. In more 
complex circuits one does not deal with reflection coefficients curves with constant curvatures anymore, ωΓk ( )

zm1
, 

ωΓk ( )F2  alternate in sign and magnitude values exhibiting orientation changes for both Foster and non-Foster 
circuits as seen in Fig. 3c,d. In Fig. 3d it can be seen that even a network characterized by a positive real function 
can generate mixed oriented curvature in its input impedance and reflection coefficient. These reversals of 

Figure 4. Series, shunt and quality factor frequency variations representations on a 2D plot and simultaneous 
3D Smith chart visualization for the new fabricated Peano (pink) inductor in the conductive state of VO2 versus 
previously reported best performing inductor (red) using VO2 in same technology37. (a) 2D series inductance 
representation versus frequency: both Peano inductor and previously reported inductor37 show stable series 
inductance in within the 4GHz-10GHz frequency range. (b) 2D frequency dependency of quality factors in 
the 4 GHz-15 GHz frequency range. (c) Shunt inductance frequency dependency shows linearity on a sharper 
frequency range (see Supplementary Section 3) for both inductors. (d) 3D Smith chart representation of series 
inductance over the S11 parameters in the 4 GHz-10 GHz frequency range. (e) 3D Smith chart representation of 
series inductance and quality factors 4GHz-10GHz over the series inductances 3D curves. (f) 3D Smith chart 
representation of series inductance and quality factors 4GHz-15GHz. The Qs start descending to 0 close to 
15 GHz (the cylinders radius becomes 0 when Q becomes negative) for both models while the S11 parameters 
crossed into the West hemisphere of the Smith chart (capacitive region). (g) 3D Smith chart representation 
of shunt inductance 4GHz-15GHz. One may see that the shunt inductance becomes negative below 15 GHz 
(entering the 3D Smith chart). (h) 3D Smith chart representation of shunt inductance and quality factors 4GHz-
15GHz. (i) Simultaneously 3D Smith chart representation of series, shunt inductance and quality factors (along 
both series and shunt inductance) in the 4GHz-15GHz range.
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orientation may be easy overlooked on the Smith chart if the zooming scales are not properly chosen but using (4) 
and (5) this is clearly discovered in Fig. 3d within the sign changes of ωΓk ( )

zmF1
.

The S parameters of the inductors are directly converted by the new implementations in the 3D 
Smith conceptual software tool into the series inductance model Lseries(ω)37,38 and shunt inductance model 
Lshunt(ω)34–36 using classical conversion techniques of two port parameters (see Supplementary Section 2). The 
series and shunt inductances values are then normalized to their maximum value over the frequency range of 
interest and we get the corresponding normalized values LseriesN(ω) and LshuntN(ω). The reflection parameter 
S11(jω) of the inductor is then plotted first on the surface of the 3D Smith chart as ωS j( )11 d3

 using the previously 
implemented features11,13. Then the 3D space surrounding the 3D Smith chart is used by means of a variable 
homothethy with the homothetic center in the center of the sphere through the ωS j( )11 d3

 parameter of the induc-
tors. The ωS j( )11 d3

 parameter is sent now here to another point in 3D at a distance corresponding to LseriesN or 
LshuntN:

Figure 5. Fabricated VO2 reconfigurable Peano inductor geometry and performances. (a) Cross sectional view 
(b), SEM photo of the inductors. (c) Current distribution (5 GHz) in the off state for an inductor with 2 switches. 
The current ignores the VO2 switches and goes through all the windings in its path from port 1 (input) to port 2 
(output). (d) VO2 switch fabricated photo: a gap in the contact metal of 0.6 μm is left in order to contact the VO2 
layer. In the insulating phase of VO2 the switch is in off state (acting like a lossy dielectric), in the conductive 
state of the VO2 the 600 nm gap plays an important role to minimize the conductive losses since the VO2 has a 
limited 48,000 S/m conductivity on the SiO2/Si substrate. (e) Current distribution (5 GHz) in the hypothetical 
on state of one switch while the other is in the off state. The current ignores the off state VO2 switch and follows 
a shorter path from input to output. (f) Current distribution (5 GHz) in the on state for an inductor with 2 
switches. All current distributions are within a range from 0.5 A/m (dark blue) to 5.2 A/m (intense red) using 
the same scale. (g) Series inductance of the fabricated inductors with 2 switches, in on state and off state, series 
inductance of an inductor with one switch in on state. (h) Quality factor of the inductor with 2 switches in off 
state and on state, and of an inductor with one switch (on state). (i) Simultaneous 3D Smith chart representation 
for the 2 GHz-10 GHz frequency of the series inductance and quality factors for all 3 situations.
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ω ω ω= + ∗Lseries shunt LseriesN shunt S j, ( ) ( , ( ) 1) ( ) (7)d N3 11 d3

Q(ω) of the inductors is also computed by the new 3D Smith chart tool implementation using classical conversion 
formulas (from the S parameters) (see Supplementary Section 2) and normalized to its maximum value over the 
frequency range of interest obtaining QN(ω). Using the 3D representation of the Lseries, shunt3d(ω) curves we 
then use the normal plane of the curves to associate to each (frequency) point of the curves the Q(ω) as a cylinder 
Q3D(ω) of variable radius associated to its normalized value QN(ω). In Fig. 4 one may see the new representations 
done for the novel fabricated Peano inductor whose performances are compared with the spiral inductor in37 (the 
description on the new inductor design will be presented in the following section).

The new implementation allows the concurrent view of complex valued-scalar parameters: S(jω), Lseries3d(ω), 
Lshunt3d(ω), Q3D(ω) and frequency (not plotted in Fig. 4 since the dynamics of S11(jω) is clockwise anyway in this 
case, unlike the cases presented in Fig. 3). The use of different perspectives and the topology of the 3D Smith chart 
permits one thus to simultaneously analyze complex parameters (Smith chart) and visualize series and shunt 
inductances and Qs all on the same interactive display. This plays an insightful role in investigation for directly 
understanding multiple phenomenon on a single view. The information contained in Fig. 4a–c can be visualized 
together using three scaling on a common 2D plot, however still without having any information on S11(jω) of the 
inductor. In Fig. 4d we may see just ωS j( )11 d3

 and ωLseries ( )d3 , the display contains already more information than 
in the 2D Fig. 4a, allowing us to understand that the series inductance model is linear for both analyzed inductors 
and that ωS j( )11 d3

 is still in the East hemisphere (in the 4 GHz-10 GHz frequency range) (inductive). Additionally, 
the zeros of the S11(jω) are strongly related to the zeros of the Y11(jω) of an inductor and under certain circum-
stances (in some) identical (no resistive losses in their equivalent Pi model), thus a change of hemisphere of the 
S11(jω) is strongly related to the self-resonances of the inductors model implying in most cases that the Q fails to be 
positive anymore (see Supplementary Section 3). In Fig. 4e we can see ωS j( )11 d3

, ωLseries ( )d3  and ωQ ( )D3  for the 4 
GHz-10 GHz frequency range, again the information contained offers an insight on three parameters impossible to 
visualize together in 2D. In Fig. 4f we may see how by increasing the analysis range up to 15 GHz the Qs for both 
inductors become zero, while the ωS j( )11 d3  enters the capacitive hemisphere too. It is interesting to notice that the 
series inductance model stays linear. Using the 3D Smith chart tool (see Supplementary Video) one may see the 
exact frequencies at which ωS j( )11 d3

 changes hemisphere and the frequency for which Q becomes zero (the 3D gen-

Figure 6. Fabricated VO2 reconfigurable Peano inductors with additional various switches lengths and their 
influence in the on state. (a) Top view of the inductor-whose cross section is depicted in Fig. 5a. (b) SEM 
photo of a 2.3 μm long switch. (c) SEM photo of a 1.5 μm long switch. (d) Extracted (from the measured S 
parameters): Lseries of the inductor with 2 switches in on state for 600 nm long switches, 1.5 μm and 2.3 μm. (e), 
Q of the inductor with 2 switches in on state, for the 600 nm long switches, 1.5 μm and 2.3 μm. (f) Simultaneous 
3D Smith chart representation for the 4 GHz-10 GHz frequency of the Lseries, Q and S11 parameters for the 
three different inductors with 600 nm long switches, 1.5 μm and 2.3 μm long switches.
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eralized cylinders become curves-their radius becomes zero (at 14.44 GHz for both inductors). In Fig. 4g ωS j( )11 d3
, 

ωLshunt ( )d3 models become negative starting 14.44 GHz for both inductors and thus they enter the interior of the 
3D Smith chart from that frequency point. In Fig. 4h we may see ωS j( )11 d3

, ωLshunt ( )d3  and ωQ ( )D3 , clearly ωQ ( )D3  
becomes zero once ωLshunt ( )d3  enters the 3D Smith chart. In Fig. 4i all these parameters are shown together.

As a case study of the 3D Smith chart and its 
usefulness for radiofrequency characterization with VO2, and with the aim to improve our reported results in37 
(in terms of Qmax_on, Qmax_on/Qmax_off, tuning states and tuning range) we have first designed, fabricated and then 
extracted its equivalent circuit a reconfigurable inductor based on the Peano curve of order 2 by means of VO2 
switches (Figs. 5–8).

The design of the inductor was done using the similar procedures as in37, targeting an extracted Lseries of 
around 1.5 nH in the off state of the both switches and of 0.9 nH in the on state of both while reaching around 1.3 
nH if only one switch is used, while targeting to maximize the Q within 4–10 GHz frequency in the on state of the 
VO2 where conductivity levels prove to be below 50,000 S/m (please see the Fig. 9 in the Methods).

Their Peano geometry is presented in Fig. 5. In Fig. 5a one may see the cross-sectional view of the technology 
used. The inductors were fabricated using standard microelectronic processes starting with a high-resistivity 
(10000 Ω·cm) 525 μm thick silicon substrate. A 300 nm thick amorphous silicon layer was first deposited to 
improve radiofrequency performances52,53. The substrate was then passivated with 500 nm SiO2 deposited by 
sputtering. 140 nm-thick VO2 and films a Pulsed Laser Deposition (PLD). The film was then patterned using 
photolithography followed by dry etching and Cr (20 nm)/Al (400 nm) bi-layer was deposited to contact the 
patterned VO2 film. This thin contact layer allowed here the realization of smaller than 0.6 μm gaps between the 
contact pads (unlike 2 μm in our previous work37 or 1 μm in54). Additionally, a 2.4 μm-thick Al layer was deposited 
on top of these contact pads by conventional lift-off methods to provide low RF losses (to create the final CPW 
elements), the photo of the fabricated inductor being shown in Fig. 5b.

VO2 limited on state conductivity levels on Si/SiO2 substrates constitute a challenge for the reconfigurable VO2 
RF design54, while to reduce its impact, 1μm switches were employed in the fabricated designs37,54.

Figure 7. Proposed equivalent circuit of the Peano reconfigurable inductors and VO2 switches in the off and 
on state for the 4 GHz-10 GHz frequency range. (a) Off state modelling of the VO2 switch: RVO2_off is modelling 
the undesired losses in between the adjacent turns where the VO2 switches are present. Ideally RVO2_off = ∞, 
however the non-zero conductivity of VO2 (whose measurement in DC is present in Fig. 9-Methods) will 
generate undesired conductive losses between turns. Similarly, the frequency dependent dielectric constant 
of the VO2 can in theory generate undesired couplings between the adjacent turns where the VO2 is present: 
CVO2_off. CVO2_ground1 and CVO2_ground2 are modelling the coupling losses between the VO2 switches and coplanar 
waveguide ground planes. (b) Extracted equivalent circuit of the inductor: Ls stands for the series inductance, Cs 
stands for the inter-turns capacitance, Cox1, Cox2, Csub1, Csub2, Rsub1, Rsub2 describe the RF losses within the various 
substrates layers. Rp is modelling the undesired conductive losses between the adjacent turns due to the VO2 
conductivity. In the off state we would like Rp to be ∞, however the conductive losses in the VO2 switches will 
make this term being un-unneglectable. RS is modelling the series resistance-dependent on the Al deposition 
and trace width, (counting the on/off resistances corresponding to the current paths through the turns Rturns_on/
Rturns_off), but including too the VO2 resistive losses RVO2_on in the on state of the switches. (c) On state modelling 
of the VO2 switch: RVO2_on is modelling the undesired resistive losses due to the limited conductivity of the VO2 
in the on state. This resistance will contribute to a higher value of the Rs in the on state since the current will pass 
through the switches.
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The small length of the VO2 switches obtained here, below 0.6 μm, at the limit of photolithography, minimizes 
the losses while in the on state (measured as 48,000 S/m), while their increased width (120 μm) contributes too 
to this effort (a tilted photo of the switch in Fig. 5b, is in detail in (Supplementary Section 3). Switch photos and 
current distributions are further shown in Fig. 5c–f.

In order to validate this claim we additionally fabricated inductors with 1.5 μm and 2.3 switches lengths 
(Fig. 6a–c and visualized their underwhelming performances in Fig. 6c,d.

The inductor has been simulated in the Ansys HFSS commercial software tool while visualizing the extracted 
inductances and Q on the new 3D Smith chart tool. The position of the VO2 switches was optimized in order to 
maximize Qmax_on, Qmax_on/Qmax_off, tuning states and tuning range: the final current distribution at 5 GHz being 
shown as simulated in Fig. 5c (when both switches are off), Fig. 5e when one switch is off and one on and Fig. 5f 
with both switches on.

The measured inductances and Qs plotted in Fig. 4a,b are compared to our previous work37 for the on state 
of the inductor with two switches show (“on” when measured at 100 °C): Peano inductors more than double the 
Qs while also dealing with a smaller inductance (0.9 nH unlike 1.35 nH in37, while usually the Qmax decrease a lot 
while using lower inductances34) for the 5GHz-10 GHz frequency range. Further the series inductance is stable 
with an average value of 0.95 nH within the 4GHz-10 GHz frequency range and thus over-performing our previ-
ous reported results37. In terms of shunt inductance (untreated in37,38) the inductor is stable within the 3 GHz-6 
GHz frequency range with an average of 1nH as seen in Fig. 4c.

Figure 8. Fabricated VO2 reconfigurable Peano inductor equivalent circuit modelling within 4 GHz-10 GHz 
for the inductor with 2 switches, in on state and off state compared to measured ones. (a) The resulted fitting 
of the equivalent circuit extracted Lseries_circuit and Lseries from the measured S parameters. The values 
are extracted optimizing simultaneously the Lseries_circuit, Q_circuit, module and phase of the Sij_circuit(jω) 
(2 scalar parameters and 3 complex values due to reciprocity). Off state values: LS = 1.48 nH RS = 2.79 Ohms, 
Rp = 1341Ohms, Cs = 0.17fF, Cox1 = Cox2 = 721 fF, Csub1 = Csub2 = 201 fF, Rsub1 = Rsub2 > 108 Ohm. On state 
values: LS = 0.90 nH, RS = 4.01 Ohms, Rp = 107 Ohm, Cs = 0.15fF, Cox1 = Cox2 = 724 fF, Csub1 = Csub2 = 201 fF, 
Rsub1 = Rsub2 > 108 Ohm. (b) Scalar Q and extracted Q_circuit resulted fitting (c), Simultaneous 3D Smith chart 
representation for Lseries_circuit, Q_circuit, Sij_circuit(jω), and Lseries, Q, S parameters of the measured inductors. 
The fitting of the S21 parameters is almost perfect, the fitting of the S11 parameters (whose values are extremely 
small in magnitude) is not perfect-but it overlaps on a specific frequency range too. S11 is more sensitive to the 
frequency dependency of the elements neglected in the simplified equivalent circuit in Fig. 7b. (d) Simultaneous 
3D Smith chart representation for all the S11 (Sij_circuit(jω) and measured S11(jω)) parameters and their frequency 
dependency. It is interesting to notice their change of hemisphere just below 10 GHz for the off state modeled 
and measured inductors (this happening before their Q becomes 0-the radius of the cylinders in c is not yet zero, 
or in b one may see still the positive values of Q). This means that the imaginary part of S11 becomes “capacitive” 
before its Y11 imaginary part becomes 0-which determines the sign changes in Q. Referring to56,57 the classical 
quality factor34–39 analysed and implemented here too is a measure of the inductor performances while short-
cutting the second port. If the inductor is connected in shunt in the final circuit the change of hemisphere of S11 
below 10 GHz can be neglected, else depending on the configuration in which this is finally used- the change of 
hemisphere warns that under 50 Ohm load the inductor starts behaving capacitive before 10 GHz.
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The overall performances of the inductor with two switches on, two switches off and of a fabricated inductor 
with one switch on are all plotted together in Fig. 5g (series inductances), Fig. 5h Qs and Fig. 5i both Qs and nor-
malized 3D series inductances and Qs. The results show 77% tuning range and Qmax_on/Qmax_off 0.88 and thus 3.26 
times higher than Qmax_on/Qmax_off reported in37. The Qmax_on exceeds 7 being comparable with the off state even 
though the inductance is tuned with 77% down to 0.95 nH.

On the other hand, the frequency dependency of the off state Qoff (ω) is comparable with the one reported in37 
(although dealing with a smaller inductance than in37). Overall exhibiting a better performance (in terms of Qoff 
(ω)) in the low GHz frequency range and a more stable frequency dependency linearity (in terms of series induct-
ance) the values are facing the same trend as in37. The maximum value is limited as in37 by the CMOS compatible 
CPW SiO2/Si technology used with Al metallization, (Supplementary Section 3).

The simplified proposed equivalent 
circuit of the inductor based on the Fig. 5 inductor’s layout, together with switches equivalent circuit models are 
presented in Fig. 7a–c. The simplified (frequency independent) Pi model proposed in Fig. 7 uses the classical ele-
ments present in inductor modelling38,55 as described in Fig. 7. The only additional element added is Rp - which is 
modelling the conductive losses in the adjacent turns due to the presence of the VO2 and fabrication flow. In the off 
state the value of Rp (instead of tending to ∞) will be affected by the conductive losses in the VO2 (as described in 
Fig. 7).VO2, whose DC conductivity is presented in Fig. 9 will have higher conductivity losses in RF ranges44, losses 
which in the off state will contribute to conductive losses between the turns. In the on state on the other hand, the 
presence of the VO2 (see Fig. 5f) on the main current path will influence the series resistive losses Rs in increasing 
its value. Rs will thus have an additional component in the on state (besides the turns resistance corresponding to 
the on state current path), component which will be generated by the VO2 resistive losses in the on state.

The extraction of the inductor equivalent circuit parameters is done using an original approach, based on 
common optimization of 3 (complex) S parameters (S21(jω) = S12(jω), due to reciprocity) and extracted Lseries 
and Q. Thus we impose the measured Sij(jω) = Sij_circuit(jω)-where the last denote the equivalent circuit S parame-
ters (and i = 1, 2) and the Lseries and Q to be equal to the extracted Lseries_circuit and Q_circuit of the proposed 
equivalent circuit. It is worth mentioning that the extraction of the equivalent circuit is usually done using just 
fitting scalar parameters: series or shunt inductance and Q- as in34(by us)35, (Supplementary File), or only series 
inductance38. These approaches are however incomplete, since the Q model classically used34–38, is neglecting the 
right arm of the Pi model, being based on Y11, thus having the second port grounded56,57. These Q values (from 
both measured and equivalent circuit extracted models Q_circuit) are accurate only if the inductor is used con-
nected to a ground load56,57. The extracted inductance fitting on the other hand is modeling just an element of the 
equivalent circuit, model based on only one of the Y11 or Y21

34–38 parameters, thus the overall S parameters may 
not fit at all even though Q and extracted inductance fitting is reached.

Visualizing the fitting of Sij(jω) and Sij_circuit(jω) only on the (2D) Smith chart, as in Figs. 1d,e and 3a may lead 
to possibly inaccurate solutions, since the paths on the Smith chart may coincide for two circuits on a frequency 
range even though their nature can be different (which determines their frequency parametrization).

Here we take benefit of the new 3D Smith chart implementations and while using the AWR Microwave Office 
optimization tool, we simultaneously optimize in the extraction process all Sij_circuit(jω), Lseries_circuit and Q_cir-
cuit while visualizing this complex-scalar process on the 3D Smith chart.

Figure 8a,b show the results on a classical 2D scalar plot, while Fig. 8c,d on the 3D Smith chart plot. The S21_cir-

cuit(jω) parameter fitting is almost perfect (in both states) (all being in the West hemisphere), while the S11_circuit(-
jω)-starts diverging slightly from S11(jω) in phase at the higher frequencies for both on and off states.

Finally, it can be observed in Fig. 8c or 8d that both off state S11(jω) and S11_circuit(jω) change the hemisphere 
before 10 GHz (i.e. imag S11(jω) and S11_circuit(jω) becomes negative), while their Q remains positive (the radius of 
the generalized cylinders being not yet a point), showing the good match (both change hemisphere) but also the 
limitations of the inductor when used in a different configuration57 than grounded. An inductor S11(jω) parameter 
should stay in the inductive part of the Smith chart (East hemisphere-3D Smith chart) for the entire frequency 
range of interest in order to assure its validity of use under any resistive loads conditions.

We have first reported new theoretical foundations for a frequency-dependent 3D Smith with 3D visualization 
methods for the orientation of parametric curves and used them to quantify and understand curvature reversal, 
while sweeping the frequency, for driving point impedances and reflection coefficients of circuits in the RF fre-
quency bands. Further we have additionally extended the capabilities of the 3D Smith chart tool to simultaneously 
visualize a variety of frequency dependent scalar-complex valued parameters required in the inductor modelling 
and thus proposed a unique multi-parameter display. We demonstrated by fabrication and measurements, orig-
inal Peano reconfigurable inductors by employing the phase change VO2 materials in CPW/CMOS compatible 
technology on SiO2. The reported inductors improve the previously reported state of art in the incipient field of 
VO2 reconfigurable inductors design for the S, C and X bands of the radio frequency spectrum.

The devices were fabricated using a high resistivity (10000 Ω∙cm) Si wafer (525 μm) as the start-
ing substrate. A 300 nm-thick amorphous Si was deposited by low pressure chemical vapor deposition (LPCVD), 
to reduce the losses during measurement. A surface passivation using 500 nm sputtered SiO2 was then carried 
out, followed by deposition of 140 nm -thick VO2 using a Pulsed Laser Deposition (PLD) system. The film was 
deposited by pulsed lased deposition (PLD) using a Solmates SMP 800 system. The deposition was performed at 
400 °C in oxygen ambient, with a chamber pressure of 0.01 mbar. The ablated V2O5 target was placed at 60 mm 
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distance from the wafer. Further the deposition, an annealing of 10 min at 475 °C was performed without breaking 
the vacuum in the chamber.

The electrical properties of the films were studied from room temperature up to 100 °C by determining their 
temperature dependent electrical resistivity converted than in conductivity. This was done by standard four-point 
probe measurements using a semiconductor parameter analyzer (HP 4156 C) and a control on the sample tem-
perature up to 100 °C.

The fabrication process for the Peano inductors on the above substrate then commenced with a photolithog-
raphy step to pattern the VO2 followed dry etching to remove the VO2 from the unwanted areas. A Cr-20 nm/
Al-400 nm bi-layer metal stack was then deposited by evaporation after a subsequent photolithography step on 
the patterned VO2. This thin metallization made it possible to realize sub-micron gaps (600 nm) which is critical 
for extracting a good Q in the conductive state of VO2 for the inductors. This was followed by deposition of a 2.4 
μm-thick Al layer on these contact pads by conventional lithography followed by metal lift-off procedure to form 
the CPW elements with low RF losses.

The numerical simulations of the inductor and filters were 
done in HFSS ANSYS commercial software relying on the finite element method (FEM) to solve Maxwell equa-
tions. Considering the full wave electromagnetic simulation technique, we used the modal solution type for the 
inductors and the terminal solution type for the filter simulations. The conductivity of the Al was decreased to 
3.1*107 S/m and the VO2 switches were modeled for the inductors as simple dielectrics with 20 S/m losses and a 
loss tangent of 0 in the off state. In the on state, the VO2 switches were simulated as lossy metals of a conductivity 
of 48,000 S/m. Subsequently full inductors and filters models were built in the software according to the actual 
physical structure fabricated. The Peano shapes were implemented using the Equation Curve facility of the tool, 
their equations being written parametrically and where needed rotations and reflections were used for the very 
final shapes.

Figure 9. Methods|Fabrication flow and VO2 characterization description. (a) VO2 deposition via PLD, 
followed by a photolithography step and dry etching of the VO2. (b) Cr-20 nm/Al 400 nm contact metal 
deposition by evaporation after a subsequent photolithography and patterning on the VO2 (c), Al evaporation 
and lift off for top metallization. (d) Top view of (a). (e) Top view of (b). (f) Top view of (c). (g) Grain size of the 
PLD VO2 deposition. (h) Conductivity levels in heating (red) and in cooling (blue). (i) Switch SEM photo: The 
gap in the contact metal is below 600 nm over the entire width of the switches. This gap where only VO2 is active 
represents the switch length.
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The devices were measured with the Anrtisu Vector Star VNA in a Cascade Summit prober with controllable 
chuck temperature who was set to 20 °C in the “off state” and 100 °C in the on state. For the 2D graphical interpre-
tation the measured S parameters were converted using the Anritsu Star VNA installed Microwave Office too into 
the desired parameters analysed. In order to obtain the extracted equivalent circuit parameters circuit we used 
the Genetic Algorithm of the Anritsu-AWR MW Office installed tool and optimization of 3 complex parameters 
and Sij(jω) = Sij_circuit(jω) and two scalars: Lseries = Lseries_circuit and Q = Q_circuit – in the 4 GHz–10 GHz 
range using 15,000 iterations.

The 3D Smith Chart application is developed using the Java program-
ming language and the following libraries and development environment are used:

3D rendering: OpenGL through the Java Binding for the Open GL API (JOGL2) library;
Mathematical operations and complex data representation: The Apache Commons Mathematics Library;
Development environment: The NetBeans IDE with Beans Binding Library for the implementation of the 
application GUI and JOGL2 usage.

Further implementation details about the new mode of visualization, new simulation parameters used in the 
paper and their 3D representation on the Riemann sphere can be found in Supplementary Section 2.

The calculations for the oriented curvature was performed using 
Mathematica software tool by writing the frequency parametric equations of the curves analyzed.
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ABSTRACT This paper presents the design, fabrication, and electrical characterization of a reconfigurable
RF capacitive shunt switch that exploits the electro-thermally triggered vanadium dioxide (VO2) insulator
to metal phase transition. The RF switch is further exploited to build wide-band RF true-time delay tunable
phase shifters. By triggering the VO2 switch insulator to metal transition (IMT), the total capacitance
can be reconfigured from the series of two metal–insulator–metal (MIM) capacitors to a single MIM
capacitor. The effect of bias voltage on losses and phase shift is investigated, explained, and compared to
the state of the art in the field. We report thermal actuation of the devices by heating the devices above
VO2 IMT temperature. By cascading multiple stages a maximum of 40◦ per dB loss close to 7 GHz were
obtained.

INDEX TERMS Vanadium dioxide, phase transition, RF switch, true-time delay, phase shifter, tunable
capacitor.

I. INTRODUCTION
Phase shifters are key components for beam-steering imple-
mentations, smart adaptive antennas and scanning appli-
cations for wideband communications and remote sensing
systems. Phase shifter based on ferroelectric technology have
been shown to offer interesting RF performances in terms of
tunability, losses and power consumption [1], [2]. In paral-
lel RF distributed MEMS transmission lines (DMTL) have
been proven to be a very interesting solution to achieve
a high phase shift over a wider frequency band if compared
to traditional solid-state implementations (PIN diodes, GaAs
FET), with a DC power consumption limited to tenths of
milliwatts [3].
Strongly correlated functional oxides exhibiting metal to

insulator transition have recently emerged in research as
promising materials for a large number of applications,
including steep-slope transistors [4], RF switches [5], [6],
reconfigurable filters [7], [8] and antennas [9]. Vanadium

dioxide (VO2) has proven to be one of the most interesting
among such materials thanks to its large contrast in conduc-
tivity between its two states and the possibility of inducing
the phase transition by electrical excitation [10].
Compared to MEMS switches, VO2 switches offer clear

advantages such as an easier integration in microelectronic
technological processes, smaller footprint and a three order
of magnitude faster switching time [11]. A switched line
phase shifter with thermally actuated VO2 switches has been
previously demonstrated in microstrip technology [12].
In our previous work [13] we presented for the first time

a shunt capacitive switch reconfigurable by means of electri-
cally triggered VO2 phase transition to build true-time delay
phase shifters by periodically loading a coplanar waveg-
uide (CPW) with capacitive switches (Fig. 1). We validated
the concept by fabricating, designing and characterizing an
819 μm long unit. In this work, we show improved results
for thermally actuated cells by demonstrating up to 40◦ phase
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FIGURE 1. Optical image of the CPW phase shifter showing the cascaded
VO2-based capacitive shunt switches designed to achieve 3-bits phase
states.

shift per dB loss at 7 GHz in a 6-cell phase shifter. We fur-
thermore present two possible scheme to bias cascaded cells
to obtain a multi-state tunable phase shift.

II. RECONFIGURABLE CAPACITIVE SHUNT SWITCH
The reconfigurable capacitive shunt switch consists of two
fixed MIM capacitors in series, CS and CG, where the
first can be short-circuited by actuating a VO2 two-terminal
switch (Fig. 2). Below the phase-transition temperature and
when no bias is applied, the VO2 is in its insulating state
so that the switch exhibits a high resistance level and can
be considered as an open circuit. The two capacitors are
then electrically in series, offering an equivalent capacitance
CTOT = CG · CS/(CG + CS). Whenever a bias larger than
the switch actuation voltage is applied, the VO2 film phase
changes to its conductive state and the switch exhibits a low
resistance value. In this configuration, the CS capacitor is
short-circuited by the switch and the equivalent capacitance
between the signal and the ground line will be simply CG.
In this way the VO2 switch allows reconfiguring the loading
capacitance between CG and CTOT.
The VO2 switch can be electrically actuated by means of

a bias line decoupled from the RF signal using a resistor
fabricated with a 25 nm-thick Chromium (Cr) film. The
switch resistance is in the high state until a critical DC
power is achieved, which triggers a steep insulator to metal
transition (Fig. 3). In order not to affect the RF performance,
the switch dimensions are chosen to obtain a high value of
resistance in the off-state (> 1 k�) and low value in the
on-state (∼1 �), while keeping a reasonably low actuation
voltage. Thus, given a 200 nm VO2 thickness, the switch
was designed with a width of 30 μm and a length of 1 μm.

III. FABRICATION
The phase shifter was fabricated using standard microelec-
tronics processes starting with a high-resistivity 525 μm
thick silicon substrate passivated with 500 nm LPCVD-
deposited SiO2 (Fig. 4). The VO2 film was prepared
by reactive magnetron sputtering deposition starting from
a Vanadium target, as described in [4]. After the deposition,

a resistivity ratio between insulating and conducting phase
higher than 3 decades was measured with Van der Pauw
measurements performed at different temperatures (Fig. 5).
The film was then patterned by using photolithography and
wet etching. The bias resistors were realized by lift-off of
a 25 nm thick Cr film. A 200 nm thick Al film was subse-
quently deposited and patterned with lift-off to act as bottom
metal. A 200 nm thick SiO2 film was sputtered as insulat-
ing layer and as a dielectric for MIM capacitors. Vias were
opened by photolithography and dry etching. A final 800 nm
thick Al top metal layer was deposited to create the CPW
and the contacts on the bottom metal bias lines.

IV. UNIT CELL PERFORMANCE
The CPW was designed with a signal line width (w) of
100 μm and a ground plane spacing (g) of 150 μm to obtain
an unloaded characteristic impedance of 65 �. The design
of the unit cell for the phase shifter was done following the
method described in [14] in order to maximize the phase
shift for the minimum insertion loss (IL). Starting from the
chosen values of characteristic impedances in the ON and
OFF state, respectively ZON = 42 � and ZOFF = 58 �,
and having chosen the Bragg frequency to be three times
the frequency of design for the phase shifter, for a design
frequency of 10 GHz the required unit cell length (CL) was
calculated to be 819 μm. The computed capacitances were
CON = 143 fF and COFF = 26 fF resulting in a capacitance
ratio of 5.5. Thus the MIM capacitances for the reconfig-
urable capacitive shunt switch are calculated as CS = 31.7 fF
and CG = 143 fF. A schematic of the mask of the single
cell is shown in Fig. 6.
The device was characterized by using an Anritsu

VectorStar MS4647B Vector Network Analyser to mea-
sure S-parameters, a HP 4155B Semiconductor Parameter
Analyser to provide the bias to operate the VO2 switches
and a Cascade Summit prober with a thermo-chuck to control
the substrate temperature.
Fig. 7 shows a comparison between Ansys HFSS sim-

ulations of S-parameters and measurements with no bias
applied at 20◦C (OFF state) and 100◦C (ON state), well
above the phase transition temperature where the VO2 film
becomes fully conductive (see Fig. 5). When the switches are
turned off (20 ◦C and no bias) the insertion loss is 0.43 dB
at 10 GHz, while in the ON state the insertion losses are
increased both in simulation and measurements. The dis-
crepancy between measured and simulated values can be
attributed to resistive losses along the line and in the VO2
switch for the ON state, besides extra reflection due to par-
asitic capacitances caused by biasing lines not included in
the simulations.
The devices were measured for different bias values above

the actuation voltage of the VO2 switches (Fig. 8). While
the insertion loss seems to increase by increasing the bias,
the loss at the design frequency is improved when the switch
is at its lowest possible resistance value, obtained measur-
ing at 100 ◦C. This behavior can be explained looking at
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FIGURE 2. a) Schematic of the reconfigurable capacitive shunt switch. A via connects the signal top metal line with a metal line underneath in contact
with a VO2 switch. Four MIM capacitors (CS/4), two per side, lay between the signal line and the underneath metal, whilst other two MIM capacitors
(CG/2), one per side, lay between the ground planes and the underneath metal. b) Cross-section beween signal and ground plane highlighting the
via between the two metals, the VO2 switch and the capacitance CG/2. c) Equivalent circuit of the capacitive divider, with the VO2 switch modeled as
a variable resistor RVO2. d) Preferential path seen by the signal when the VO2 is in insulating phase, with an equivalent capacitance given by the series of
CS and CG. e) Equivalent circuit for the insulating phase, where the switch can be modeled as an open switch (RVO2 > 1 k�). f) When the VO2 film is in its
conducting phase the capacitors CS/4 are short-circuited by the switch (RVO2 ∼ 1�) and g) the equivalent capacitance seen between signal and ground
equals CG.

FIGURE 3. Current versus voltage electrical characteristic and extracted
resistance of the VO2 switch with an integrated serpentine resistor of
1.2 k� in series. The arrows indicates the insulator-metal transition and
metal insulator transition.

the losses not due to reflection. While in the OFF state the
insertion losses and no-reflection losses are almost coinci-
dent, indicating a good match, in the ON state the behavior
depends on the bias. At 20 V the IL and total losses are
similar, while at 30 V and 40 V a considerable part of the
IL is due to the mismatch. At 100 ◦C the IL are lower than
at the considered bias points and the no-reflection losses
are minimized, showing better accordance with the FEM
simulations.
The measured phase shift with respect to the OFF state

increases with the applied bias but tends to saturate around
5 GHz for 40 V bias, while at 100 ◦C it is linear over
the considered frequency band (Fig. 9). The phase shift per
dB loss shows as well that the best trade-off is obtained for

 a. VO2 patterning d. SiO2 sputtering

e. VIAS opening

VO2 200nm

HR Silicon Substrate

Al 200nm

Cr 25nm

Al 800nm

SiO2 300nm

SiO2 500nm

FIGURE 4. Fabrication process of the capacitive shunt switch with VO2
switches and integrated bias resistors.

Insulator Metal

V
O

FIGURE 5. Dependence of resistivity on temperature for the deposited
VO2 film.

higher bias and indicates that best performances are obtained
at 100 ◦C, where a maximum of 16◦ per dB loss is obtained
slightly below the design frequency.
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The limited performance of the device when electrically
actuated suggests that for the applied bias voltages, the
conduction channel in the VO2 switch does not extend to
the entire film width [15] and the resulting resistance is still
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FIGURE 9. (a) Phase shift and (b) phase shift per dB loss extracted from
S-parameter measurements at 20 ◦C for 0 V, 20 V, 30 V and 40 V bias
voltage at and at 100 ◦C with no applied bias.
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FIGURE 10. Equivalent characteristic impedance of the unit cell, extracted
from measurements at room temperature and at 100 ◦C (solid lines), and
from ANSYS HFSS simulations (circles ).

not low enough to grant a full capacitance reconfiguration
and to prevent significant RF losses. We can assume that
by applying a larger bias voltage, thus by injecting a larger
current, the performance will converge to the one measured
at 100 ◦C.
The equivalent characteristic impedance of the loaded line

was calculated using the method proposed in [16] and it is
shown in Fig. 10. In the OFF state the extracted character-
istic impedance is about 55 � at 10 GHz, not far from the
simulated value of 56 �. In the ON state at 100 ◦C the
extracted characteristic impedance is lower than the simu-
lated one, in accordance with the larger measured phase shift
and larger insertion loss due to reflection.

V. PHASE SHIFTER
In order to improve the performance, new devices were fab-
ricated starting from a 300 nm thick VO2 film deposited
by Pulsed Laser Deposition (Solmates SMP 800) in oxy-
gen atmosphere of a V2O5 target. The bottom metal was
realized with Ti/Al respectively 20 nm and 800 nm thick,
while the top-metal was made of a 2 μm thick Al film.
The thicker VO2 and metal layers provide lower resistive
loss compared to the previously used process. The design of
the cell was slightly varied and a tapered ground plane was
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FIGURE 11. Schematic of the improved phase-shifter unit cell with
tapered ground plane in proximity of the biasing line.
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FIGURE 12. Measured (a) insertion loss and (b) return loss for 1,2 and
6-stage phase shifter with all stages in off-state (measured at 20 ◦C,
dashed line) and all stages in on-state (measured at 100 ◦C, solid line).

designed to minimize the parasitic capacitance between the
biasing line and the ground plane itself. The cell length and
capacitors dimension were kept the same. The VO2 switch
width was increased to 70 μm, while the length was kept
1 μm. A schematic of the mask of the new single cell is
shown in Fig. 11.
In Fig. 12 we report the S-parameter in OFF and ON states

(measured with no applied bias at temperatures of 20◦C
and 100◦C, respectively) of three different phase shifters
composed by one, two and six cells. Fig. 13 shows that by
cascading multiple stages a larger phase shift can be obtained
and an improved phase shift per dB loss of 40◦ is achieved
since reflection losses do not sum up from stage to stage.

VI. MULTISTAGE ACTUATION
To obtain the desired phase shift we can cascade multi-
ple unit cell in a CPW. We propose two different biasing
schemes to control each cell (Fig. 14). In the first scheme,
the actuation voltage of the VO2 switch of each stage is set
to a specific value by engineering the corresponding biasing
resistor value. The actuation is then performed using the RF
signal line as bias line and a common DC ground line for all
the stages. When a certain DC bias is applied to the signal
line the obtained phase shift will be deriving from the stages
with actuation threshold below the applied bias. Increasing
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FIGURE 13. (a) Phase shift and (b) phase shift per dB loss for 1,2 and
6-stage shifter between the two extreme states: all stages in off-state at
20 ◦C and all in on-state at 100 ◦C.
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FIGURE 14. a) Biasing schemes with single bias line but different resistor
values for each stage to modify the threshold voltages of the VO2 switches
and (b) scheme with separate biasing “bit” line for each stage.

the bias, other stages will be actuated and the phase shift
will increase. In the second scheme, separate bias “bit” lines
are created for each stage or set of stages and the RF signal
line is used as a DC ground: when a bit line is set to a volt-
age higher than the switch threshold voltage, bit to “1”, the
corresponding stage will turn ON and provide a phase shift.
Using this latter “multi-bit” scheme we can make predic-

tions on a phase shifter desing by matematically cascading
the S-parameter of the unit cell shown in Fig. 12. Considering
a phase shifter made out of three of this cell, each one con-
trollable with a separate bit line, we show in Fig. 15 the
calculated losses for the phase shifter in four configura-
tion, all stages OFF (000), first stage ON (100), first two
stages ON (110), all stages ON (111). Fig. 16 report the
obtained phase shift with respect to the all OFF (000) state.
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FIGURE 15. Predicted (a) insertion loss and (b) return loss for a 3-stage
phase shifter biased with three bit lines in four different configuration,
where bit “0” stands for OFF state of the cell and bit “1” stands for ON
state.
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FIGURE 16. Predicted (a) Phase shift and (b) phase shift per dB loss of
a 3-stage phase shifter biased with three bit lines for the indicated bits
states compared to the all OFF state (000).

As expected, when turning ON more stages the phase shift
increases and the phase shift per dB loss is maximized.

VII. CONCLUSION
We reported a VO2-based capacitive shunt switch as funda-
mental building block that can be cascaded to obtain TTD
phase shifters. The working principles as well as the fabrica-
tion method have been presented and validated by simulating,
designing, fabricating and characterizing a unit cell. The
extracted considerable insertion losses are largely due to
the impedance mismatch and could be easily reduced by
improving the MIM capacitors design. The measurements at
different bias voltage and at high temperature have revealed
the need of a better optimization of the VO2 switch in order
to have lower resistance values in the electrically actuated
ON state so to match the good performance obtained at high
temperatures.
A 6-stage phase shifter was fabricated and measured.

A 40◦ phase shift per dB loss was achieved around
7 GHz, showing that the VO2-based reconfigurable capaci-
tive switches can offer a unique opportunity to build ultrafast

and reliable phase shifters. Moreover, we presented two pos-
sible biasing strategies for multistage actuations to achieve
a tunable phase shift by controlling it with either several bits
line or with a single analog one. VO2 based phase shifters
are realized with an easier and cheaper fabrication process
with respect the RF MEMS counterpart and have 100 to
1000 time faster switching time, which makes them inter-
esting for fast airborne applications. Actuation voltages can
be potentially lower than RF MEMS ones while the insertion
loss is expected to decrease by further improving the VO2
material properties and design implementation.
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ABSTRACT This paper proposes and validates a new principle in coplanar waveguide (CPW) bandstop
filter tuning by shortcutting defected ground plane (DGS) inductor shaped spirals to modify the resonant
frequency. The tunable filter is fabricated on a high-resistivity silicon substrate based on a CMOS compatible
technology using a 1 μm × 10 μm long and 300 nm thick vanadium oxide (VO2) switch by exploiting its
insulator to metal transition. The filter is designed to work in Ka band with tunable central frequencies
ranging from 28.2 GHz to 35 GHz. The measured results show a tuning range of more than 19 %, a low
insertion loss in the neighboring frequency bands (below 2 dB at 20 GHz and 40 GHz in on/off-states) while
amaximum rejection level close to 18 dB in off-state, limited by the noRF-ideal CMOS compatible substrate.
The filter has a footprint of only 0.084 · λ0 × 0.037 · λ0 (where λ0 represents the free space wavelength at
the highest resonance frequency) thus making it the most compact configuration using CPWDGS structures
for the Ka frequency band. In addition, a more compact filter concept based on the Peano space filling curve
is introduced to increase the tuning range while minimizing the DGS area.

INDEX TERMS Microwave filters, millimeter wave technology, thin films, vanadium oxide.

I. INTRODUCTION
The recent fast development of the future space communi-
cation in the Ka frequency band [1] motivates the research
of new tunable components for this frequency range applica-
tions, among which tunable bandstop filters [2] play a major
role.
Because of its ease of integration, reversible insulator to

metal transition (IMT), low transition temperature and fast
switching time, the employment of Vanadium Dioxide (VO2)
as a reconfigurable RFmaterial has been recently investigated
for a variety of microwave devices [2]–[4] and employed
in bandstop filter design in [2] up to 22.5 GHz by means
of a defected ground plane design (DGS) [2], [5]. DGS
were introduced in 2000 [5] and have since then [6] been

extensively used both in microstrip and coplanar waveguide
technology (CPW) for microwave filter design at a variety of
frequencies [5]–[14].
In CPW technology by embedding a DGS, depending on

the shape and substrate properties several tunable bandstop
filters [2], [6], [9], [13] and bandstop structures [7], [8] were
reported. However only very few Ka frequency band band-
stop filters were proposed [2], [11]–[13] and among them
even fewer [2], [13] were reconfigurable or fabricated [13].
A summary of the Ka bandDGSCPWbandstop filters perfor-
mances is shown in Table 1, while Table 2 depicts other fab-
ricated Ka CPW bandstop filters performances. Table 1 and
Table 2 show the features of these filters in terms of tuning
range, tunability (defined as in [2] as |fmax − fmin|/fmax where
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TABLE 1. Ka Bandstop filter performances in CPW technology using DGS.

TABLE 2. Other recent Microwave CPW fabricated bandstop filter performances.

fmax stands for the highest frequency and fmin for the mini-
mum frequency), maximum insertion loss (IL), quality factor
Q defined as f0/B3dB (f0 where B3dB denotes the bandwidth
at 3 dB) and size (defined as in Fig.1 as the area of the
defected part b × a of the transmission line divided by the
squared free space wavelength λ 2

0 at the highest resonance
frequency tuned).

FIGURE 1. (a) Layout of the proposed DGS shape and its area defined as
a × b (area of a rectangle covering the defected shape) with w = 40 μμμm
and g = 24 μμμm, s = 60 μμμm, t = 20 μμμm and a = 320 μμμm, (b) including the
matching network to a CPW line with w = 100 μμμm central width line and
g = 60 μμμm employed for the measurement of the device.

The forms of the reported DGS used in tunable bandstop
filters or resonators structures include mainly squares and
rectangles [2], [6], square patches [7], [8], a succession of
square patches [9] or a succession of squares [10].
From the tuning mechanism viewpoint the fabricated

reported bandstop filters employing DGS (considering the
entire microwave frequency spectrum) use varactors [7], [9]
or PIN diodes [8] for tuning ranges not exceeding 10 GHz
and VO2 [2] for the 19.8-22.5 GHz frequency ranges.
In this paper we introduce to the best of our knowledge

a new tuning mechanism for the CPW DGS bandstop filter
design by shortcutting the turns of spiral inductors [11], [14]
by using a 300 nm×1 μm×10 μmVO2 tuning switch, where

the resonant frequency is controlled by the DGS inductor
self resonance. In [15] tunable inductors with VO2 have
been proposed with a different switching mechanism and not
as DGS.
In terms of normalized size (b×a/λ 2

0 ) the proposed filters
occupy around half of the area of the other Ka band tunable
reported CPW DGS filters [2] (Table 1) or other bandstop
filters employing a DGS form (Table 2) [9], [13].
The fabricated filter has a high tuning range of 19 % while

exhibiting lower losses in the K band and at 40 GHz than
the CPW DGS measured filters present in literature for the
same frequency band [11]. The fabrication is done in CMOS
compatible technology and the tuning is achieved by heating
the VO2 film above the IMT temperature (68 ◦C) causing its
conductivity to increase of about three orders of magnitude.
The off-state is defined for theVO2 film in its insulating phase
(at 20 ◦C) with low conductivity while for the on-state the
film is in its metallic phase (above the temperature) and thus
presents higher conductivity. Themaximum IL in the on-state
is directly influenced by the properties of the used VO2 film,
since the switches are used as series elements (differently
from [2] where capacitive switches were proposed).
The paper presents first the design mechanism employing

tunable inductors DGS, then it introduces the fabrication pro-
cess and presents the measurement of the fabricated devices.
In the discussion section it introduces a new conceptual layout
based on a space filling curve.

II. DESIGN OF FIXED BANDSTOP FILTERS USING
SPIRAL DEFECTED GROUND PLANE
A. SIMULATION OF THE FILTER WITHOUT TUNING
MECHANISM IN ON-STATE
The design of the spiral DGS follows the principles pre-
sented in [11] and [14] for non-reconfigurable bandstop
filters. The substrate used is as in [11] a silicon wafer
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(with relative dielectric permittivity εr = 11.7 and thickness
of h = 525 μm) passivated with 500 nm SiO2. The CPW line
parameters are presented in Fig. 2. wherew denotes the width
of the central line while g the distance between the central line
and the ground planes (w = 40 μm and g = 24 μm) . The
metallization is a 2000 nm thick aluminum film.
The values for the spiral DGS are chosen in order to get a

resonant frequency around 28 GHz while obtaining attenua-
tion levels higher than the ones reported in [11] for the same
substrate (and frequency band) and keeping the IL below 2 dB
in the K band and at 40 GHz.
The attenuation values obtained could be improved by

increasing the metal thickness, by using a more conduc-
tive metal or by using the improved substrates as presented
in [16], but the aim of this work is to focus on the new compact
tuning principle while aiming enhanced results compared
to [2] and [11] where the same substrate is used.
The physical filter layout values presented in Fig. 1(a) and

the final filter layout presented in Fig. 1(b) are obtained using
the Ansys HFSS terminal solutions solver. The optimized
matching network added in Fig. 1(b) is needed to test the filter
employing the measuring equipment used.

FIGURE 2. (a) VO2 (orange) interrupting the spiral inductor DGS in the
off-state and continuing it in the on-state. (b) Closer view of the VO2
switch with its geometrical parameters.

The tuning mechanism proposed in this paper consists in
cutting a gap in the spiral inductor DGS and adding in it a
thin VO2 layer. The position of the gap changes the resonant
frequency of the filter in the ‘‘off-state’’, while its length has
an important impact on the filter performances in the on-state.
Fig. 2(a) and (b) depict the gap positioning d and the VO2
integration and geometrical parameters. The results in terms
of magnitude of the scattering transmission parameter S21
are presented in Fig. 3 considering first the ideal presented
in Fig. 1. The obtained values show a 19.8 dB insertion loss
at f0 = 28.1 GHz and a quality factor Q = 28, similar to the
values obtained in [17].

B. SIMULATION OF THE FILTER WITH TUNING
MECHANISM IN THE ON-STATE
Fig. 4 shows the performances in the ‘‘on-state’’ of the filter
with integrated VO2 in the gap (Fig. 2.) by considering first
different gap lengths. As the length increases from 1 μm to
11 μm the maximum IL decreases from around 17.67 dB
to 9.4 dB, while the Q of the filters decreases too. Fig. 5

FIGURE 3. Simulated transmission parameter S21 magnitude for the
structure in Fig. 1(b).

FIGURE 4. Simulated magnitude of the transmission parameter S21 for
different length of the VO2 filled gap considering a 30000 S/m
conductivity of the chosen thin film, a width of 20 μμμm and a thickness
of 300 nm.

FIGURE 5. Simulated magnitude of the transmission parameter S21 for
varying conductivity of the VO2 thin film for a width of 20 μμμm, a length
of 1 μμμm and a thickness of 300 nm.

shows the influence of the VO2 film conductivity in its
metallic phase. It can be seen that the use of a low conductive
VO2 film affects the maximum IL for fixed geometrical
values of the film.
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FIGURE 6. Simulated magnitude of the transmission parameter S21 for
different position d of the VO2 switch along the spiral (as indicated
in Fig. 3) in the off-state.

C. SIMULATION OF THE FILTER WITH TUNING
MECHANISM IN THE OFF-STATE
The DGS can be seen like a dual of a spiral inductor which
has two spirals short-cutted when the VO2 is in the non-
conductive state (off). The position of the switch along the
spiral determines the value of the inductance in the off-state
and thus sets the resonant frequency. Fig. 6 shows the effect of
changing the value of d (position of the cut along the spiral):
the resonance frequency increases as d is increased and the
cut is done further away from the reference in Fig. 2 (a). One
can see a shift from 28 GHz in the on-state to around 34 GHz
in the off-state as d reaches 130 μm. It is worth mentioning
that a further displacement of the cut position along the
spiral would further increase the tuning range. The results
presented in Fig. 6. are based on a VO2 switch of length of
LVO2 = 1 μm considering a constant relative dielectric
permittivity of εr = 30 for the thin film.
The final parameters of the fabricated filter are

a = 320 μm, d = 130 μm with a VO2 switch of length
LVO2 = 1 μm and width WVO2 = 10 μm.

FIGURE 7. Fabrication process of the vanadium oxide tunable band-stop
filters. (a) VO2 sputtering. (b) VO2 patterning. (c) Ti 20 nm/Al 800 nm
Lift-Off. (d) SiO2 sputtering. (e) VIAS opening. (f) Al sputtering and etching.

III. FABRICATION
The filters were fabricated using standard microelectronics
processes starting with a high-resistivity (10000 � · cm)
525 μm thick silicon substrate (Fig. 7). A 300 nm thick

FIGURE 8. Optical image of the fabricated tunable band-stop filter.

FIGURE 9. Measured magnitudes of the S21 (a) and S11 (b) parameters at
20 ◦C (OFF) and at 100 ◦C (ON) (solid lines) versus simulated with Ansys
HFSS for the corresponding conductivity values of the VO2 film (dotted
lines) (The simulations are done for a VO2 film width of 10 μμμm, a length
of 1 μμμm and a thickness of 300 nm as fabricated while using a
conductivity of 30000 S/m in the On-state).

amorphous silicon layer was deposited to improve radiofre-
quency performances [16]. The substrate was then passivated
with 500 nm SiO2 deposited by sputtering. The VO2 film was
prepared by reactive magnetron sputtering deposition starting
from a Vanadium target [18]. The film was then patterned
using photolithography and wet etching. To contact the VO2
20 nm of Titanium and 800 nm of Aluminum film were
subsequently deposited with e-beam evaporation and
patterned with lift-off. A 300 nm thick SiO2 film was then
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sputtered. Vias were opened by photolithography and dry
etching of SiO2 to contact the bottom metal and a final 2 μm
thick Aluminum top metal layer was deposited to create
the CPW. Fig. 8 shows an optical image of fabricated filter.

FIGURE 10. Measured group delay in the range 0-40 GHz represented
over the S21 parameters with the 3D Smith chart [19], [20]. The group
delay peaks do not exceed in absolute value 0.27 ns (off measured -
green, on measured - cyan, off simulated - red, on simulated - violet).

IV. MEASUREMENTS AND DISCUSSION
Fig. 9 presents the measured magnitude of the S21 parameters
at 20 ◦C for the off-state and 100 ◦C for the on-state (well
above the insulator to metal transition temperature of the
VO2 film) and shows good agreement with the simulations.
The group delay, shown in Fig. 10 by using [19] and [20],
has a flat value in both states presenting measured peak
variations below 0.27 ns, slightly larger than the simulated
value of 0.25 ns, but similar to the reported values in [17].
It is worth mentioning the almost indistinguishable difference
between the simulated complex S21 parameters and measured
ones in both states (plotted on the surface of the 3D Smith
chart)

FIGURE 11. Measured magnitude of the S21 parameter for a structure
with VO2 switch at 100 ◦C (ON) (red solid lines), for a structure with
Aluminum instead of VO2 (green) and for the simulated Ansys HFSS for
the 30000 S/m conductivity values of the VO2 film in the on-state
(dashed red line).

In order to better understand the IL performances in the
on-state we fabricated a test device where the VO2 film is
replaced with a metallic strip and we obtained the results
in Fig. 11, showing the limitation caused by the thin film

FIGURE 12. (a) Conceptual Peano curve shaped DGS band stop filter
(switch position is with red color) filter and (b) corresponding
S21 parameters magnitudes simulated with Ansys HFSS. Normalized
filter size = b × a/λ2

0 = 0.08 × 0.03.

non ideal behavior (we used in the simulations a value
of 30000 S/m for the expected conductivity). To avoid an
excessive quality factor drop below unity as in [15] where the
VO2 was used (in a completely different approach) in spiral
inductor design, a very short VO2 gap (1 μm) was used.

In the off-state the frequency shift could be attributed to the
modelling used for the VO2 permittivity, which changes as
the frequency increases [3] and whose exact value is difficult
to predict.
Using the same tuning concept, inspired from the Peano

space filling curve [21], which was used very recently in
other microwave applications [22], we introduce to the best
of our knowledge for the first time a Peano DGS for the
bandstop filter tuning. The position of the VO2 switch in this
layout allows changing the resonance frequency in various
ways (an example being presented in Fig. 12), offering thus a
flexible tuning capability. Again the maximum IL are limited
by the substrate losses, switching losses but the proposed
design allowsminimizing the area while increasing the tuning
range.

V. CONCLUSION
We have reported the first VO2 based Ka band CPW DGS
experimental bandstop tunable filter. The filter occupies the
smallest area in respect to all other CPW DGS tunable filters
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known to the authors in terms of area divided by the square of
free space wavelength (defined at the highest tuned resonance
frequency) while exhibiting a tunability of 19 %. The use of
VO2 as a contact series switch shows the high dependence of
the maximum IL obtained at the tuned resonance frequency
on the conductivity and length/width of the VO2 thin film.
Even if the on-state performances of the filters are limited by
the VO2 conductivity and by the non-ideal silicon substrate,
the tuning defected shape principles introduced may be of
further interest for the microwaves community. Last, based
on the same tuning principle we introduce a new type of
conceptual Peano filter prototype for minimizing the DGS
areawhile adding a potential degree of flexibility in the tuning
capabilities.
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VO2 is a strongly correlated functional oxide exhibiting an IMT at 340 K1–4. In the so-called insulating state at 
room temperature, VO2 is a semiconductor with a 0.6 eV band gap and monoclinic crystal structure, while above 
the transition temperature it exhibits a rutile structure and a metallic behavior with a resistivity drop up to 5 
orders of magnitude in the bulk material1,2. The IMT can be induced by thermal, electrical, magnetic or optical 
excitations3 and is typically hysteretic. The electrically induced phase transition results in an extremely steep drop 
of the resistivity that has been exploited to realize VO2 two-terminal switches3,4. Coupled VO2 oscillators have 
been recently demonstrated together with their potential for neuromorphic pattern recognition applications5. The 
IMT of VO2 resistors connected in series to the source or gate of field-effect devices has been exploited to demon-
strate switching slopes well below the 60 mV/dec Boltzman limit constraining the MOSFET subthreshold slope6,7. 
VO2 resistance-to-capacitance reversible reconfigurability is also appealing for RF applications4. However, the 
small band gap of VO2 in its insulating state determines a small resistivity and high leakage currents in VO2 
switches. Moreover, the electrical induced phase transition requires typically several hundreds of μW to few mW 
of power3,4. VO2 three terminal gated devices have been proposed and investigated with the purpose of decreas-
ing the voltage and current required to trigger the IMT, but the large electron density necessary for the phase 
transition at room temperature is difficult to achieve by exploiting the gate control only8,9. Large insulating state 
leakage and reduced gate control on the carrier density are currently two fundamental challenges on the road for 
VO2 based devices and circuits.

Here, we demonstrate for the first time a two terminal device based on a vdW heterostructure junction formed 
by VO2 and multilayer MoS2 flakes. Bulk-like MoS2 is an indirect band-gap semiconductor with a 1.3 eV band 
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gap10,11, which forms a type II n-n heterojunction when in contact with VO2. The proposed device shows an excel-
lent tunable rectification behavior and can be turned into a Schottky rectifier at high applied voltage or increased 
temperature by triggering the VO2 IMT. With respect to pure VO2 switches, this heterostructure delivers a lower 
leakage current in the diode subthreshold region and it could lead to the realization of more energy efficient VO2 
devices. Compared to monolayer MoS2, multilayer flakes reduce the risk of damages due to the large power flow-
ing in the devices when electrically actuated and provide lower contact resistance12. The fabricated devices proved 
to be photosensitive in the visible spectral range as a result of light absorption in the MoS2 side of the junction. 
We report here a complete photoresponse characterization including the impact of the thermally induced IMT 
of VO2. The extracted responsivities exceed the results reported for other photodiodes based on multilayer MoS2 
flakes11,13,14.

Results
The schematic of the conceptual vdW MoS2/VO2 

heterojunction together with the basic biasing scheme used for the experiments are depicted in Fig. 1a: the MoS2 
contact is grounded and the voltage is applied and swept on the metal contact on VO2. An optical microscopy 
image of a fabricated MoS2/VO2 heterojunction with the electrical contacts to the two sides of the junction is 
reported in Fig. 1b. Two separate set of gold contacts were deposited on the MoS2 flake to verify their ohmic 
behavior (see Supplementary Information Fig. S1a). The thickness of the exfoliated flakes has been estimated by 
atomic force microscopy, and the devices described in the following have been realized with flakes thicknesses 
ranging from 80 to 100 nm. The VO2 and the SiO2 films are respectively 75 nm and 2 μm thick. Details on device 
fabrication are reported in the methods section. The X-ray diffraction study and resistivity curve of as deposited 
VO2 film, which demonstrates the absence of other vanadium oxide phases potentially detrimental for the device 
operation, are shown in Supplementary Information Figs S2a and S2b.

Multilayer MoS2

Au Au

VO2

SiO2

Si

VA

a

b

20 μm

Figure 1. VdW MoS2/VO2 heterojunction schematic. (a) Three-dimensional schematic view of the MoS2/
VO2 heterojunction with the bias configuration used in the experiments. The MoS2 contact is grounded while 
the bias is applied and swept on the metal contact on VO2. (b), Optical image of the fabricated heterojunction 
composed of a multilayer MoS2 flake and VO2 pre-patterned structure. Gold contacts to the two sides of the 
junction have been deposited to characterize the device. Two distinct set of contacts were deposited on the MoS2 
flakes to verify their electrical behavior.
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The current voltage characteristic of a first device (D1) at room temperature is shown in Fig. 2a. The MoS2/
VO2 heterojunction exhibits a clear rectifying behavior with a rectification ratio IF/IR larger than 103 and an 
extracted IF/IS exceeding 105, where IF, IR and IS are respectively forward, reverse and saturation current. Under 
positive bias, the current shows an exponential increase that becomes linear under larger voltages because of 
the series resistance. The behavior of the junction can be explained in terms of the qualitative band diagram in 
Fig. 2b (see Supplementary Information Fig. S3 for more information). Both MoS2 and the insulating phase of 
VO2 are intrinsically n-type materials15,16. Since MoS2 workfunction is smaller than VO2 one, at the formation 
of the heterostructure electrons are transferred from the first to the second, resulting in the depicted band align-
ment, Fig. 2b. The large conduction band discontinuity (ΔEC), estimated by the affinity rule to be roughly 1 eV, 
is the main responsible for the asymmetric conduction of the junction. Applying a positive bias to VO2, electron 
injection from MoS2 conduction band to VO2 conduction band is favored, resulting in an exponential increase of 
the current. Conversely, under reverse bias electrons are injected from VO2 to MoS2, but they face the large ΔEC 
barrier. Overall, the realized junction behaves as an n-n heterostructure with type II band alignment and is able 
to provide a good rectification. The device I–V characteristic in the exponential region can be approximated with 
the Shockley diode equation providing an extracted ideality factor of 1.75, while the non-saturating reverse cur-
rent is better described by the Fang and Howard model17 specifically developed for n-n junctions and capable of 
analytically capturing the increase of diode current with the absolute value of the reverse bias (see Supplementary 
Information Fig. S4b,c).

The characterization of the heterojunction device in a wide range of increasing temperature is of particular 
interest because VO2 transition from the semiconductor to the metallic phase around 68 °C is expected to increase 
the conductance of the junction by collapsing the VO2 bandgap. The I–V curves measured with the temperature 

Figure 2. Electrical characteristic of the MoS2/VO2 heterojunction. (a) Electrical I–V double-sweep 
characteristic of device D1 at room temperature in semi-logarithmic (black) and linear (red) scales. The device 
presents a rectification behavior with no significant hysteresis. (b) Qualitative band diagram of the MoS2/VO2 
heterojunction for the insulating and metallic phase of the functional oxide. The VdW gap at the junction is not 
represented and the polycrystalline nature of VO2 is not considered. (c) Evolution of the electrical characteristic 
of D1 with increasing temperature. Both forward and reverse current are boosted by the temperature increase, 
with a more pronounced enhancement in the window around the IMT temperature (60–80 °C). (d) Extracted 
conductance slope from the exponential regime of the forward current. The conductance slope increases across 
the VO2 IMT. Inset: conductance of device D1.
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as a parameter are shown in Fig. 2c. Both forward and reverse current increase with temperature and a significant 
current enhancement is observed close to the IMT temperature. Above it, the temperature dependence of the 
characteristic is less pronounced and the device behaves as a Schottky rectifier. The band diagram of the junction 
with metallic VO2 is drawn in Fig. 2b. The Schottky barrier (ΦM) is estimated to be 0.3 eV larger than ΔEC, and the 
built-in voltage should increase slightly since VO2 work function is reported to increase across the IMT2. The 
reverse current increase with raising temperature can be explained with the growth of electron density in VO2 
conduction band, changing from 1018 cm−3 in the insulating phase to 1023 cm−3 in the metallic one18. The boost of 
forward current can be attributed to the stronger thermionic injection in VO2 conduction band from MoS2 con-
duction band, but it is mitigated by the slight increase of the built-in voltage. The rectification ratio with metallic 
VO2 is slightly degraded with respect to the semiconductor junction but it remains larger than 103. In order to 
characterize the junction conduction we extracted the conductance slope19 = ∂ ∂ −S logG V( / )G

1 for the forward 
current at different temperatures (Fig. 2d). At room temperature, the device exhibits an excellent minimum SG 
value of 120 mV/dec, which suggests that the heterojunction is abrupt and has a reduced density of interface 
defects. This observation is further supported by the absence of any hysteresis of the I–V characteristics (see 
Fig. 2a) in double-sweep measurements and by a low extracted quality factor of 1.75 in forward bias. The conduct-
ance slope increases across the MIT and tend to decrease after the phase transition.

The capability of electrically inducing the IMT 
of the VO2 layer in the heterostructure in a room temperature experiment is shown in Fig. 3. This measurement 
has been performed on another device (D2) with the same structure of D1. The biasing configuration used for the 
measurements is the same shown in Fig. 1b, with the addition of a series resistance RS of 1 kΩ to limit the max-
imum current. The I–V curve of the heterojunction (Fig. 3a) exhibits two steep jumps in correspondence of the 
IMT and MIT of VO2, separated by a hysteresis window. The voltage required to trigger the IMT is significantly 
larger with respect to the values that can be achieved in pure VO2 switches4 (see Supplementary Information 
Fig. S5). The high actuation voltage is due to the resistance of the heterojunction and to the relatively large dis-
tance between the MoS2 edge and VO2 metallic contact (more than 1 μm for D2). Remarkably, the proposed 
device delivers a lower leakage current in the diode subthreshold region with respect to pure VO2 switches. This 
feature combined with the possibility of modulating dynamically the IMT threshold by gating the MoS2 side of 
the junction could pave the way to more energy efficient VO2 switches. For the device of Fig. 3, the power thresh-
olds required to electrically induce the IMT and MIT transitions from an n-n heterojunction to a Schottky diode 
and vice versa are respectively 1.83 mW and 2.89 mW. We verified that the actuation power density required to 
trigger the IMT did not alter the electrical behavior of the heterojunction by measuring the electrical characteris-
tic of D2 before and after the electrical induced IMT. Figure 3b shows a direct comparison of the two I–V curves: 
no major variations are observed, demonstrating a full reversibility of the VO2 phase change and the stability of 
the heterojunction conduction.

The photoresponse of device D1, whose dark I–V curve is reported in 
Fig. 2a, was characterized by illuminating the device with a focused light beam with controllable wavelength and 
power. The incident power density has been maintained well below the values required3 to optically trigger or 
affect VO2 IMT throughout all the measurements performed. The photosensitive area of the device corresponds 
to the overlap between the MoS2 flake and VO2 (see Fig. 1a), and it is estimated to be 104 μm2. Contributions to 
the photoresponse at zero applied bias from the MoS2 region far from the heterojunction have been found to be 
negligible coherently with the ohmic nature of the realized contacts (see Supplementary Information Fig. S1a,b). 
Moreover, the MoS2 region far from the junction shows a small contrast between the dark and illuminated 

a b

VA

Rs

Figure 3. Electrically induced IMT of the VO2 side of the heterojunction. (a) Electrical characteristic of device 
D2 under large applied bias, sufficient to trigger the IMT of VO2 close to 17.5 V. Inset: biasing scheme used for 
the experiment. A discrete resistor RS of 1 kΩ is connected in series to the device to limit the current in the low 
resistance state. (b) I–V curve of D2 measured before and after having electrically induced the IMT of VO2. 
The comparison between the two curves shows that the phase change of VO2 and the actuation power has no 
permanent effect on the electrical behavior of the heterojunction.
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IV curves measured across the set of contacts deposited on MoS2 (see Supplementary Information Fig. S1c). 
Figure 4a shows the impact of different illumination wavelengths with similar incident power density on the 
I–V curve of D1, resulting in a non-zero short circuit current ISC and open circuit voltage VOC. A schematic rep-
resentation of the origin of the photovoltaic effect in the heterojunction is reported in Supplementary Information 
Fig. S6. The measured ISC shows a linear dependency with respect to the incident power density, as shown in 
Fig. 4b for illumination at 600 nm wavelength. We characterized the time domain photoresponse of the device by 
measuring the evolution of ISC in response to ON/OFF and OFF/ON transitions of the light source. The device 
shows a symmetrical rise and decay time and the extracted response time at room temperature is 3.5 ms (see 
Supplementary Information Fig. S7). This value is considerably smaller than the ones reported in literature for 
several other implementations of MoS2 based photodetectors20,21 but still significantly larger than the response 
time in conventional Si photodiodes21.

We characterized the impact of temperature on the wavelength resolved photoresponsivity R at zero applied 
bias, defined as the ratio between the photogenerated current and the incident power on the device (Fig. 4c). The 
cut-off wavelength is located between 750 and 800 nm and it does not change with temperature, suggesting that 
light absorption happens mostly in the MoS2 side of the heterojunction14. At room temperature, a maximum 
photoresponsivity of 1.25 A/W was measured at 550 nm, and values exceeding silicon photodiode performance 
have been obtained in the 500/650 nm range13. Responsivity values larger than one have already been reported 
in p-n junctions based on doped multilayer MoS2 flakes, and can be attributed to the efficient photocarrier sep-
aration operated by the built in voltage of the junction21,22. The photoresponsivity in the visible range is clearly 
boosted by the temperature rise and tends to saturate above the VO2 IMT temperature. This enhancement can 
be explained by different mechanisms. First, the increase of VO2 work function with temperature2,15 determines 
a larger built-in voltage and therefore a stronger electric field at the junction that provides a more efficient sep-
aration of photogenerated carriers. Secondly, the MoS2 depleted thickness could increase because of VO2 work 

Figure 4. Photoresponse of MoS2/VO2 heterojunction. (a) I–V characteristic of D1 in linear scale under 
different illumination wavelengths, from 500 nm to 800 nm. The measurements have been performed under 
an incident power density close to 330 nW/mm2 for all the wavelengths and at room temperature. (b) Short 
circuit current of the heterostructure as a function of the incident power density, showing a linear dependency. 
(c) Spectral evolution of the photoresponsivity measured at different temperatures. At room temperature, 
a responsivity larger than the one of conventional silicon p-n photodiode is measured in the spectral range 
500/650 nm. The responsivity in the visible spectrum is boosted by the increase of temperature and it saturates 
for temperatures above the IMT of VO2. (d) Electrical power generated by the photodiode under 600 nm 
illumination with an incident power density of 1.48 μW/mm2. The electrical power that the heterojunction can 
effectively harvest decreases with the increase of the temperature.
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function and carrier density boost18, resulting in an increase of the photosensitive volume. Moreover, another 
contribution could come from the variation of the optical properties of VO2 producing potential optical interfer-
ence effects responsible for an enhanced light absorption. Indeed, recent studies reported that the photolumines-
cence monolayer MoS2 flakes on VO2 substrates increases upon heating VO2 above the IMT temperature, most 
likely because of constructive optical interference23,24.

We extracted the generated electrical power Pel as a function of the applied voltage at different temperatures 
under 600 nm illumination with an incident power density of 1.48 μW/mm2 (Fig. 4d). The increase of tempera-
ture produces a boost of ISC and a larger reverse current (Fig. 2c). This is related to a more favorable leakage path 
for photogenerated carriers, which causes a drop of VOC. Since VOC decreases at a faster rate than ISC grows (see 
Supplementary Information Fig. S8), the harvesting of the optical power becomes less efficient at high tempera-
tures14. Therefore, the IMT of VO2 is beneficial for the heterostructure photosensitivity but appears detrimental 
for its photovoltaic performance.

In conclusion, we investigated a novel two-terminal device based on a VdW n-n heterojunction between VO2 and 
multilayer MoS2 flakes. The demonstrated devices show a rectifying electrical behavior, with rectification ratio 
larger than 103, ideality factor of 1.75 and excellent forward conductance slope. The proposed heterojunction can 
be turned into a Schottky rectifier by electrically or thermally inducing the VO2 IMT. The electrically induced 
IMT is proved to be fully reversible and the MoS2/VO2 heterostructure grants a lower subthreshold leakage cur-
rent with respect to pure VO2 switches. The envisioned possibility of modulating the IMT threshold voltage by 
gating the junction to electrostatically control the band alignment of the heterojunction could open a new cate-
gory of VO2 based solid state devices with promising applications for steep slope electronic switches. Finally, we 
characterized the optical sensitivity of the heterojunction and obtained external photoresponsivities exceeding 
the results reported for several other implementations of photodiodes based on multilayer MoS2 flakes11,13,14. The 
fast transient response measured suggests that the device photoresponse is not dominated by trap-assisted opti-
cal absorption. The responsivity value is increasing with temperature and saturates above the VO2 IMT. The use 
of monolayer MoS2 for the realization of the heterostructure could result in a considerable enhancement of the 
photoresponsivity because of the direct band gap and the larger built-in voltage23–25. Large-area MoS2 synthesis 
techniques could allow a large scale, cheap fabrication of MoS2/VO2 heterojunction devices26,27. Moreover, recent 
reports of low-thermal budget deposition of VO2 thin films by pulsed laser deposition (PLD) are promising for 
the realization of CMOS compatible heterostructures28.

Methods
VO The 75 nm thick VO2 film was deposited on SiO2 substrate by reactive DC magnetron sput-
tering in high-vacuum conditions. The chamber was pumped to a base pressure lower than 5·10-8 mbar. The 
power on the V metal target (2 inch diameter, 99.95% purity) was set to 150 W. Ar process gas (purity 99.999%) 
was introduced in the chamber and the flow was regulated by a mass flow controller. During deposition, the oxy-
gen pressure was kept constant by a Proportional Integral Derivative (PID) feedback control. This regulated the 
oxygen flow based on the pressure readings of a Zirox XS22 lambda-probe oxygen sensor. The process pressure 
was 7.45 ± 0.01·10-3 mbar and the oxygen partial pressure 4.86 ± 0.03·10-4 mbar. The temperature was measured 
by a stationary thermocouple above the rotating substrate holder and was kept constant at 600 °C. During deposi-
tion the substrate was rotating at 15 rpm. An in situ annealing was adopted during the slow cooling of the sample 
(30 °C/min).

MoS MoS2 powder was synthesized by heating a mixture containing stoichiometric amounts of 
molybdenum (99.9% pure, Alfa Aesar) and sulfur (99.999% pure, Alfa Aesar) at 1000 °C for 7 days in an evacuated 
and sealed quartz ampule. The mixture was slowly heated from room temperature to 1000 °C for 12 h in order 
to avoid any explosion due to the strong exothermic reaction and the high volatility of sulfur. From this powder, 
MoS2 crystals were grown using chemical vapor transport (CVT) with iodine as transport agent at ca. 5 mg/cm3. 
All quartz tubes used for vapor transport typically have an inner diameter of 16 mm and a length of 20 cm. The 
total powder charge is 5 g. A very slight excess of sulfur is always included (typically 0.5 wt % of the charge) to 
ensure the stoichiometry in the resulting crystals. The excess of sulfur is not incorporated into the dichalcogenide 
crystals but condenses as elemental sulfur onto the wall of the quartz tube at the end of the CVT process. The 
source and growth zones were kept at 1060 and 1010 °C, respectively, for 7 days in evacuated and sealed quartz 
ampules. After this time the furnace is turned off, a small fraction of the charge is transported toward the colder 
end of the tube, forming crystals with diameters of about 2−8 mm and thick tens of microns. The resulting crys-
tals were washed with acetone and dried in vacuum. X-ray diffraction study has shown that MoS2 obtained in 
this way belongs to the 2 H polymorphism. A full characterization of the synthetized bulk samples is presented 
elsewhere29.

Electron beam lithography (EBL) on negative AZ nLof 2020:PGMEA 1:1 resist and wet 
etching in diluted commercial Cr etch solution were used to pattern the VO2 film sputtered on a 2 μm thick SiO2 
layer. MoS2 multilayer flakes have been exfoliated on a PDMS stamp by using the scotch-tape micromechanical 
cleavage method and then deterministically transferred30 on the edge between VO2 pre-patterned structures and 
the SiO2 layer. The two-terminal devices were completed with a further EBL step and metal evaporation to deposit 
by lift-off 100 nm thick gold contacts on VO2 and MoS2. Gold was selected for the electrical connections in order 
to provide ohmic contacts to both VO2 and MoS2 (see Supplementary Information Fig. S1). The thickness of the 
transferred flakes was measured by atomic force microscopy, and the devices discussed in the text were realized 
with flakes thickness ranging from 80 to 100 nm.
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All the measurements were carried on in ambient atmosphere 
and at temperatures ranging from ambient value to 100 °C. DC electrical measurements were performed using 
a HP4156A Semiconductor Parameter Analyzer and a Cascade Summit probe station. The light source used for 
optical characterization is a SuperK EXTREME supercontinuum white light lasers with a series SuperK SELECT 
multi-line tunable filter to select the wavelength within a minimum bandwidth of +/−5 nm. The optical power 
was measured with an 818-SL/DB Silicon Photodetector. The light beam was focused on the sample through 
optical microscopy lenses, resulting in a spot size of 0.25 mm2.
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A Steep-Slope Transistor Combining 
Phase-Change and Band-to-Band-
Tunneling to Achieve a sub-Unity 
Body Factor
Wolfgang A. Vitale , Emanuele A. Casu , Arnab Biswas , Teodor Rosca , Cem Alper , Anna 
Krammer , Gia V. Luong , Qing-T. Zhao , Siegfried Mantl , Andreas Schüler  & A. M. Ionescu

Steep-slope transistors allow to scale down the supply voltage and the energy per computed bit 

decade subthreshold swing at room temperature. Currently pursued approaches to achieve such a 
subthermionic subthreshold swing consist in alternative carrier injection mechanisms, like quantum 

that the principle underlying the low swing in the PC-TFET relates to a sub-unity body factor achieved 

beyond FETs and other steep-slope transistors, for low power electronics, analog circuits and 
neuromorphic computing.

Complementary metal-oxide semiconductor (CMOS) technology has been the core of micro/nanoelectronics 
industry for decades. In the Dennardian scaling era of MOS transistors, extraordinary improvements in terms of 
switching speed, device density, functionality and cost have been achieved by the additive application of several 
technology boosters such as substrate engineering, strain, multi-gate, high-k/metal gate stacks and high-mobility 
channel materials. However, the concept of a metal-oxide-semiconductor field-effect transistor (MOSFET) 
remained unchanged. Recently, aggressive scaling of the gate length dimensions down to few tens of nanome-
ters is facing major challenges in terms of process variability, high leakage power, unscalable voltage supply and 
degraded current switching ratios1.

The quest for a new beyond CMOS switch, addressing essentially leakage power and voltage scaling, encom-
passes new device concepts and materials, capable to complement MOSFETs and to be integrated on advanced 
CMOS platforms2, 3. A fundamental target is the reduction of the subthreshold swing SS (=dVg/dlogId), which in 
a conventional MOSFET is limited to 60 mV/decade at room temperature (T = 300 K) due to the thermionic car-
rier injection mechanism4. A steep-slope switch, with SS < 60 mV/decade, would allow to scale down the supply 
voltage and to enable future low-power computing5. Different steep-slope device principles have been proposed 
for this purpose, exploiting negative capacitance6, movable electro-mechanical gates7, impact ionization8 and 
tunnel field-effect transistors (TFETs) based on quantum mechanical band-to-band tunnelling9 (BTBT). TFET 
is currently considered the most promising steep-slope solid-state switch among alternative technologies, with 
experimentally demonstrated SS values of the order of 30 mV/decade at room temperature10 mainly limited into 
a range of low currents. However, the tunnelling conduction mechanism limits the device performance in terms 
of ‘on’ current, ION, and the frequency of operation.
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Recently, phase change materials such as correlated functional oxides have been proposed as a promising 
solution for beyond CMOS electronics. External excitations applied to phase change materials can induce a phase 
transition accompanied by a drastic change in their conduction properties11–19. One of the most studied phase 
change materials is vanadium dioxide (VO2), which exhibits a metal-insulator transition (MIT) corresponding 
to a structural phase transition at a critical temperature TMIT (340 K in bulk VO2

20–22). When VO2 temperature is 
increased above TMIT, the material transitions from a monoclinic phase to a tetragonal rutile structure, concom-
itant with the closing of an energy gap Eg ≈ 0.6 eV in the 3d conduction band and a steep decrease in resistivity, 
up to 5 orders of magnitude in bulk VO2. When the VO2 temperature is decreased, the transition back to the 
monoclinic phase is observed for values below TMIT, giving rise to a hysteresis with width depending on the qual-
ity of the material. VO2 holds great potential for beyond CMOS electronics because the MIT can be induced by 
electrical excitations, enabling applications based on volatile resistive switching. The VO2-based MIT switch in 
2-terminal configuration shows interesting properties such as abrupt increase in current with applied voltage23–31, 
fast switching time32–34, high reliability35, 36, negative differential resistance37–40, memristive switching41, 42 and 
low temperature dependence of transition dynamics43, 44. However, the main drawback of the 2-terminal MIT 
switch is the relatively high leakage current IOFF due to the small bandgap of VO2 in the insulating state. While this 
problem can be mitigated by VO2 doping45, the most effective solution would be the development of 3-terminal 
switches in which a VO2 channel undertakes a gate-driven phase change. The development of such a device was 
attempted first with standard MOSFET structures using VO2 as the semiconducting material46, but the observed 
conductance modulation by gate voltage was limited to a small percentage47–50. This encouraged the investigation 
of the use of electrolyte gating to obtain very high electric fields at the interface between VO2 and an ionic liquid51, 

52, inducing a higher channel conductance modulation due to the creation of oxygen vacancies53–55 or protona-
tion56 but with a much slower switching time57, 58.

In order to overcome these issues, the phase-change tunnel FET (PC-TFET) has been proposed59 as a 
hybrid design integration of a tunnel FET and a 2-terminal MIT switch, combining the strengths of the two 
devices and resulting in the first solid-state VO2-based 3-terminal switch with simultaneous very low IOFF cur-
rent, high ION/IOFF ratio and ultra-steep subthreshold swing (Fig. 1a), performance that cannot be individually 
achieved by a TFET or a MIT switch. The transfer characteristics of the PC-TFET are qualitatively compared 
to the ones of the TFET used as a component part in Fig. 1b. The main working principle of the PC-TFET is 
to feedback (by an appropriate gate or source connection) the ultra-abrupt switching in the MIT material into 
a TFET characteristic, used to block the current in the OFF state. The phase change in the MIT switch corre-
sponds to the actuation voltage Vact (tunable by the design of the MIT component) allowing to switch from a 
high resistance state to a low resistance state, in which the current follows the transfer characteristics of the 
TFET. For ideal performance, the Vact of a 2-terminal MIT switch should be aligned with the TFET threshold 
voltage Vth (defined by the constant current method). Figure 1a and b also depict the resulting hysteretic 
behaviour of the PC-TFET, inherited from its MIT component. In this work, we discuss in detail the PC-TFET 
principle, its integration and the method of extraction of the body factor. Moreover, we further characterize 
the PC-TFET to discuss its temperature dependence and possible applications for analog circuits and neuro-
morphic computing.

Results
Hybrid PC-TFET: principle. The principle of the PC-TFET steep slope hybrid device is to simultaneously 
use two physical mechanisms to lower the subthreshold swing factors m and n, respectively the body factor 

Figure 1. Comparison of three steep-slope switches: TFET, MIT and proposed PC-TFET. (a) Transfer 
characteristics for the PC-TFET and other steep-slope switches (TFET, MIT switch) achieving lower 
subthreshold swing than the MOSFET. (b) PC-TFET characteristics for different values of the MIT switch 
threshold voltage Vact, compared to the transfer characteristics of the TFET component with threshold voltage 
Vth. The hysteresis areas for three different values of Vact are highlighted by the shaded regions.
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(mirroring the differential amplification of surface potential) and the carrier injection mechanism in the conduc-
tion channel (by band-to-band-tunnelling in a gated p-i-n junction):
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while the use of band-to-band tunnelling is intrinsically offering a straightforward solution to a potentially lower 
than 60 mV/decade n-factor, for lowering m, in contrast with any other previous reports, we do not use any 
negative capacitance principle but a simple circuit technique exploiting the abrupt switching in a 2-terminal 
MIT device connected in a voltage divider placed in the gate or in the source of a TFET. It is worth noting that 
reducing the body factor, m, of a TFET below 1, corresponds to a less explored approach (previously proposed by 
Ionescu60) to boost the abruptness of subthreshold characteristics of a TFET.

In the following, we study two PC-TFET designs, in which the MIT switch is connected to the gate (Fig. 2a,c,e, 
“gate configuration”) or to the source (Fig. 2b,d,f, “source configuration”) terminal of the TFET. In both cases the 
state of the MIT switch is controlled by the gate voltage VGS and the phase change induces an internal differential 
amplification of the voltage drop VGS_INT between the gate and source terminals of the TFET (dVGS_INT/VGS >> 1) 
resulting in a steep increase in current IDS.

Figure 2a shows the hybrid design integration of a 3-terminal TFET and a 2-terminal VO2 switch to obtain 
the PC-TFET gate configuration. A VO2 thin film is deposited and patterned on top of the gate terminal of the 
TFET, and a second metal layer is used to contact it and define the gate electrode of the PC-TFET. The same 
design can be adapted to the source configuration, shown in Fig. 2b, where the VO2 switch is built on top of the 
source terminal of the TFET. An alternative design exploiting planar VO2 switches is reported in Fig. 2c for the 
gate configuration and Fig. 2d for the source configuration.

Figure 2. Phase change TFET integration in gate and source configuration. (a,b) 3D schematic diagrams of the 
PC-TFET integrating vertical VO2 switches. (c,d) 3D schematic diagrams of the PC-TFET integrating planar 
VO2 switches. (e,f) Equivalent circuits showing the internal TFET gate voltage VGS_INT amplified by the MIT 
switch phase change, induced by the external gate voltage VGS.
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Figure 2e presents the equivalent circuit and voltage distribution for the PC-TFET in gate configuration. A 
load resistance RL is used to allow a current flow high enough to reach the power threshold of the VO2 switch43. 
The value of RL is selected in order to have RVO2_OFF >> RL >> RVO2_ON, where RVO2_OFF is the resistance of the 
MIT switch in the insulating state and RVO2_ON is the resistance in the metallic state. As VGS is ramped up in this 
configuration, the VO2 material is initially in the highly resistive state, hence most of the voltage drops on the MIT 
switch (VVO2 ≈ VGS) and VGS_INT stays low. Once the voltage is high enough to induce the metallic state in VO2, 
VVO2 drops to a very low value and VGS_INT experiences a steep transition to a value approaching VGS.

Figure 2f presents the equivalent circuit and voltage distribution for the PC-TFET in source configuration. 
In this case the MIT switch is connected to the internal source terminal of the TFET and both the internal 
voltage drops VGS_INT and VDS_INT are changing while sweeping VGS depending on VVO2, such that VGS − VGS_

INT = VDS − VDS_INT = VVO2. For low values of VGS, the VO2 material is in its insulating state but the TFET channel 
resistance is much higher, effectively blocking the leakage through the MIT switch and keeping a low IOFF current. 
Hence VGS_INT follows VGS. Increasing VGS, the tunnelling current increases steadily until the TFET resistance 
becomes comparable with RVO2_OFF. At this point the rise in VGS_INT decreases and the MIT switch approaches its 
power threshold. Once VO2 switches to its metallic state, VGS_INT jumps abruptly to values near VGS. It is clear that 
the source configuration is very suitable for the lowest power consumption and aggressive scaling as it does not 
require any additional load resistor (which is the TFET itself) and there is no power dissipation in such a load. 
However, as it will be shown later, the gate configuration is particularly interesting for its steeper characteristics.

The source configuration is similar to a previously reported solution based on III–V FinFET transistors and 
VO2 switches61. However, that work exploited classical FinFETs with thermionic subthreshold swing and with 
very high leakage current to induce the phase change in VO2, and as a consequence the ION/IOFF ratio was lim-
ited to 4 × 102 and the region of abrupt switching was observed over less than a decade of current, whereas the 
PC-TFET achieves simultaneously low IOFF and high ION/IOFF ratio.

The experimental demonstration of the PC-TFET has been achieved by 
fabricating and characterizing TFETs and VO2 switches connected as explained in the previous section (Fig. 2e,f). 
During the experimental tests, the gate voltage is doubly swept and the voltage of the internal node is recorded 
with a high impedance voltmeter in the whole range of device operation. This allows us to carefully derive the 
internal amplification and the effect of the MIT transition point on the TFET characteristics by extracting its 
intrinsic gate and drain voltages.

The TFETs used in this work are based on a strained silicon gate-all-around (GAA) nanowire (NW) technol-
ogy62, 63 with a NW cross section of 40 × 5 nm2 and a gate length of 350 nm. In order to enable a low power design 
of the PC-TFET, it is necessary to minimize the power threshold of the MIT switch. Based on an electrothermal 
model considering Joule heating as the triggering mechanism for the abrupt MIT transition26, 64, a convenient 
device geometry is achieved by reducing the VO2 volume between the two electrodes of the MIT switch65. In 
this work such a low power actuation of a MIT switch is achieved by fabricating nanogap planar switches on a 
Si/SiO2 substrate, limiting the VO2 volume between the electrodes to values as low as 200 × 100 × 100 nm3 (see 
Supplementary Fig. 1 for details on the process flow and Supplementary Fig. 2 for images of a final device).

Figure 3a shows the IDS-VGS characteristics of a TFET for different values of VDS, ranging from −0.25 V to 
−1 V. The TFET biased at VDS = −0.75 V exhibits very low IOFF = 69.1 pA, very good ION/IOFF = 1.0 × 107 ratio, 
low gate leakage IG < 8 nA up to VGS = −2 V (see Supplementary Fig. 3), and a good average subthreshold slope 
over 4 decades of current: SSTFET = ∂VGS/∂log10(IDS) = 112 mV/decade. Figure 3b shows the I–V characteristics of 
a VO2 switch at different temperatures, ranging from 25 °C to 55 °C. A 1 kΩ resistor is connected in series to the 
MIT switch in order to limit the current in the metallic state and prevent excessive overheating of the device. The 
switch design has been optimized for its use in the PC-TFET, presenting a low actuation voltage Vact = −0.93 V at 
room temperature, steep slope of the transition (SSVO2 = 18.7 mV/decade) and capability to drive high ION current. 
The transition presents limited hysteresis width (<0.2 V at room temperature) when the voltage is removed and 
the switch reverts to the OFF state. Increasing temperature, the actuation voltage decreases while the ION and the 
slope remain stable (SSVO2 = 17.7 mV/decade at 35 °C, 23 mV/decade at 45 °C) until reaching values near TMIT, 
where the sharp transition is lost. This behaviour can be explained by an electrothermal actuation model based 
on Joule heating66.

Figure 3c shows the IDS-VGS characteristics of the PC-TFET in gate configuration at different temperatures, 
biased at VDS = −0.75 V and using a load resistance RL = 1 kΩ. Different values of RL allow to shift the VGS_act level 
necessary to induce the phase transition (as described by additional measurements reported in Supplementary 
Fig. 4). Once VO2 undergoes the phase transition to the low resistivity state, we observe a sharp rise in IDS current 
up to values approaching the ones of the TFET at the same biasing conditions. The PC-TFET at room tempera-
ture has lower IOFF = 29.5 pA (12.3 pA/μm normalized by the TFET width) than the TFET, comparable ION/IOFF 
ratio (5.5 × 106) and a subthreshold slope vastly superior to the ones of state-of-the-art TFET devices reported 
to date: SSPC_TFET = 4.0 mV/decade at 25 °C, 7.8 mV/decade at 45 °C. This is due to the internal amplification of 
VGS_INT, reported in Fig. 3d, in which we observe a very steep transition from low voltage levels to values near 
the TFET threshold voltage (e.g. from −0.14 V to −0.49 V at room temperature within a VGS = 10 mV step). The 
output characteristics of a PC-TFET in gate configuration are reported in Supplementary Fig. 5. Due to the rela-
tively significant power consumption in the resistive divider at the gate terminal, practically dictated by the VO2 
actuation (see Fig. 3b), the PC-TFET in gate configuration is not providing substantial advantages for low power 
electronics. However, the very abrupt transition in the PC-TFET in gate configuration can be exploited for analog 
circuit applications such as a voltage-controlled buffered oscillator (see Supplementary Fig. 6).

Figure 4a shows the IDS-VGS characteristics of the TFET component 
used to implement the PC-TFET in source configuration for different values of VDS, ranging from −0.25 V to 
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−1.5 V. The TFET measured at T = 55 °C and biased at VDS = −0.75 V presents an average subthreshold swing 
SSTFET ≈ 180 mV/dec and a current ratio of 6.3 × 105 in a 2 V gate voltage window. Figure 4b shows the I-V charac-
teristics of the VO2 switch used in this case, with a series resistance of 3 kΩ. The actuation voltage decreases with 
temperature from −2.61 V at 25 °C to −1.19 V at 55 °C, while the steep slope is preserved up to values approach-
ing TMIT (SSVO2 = 11.9 mV/decade at T = 25 °C, 22.3 mV/decade at T = 55 °C).

Figure 4c depicts the IDS-VGS characteristics of the PC-TFET in source configuration. The VDS has been 
increased to −2 V and the measurement is reported at 55 °C in order to reach the current levels necessary to 
induce the transition at VGS < 4 V. The PC-TFET in source configuration combines the strengths of the two com-
ponent devices, presenting a high ION/IOFF ratio, a low IOFF current and a low IG gate leakage comparable to the 
TFET, while the subthreshold slope is similar to the one of the VO2 switch (SSPC_TFET = 20.6 mV/dec). The sub-
thermionic (<60 mV/dec) value for the slope at the phase change transition is due to a similar internal gate volt-
age amplification mechanism exploited for the gate configuration, with the difference that both the intrinsic gate 
and drain voltages are simultaneously switching abruptly: VGS_INT = VGS − RVO2·ID and VDS_INT = VDS − RVO2·ID 
(see Fig. 4d). However, as shown in Fig. 4d, in this case the amplification occurs for values of VGS_INT above the 
TFET threshold (from −2.54 V to −3.31 V within a VGS = 10 mV step), resulting in a less abrupt increase in IDS. 
Moreover, our experiments show that the VDS_INT change while sweeping VGS is quantitatively less important than 
the effect of dVGS_INT/dVG amplification (see Supplementary Fig. 7).

The output characteristics of a hybrid PC-TFET in source configuration are reported in Fig. 5a, pointing out 
a very particular behaviour that could be further exploited in energy efficient logic or neuromorphic circuits. 

Figure 3. Experimental demonstration of Phase Change TFET in gate configuration. (a) IDS-VGS transfer 
characteristic of the TFET for different applied VDS. (b) I-V characteristic of the VO2 switch measured at 
different temperatures with a series resistance of 1 kΩ. (c) IDS-VGS obtained combining (a) and (b) in gate 
configuration with a load resistance of RL = 1 kΩ between the gate terminal and ground and an applied 
VDS = −0.75 V. (d) Internal gate voltage VGS_INT biasing the TFET in function of the external applied VGS.
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The VO2 phase change induces a very abrupt switching in the PC-TFET output characteristics, corresponding, 
in absolute values, to a higher VGS_INT and a higher VDS_INT, as pointed out by Fig. 5b. The output characteristics 
of PC-TFET inherit from the MIT transition points a hysteretic behaviour, which has a direct consequence on 
the effective drive current (because of the different trajectory on the output characteristics in logical switching) if 
such device is used for building CMOS inverters. Moreover, the low leakage current in the PC-TFET, negligible 
with respect to the drain current over the whole domain of operation (see Supplementary Fig. 8), makes it prom-
ising for energy efficient implementations of neuromorphic circuits based on relaxation oscillators67, 68.

Body factor reduction in PC-TFET. The deep subthermionic switching in the PC-TFET can be explained 
by its sub-unity body factor due to the internal gate voltage amplification. The relation between the subthresh-
old slope and the body factor has been captured in equation (1), with the transistor body factor m = dVGS/dΨS 
expressed as the inverse of the differential amplification of the surface potential with respect to the extrinsic gate 
voltage. In a conventional MOSFETs the body factor is dependent on a capacitance ratio between the gate oxide 
capacitance, Cox, and the depletion capacitance, Cd, m = 1 + Cd/Cox, resulting in a lower bound, m ≥ 1. Here, 
we show that this limit is overcome in the PC-TFET because the body factor m can be expressed in function of 
VGS_INT and becomes:

Figure 4. Experimental demonstration of Phase Change TFET in source configuration. (a) IDS-VGS transfer 
characteristic of the TFET component for different applied VDS measured at T = 55 °C. (b) I-V characteristic 
of the VO2 switch measured at different temperatures with a series resistance of 3 kΩ. (c) IDS-VGS of PC-TFET 
obtained introducing the VO2 switch in the TFET source terminal; measurements performed at T = 55 °C with 
an applied external VDS = −2 V. (d) Intrinsic TFET gate voltage VGS_INT and drain voltage VDS_INT versus applied 
VGS.
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hence, when maximizing the internal gain of the PC-TFET, G = dVGS_INT/dVGS >> 1, and given that in fully 
depleted body devices (1 + Cd/Cox)~1, it follows that m << 1, showing that the body factor is a booster of the 
TFET subthreshold swing. We extract the body factor from our experimental results, starting from calculating 
the surface potential as a function of VGS as shown in Fig. 6a, for the gate configuration, and Fig. 6b, for the source 
configuration. On the same figures we include the measured internal gain, G, whose experimental values are 
used to extract m, using equation (2). The values of ΨS(VGS) are obtained by means of technology computer-aided 
design (TCAD) simulations of NW-TFETs identical to the fabricated structures, biased with the experimental 
values of VGS_INT and VDS for the gate configuration (Fig. 3d), VGS_INT and VDS_INT for the source configuration 
(Fig. 4d). We observe a steep change in ΨS (resulting in a very low m) in correspondence of the VGS values for 
which a high internal gain amplification is recorded, highlighting the key role of the internal gain in the steep 
switching characteristics of the PC-TFET.

Figure 6c,d show m in function of the measured IDS, respectively for the gate and source configurations. In 
both cases the experimentally extracted body factor shows a less than 0.1 value in the transition region. The 
PC-TFET in gate configuration presents a value of m of ~0.05 (<<1) for more than two decades of current, from 
0.43 nA to 142.3 nA in the OFF to ON transition and from 27.5 nA to 0.15 nA in the OFF to ON transition. The 
PC-TFET in source configuration shows similar values of m (0.025 in the OFF to ON transition, 0.5 in the ON to 
OFF). It is worth noting that the low-m region is extended for more decades of current in the gate configuration 
due to the better alignment of the internal gain peaks and the TFET threshold region.

Discussion
We reported the PC-TFET as a novel hybrid steep-slope electronic switch, combining two steep switching mecha-
nisms in a single device, and its detailed characterization in a broad range of temperatures up to values approach-
ing the transition temperature of VO2. The unique combination of BTBT in TFET and MIT in VO2 leads to 
excellent figures of merit for digital electronics such as an Ion/Ioff ratio better than 5.5 × 106 and a subthreshold 
swing lower than 10 mV/dec over 3 decades of currents. We observe low dependence on temperature of the 
swing of the PC-TFET in gate configuration, ranging from 4.0 mV/dec at room temperature to 7.8 mV/dec at 
45 °C. Moreover, we have demonstrated that the underlying mechanism for the abrupt switching behaviour is 
the internal gate voltage amplification, leading to a sub-unity equivalent body factor. Such lower-than-1 body 
factor to achieve subthermionic switching is a much more general design criterion than the previous principle of 
negative capacitance, serving as a performance booster for both TFETs and MOSFETs. The PC-TFET represents 
an important step forward for beyond CMOS electronics, exploiting for the first time the full potential of the VO2 
MIT in in an electrically gated 3-terminal architecture and opening new perspectives for low power electronics 
and neuromorphic computing.

Methods
VO2 nanogap switches were fabricated on a silicon substrate with a 

200 nm thick SiO2 layer on top. The VO2 layer was deposited by reactive magnetron sputtering at 600 °C of a pure 

Figure 5. Output characteristics and drain voltage switching of Phase Change TFET in source configuration. 
(a) Output characteristics of PC-TFET in source configuration for different applied VGS (ranging from −2.75 V 
to −4 V) measured at T = 55 °C. (b) Intrinsic TFET gate voltage VGS_INT and drain voltage VDS_INT versus applied 
VDS.
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vanadium target, with detailed experimental conditions reported elsewhere69. Electrical contacts were defined by 
electron beam lithography on PMMA/MMA and lift-off of a 100 nm thick platinum film deposited by sputtering. 
The VO2 areas around the switch are then removed by electron beam lithography on ZEP and ion beam etching. 
Strained silicon GAA TFETs have been fabricated on a silicon on insulator substrate using a process based on 
doping segregation from NiSi2

70.

TCAD simulations were performed using 
Sentaurus TCAD Suite 2014.09. We simulated a strained silicon double gate TFET with channel thickness 
TCH = 5 nm, oxide thickness TOX = 3 nm with HfO2 (εr = 22) gate metal workfunction of φm = 4.1 eV correspond-
ing to TiN. The source doping is NS = 1 × 1020 cm−3 and the drain doping is ND = 1 × 1019 cm−3 with abrupt junc-
tions. Since the semiconductor layer is extremely thin, we have enlarged the bandgap by 70 meV, corresponding 
to the quantized state of the [100] ellipsoids. However, this increase is cancelled out by the strain on the nanow-
ires, which results in an overall bandgap reduction of ΔEg = −25 meV. All the simulated surface potential values 
reported in this work are taken from 0.1 Å below the semiconductor-oxide interface. The surface potential plots 
in function of VGS (Fig. 5a,b) are taken at the tunneling junction, while the full potential profile across the channel 
is reported in Supplementary Fig. 9.
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