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Abstract

The developed world is built on the fact that energy is readily available and functionally infinite.

The electricity from the wall, the gas at the station, and the heat in our homes are reliable and

low-cost. But this comfort is so far only possible through the combustion of fossilized carbon

sources. This is not a sustainable system. Not only are these sources finite, but the long-term

effects of this much combustion are catastrophic for our planet and species. Transitioning

from current energy production to sustainable sources will require the development and de-

ployment of a diverse group of technologies. Chief among these is the generation of electricity

from sunlight, or photovoltaics (PV).

Most modern PV is based on crystalline silicon. Silicon PV alone could be scaled to provide the

necessary energy production, but this could be realized more quickly and efficiently if more

advanced technologies are used. The defining metric is the cost per generated electricity. In

the case of silicon, the current cost breakdown of materials, manufacturing, installation, and

system costs leaves little room for further price reduction; and light-to-electricity efficiencies

are near their practical limit. Of the proposed alternatives, the pairing of silicon with a thin

film of lead-halide perovskite in a multijunction or "tandem" architecture is one of the most

promising. This splits the solar spectrum in two, and raises the theoretical maximum efficiency

from 33.3% to 45.1% based on each material better using its segment than any one material

could use the full spectrum. The central goal of this thesis was therefore to advance the capa-

bility of this type of solar cell while remaining within the constraints of industrially-plausible

production methods.

Towards this goal, we first isolated perovskite layers to study what limits their performance.

This led to improvements in the bulk material quality, the interfaces with adjacent materials,

and the layer morphology. We reduced bulk disorder via balancing the annealing temperature,

time, and environment. The interfaces were improved by selecting passivating materials

which were compatible with our deposition methods. We further observed a complex interplay

between the materials used and the environment of the annealing, which illuminated critical

dependencies of device performance and gave us a more complete understanding of our

material. Finally the morphology was improved via high-temperature annealing. This was
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Abstract

enabled by a surface-binding additive which reduced the detrimental effects of such an anneal

while preserving the benefits, resulting in a perovskite with less internal resistance. From there,

we moved outside of the perovskite layer and developed a light scattering ZnO layer which

increased the optical performance and absorption of our cells. Returning to the main goal

of the thesis, the lessons learned from work on isolated perovskites were applied in tandems

on textured silicon. We additionally increased the perovskite layer thickness and made the

bottom-cell more robust to processing damages. Together, the result was a stabilized efficiency

of 27.3%. This is better than any silicon cell to date, but work remains to achieve 30% and

beyond, extend material stability, scale up the deposition area, and transfer these capabilities

to industry. Together, the work done as a part of this thesis represents a step forward in the

journey towards carbon-neutral energy production.

Key words:

Photovoltaics, Renewable Energy, Perovskite, Silicon, Multijunction, Tandem

Textured Absorber, Thin Films, Materials Science
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Résumé

Une majorité de l’énergie consommée sur la planète provient de combustibles fossiles. Ces

sources d’énergie sont disponibles en quantités limitées et leur utilisation à une telle échelle

promet une véritable catastrophe écologique. Il apparaît ainsi essentiel d’accélérer la transi-

tion énergétique vers des sources renouvelables telles que l’énergie photovoltaïque (PV).

Le marché du PV est actuellement largement dominé par une famille de dispositifs qui se

basent sur des cellules à base de silicium cristallin. Bien que ce type de cellules solaires pour-

rait fournir toute l’électricité PV nécessaire à la transition énergétique, des technologies plus

avancées permettraient d’accélérer cette transition en baissant le prix de l’électricité générée.

Le prix d’une installation PV est actuellement dominé par les coûts du système autres que

ceux du module et des cellules qui le composent. Ainsi, la meilleure approche pour faire

baisser le prix de l’électricité consiste à augmenter l’efficacité des cellules et du module PV

afin de produire plus de W par m2 et ainsi baisser les couts d’installation par W de capacité de

production électrique. L’option la plus prometteuse pour augmenter l’efficacité des cellules

solaires au-delà de la limite d’efficacité théorique d’un matériau unique (33.3%) consiste à

créer une cellule multi-jonction, notamment en combinant deux cellules solaires en un seul

dispositif appelé « tandem ». Cette architecture en tandem permet une meilleure utilisation

du spectre solaire comparé à un matériau unique et ainsi d’augmenter l’efficacité maximale

théorique à 45.1%. Afin de maintenir des coûts de production raisonnables, le type de tandem

le plus prometteur actuellement consiste à ajouter une cellule couche mince à base d’un

matériau pérovskite sur la face avant d’une cellule solaire industrielle en silicium. Le but cen-

tral de cette thèse est de développer cette nouvelle technologie afin d’en augmenter l’efficacité.

En combinant plusieurs méthodes d’analyse, nous avons d’abord étudié la couche mince

pérovskite afin d’identifier les mécanismes menant à des pertes de sa performance. Cette

stratégie a permis d’améliorer les propriétés intrinsèques du matériau en optimisant notam-

ment l’étape de recuit menant à la cristallisation de la pérovskite, ceci en trouvant un équilibre

entre conditions de dépôt, température, et atmosphère du recuit. Plus particulièrement, un

additif ajouté au mélange de précurseurs en phase liquide a permis de recuire la pérovskite

à plus haute température sans l’endommager, et ainsi d’augmenter la taille des grains qui la
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Résumé

composent et ainsi améliorer sa capacité à transporter les charges électriques. La qualité des

interfaces de la pérovskite a ensuite été optimisée en sélectionnant des couches de contacts

permettant de passiver les défauts présents en surface et d’extraire sélectivement les porteurs

de charge. De plus, il a été révélé que l’atmosphère du recuit influence fortement la qualité de

ces interfaces. Afin d’améliorer les propriétés optiques de la cellule solaire pérovskite, nous

avons aussi développé une couche de ZnO qui permet de disperser la lumière en amont de la

couche pérovskite et ainsi d’augmenter le nombre de photons absorbés. Nous nous sommes

ensuite concentrés sur les tandems pérovskite/silicium, où nous avons appliqué les leçons

apprises lors du développement des cellules pérovskite à simple jonction. Pour optimiser

la distribution de courant entre les deux sous-cellules de la tandem, nous avons augmenté

l’épaisseur de la couche pérovskite et avons modifié la cellule en silicium pour améliorer sa

résistance aux dégâts introduits lors de la fabrication. Combinés, ces efforts ont permis de

produire une cellule tandem avec une efficacité stabilisée de 27.3% et un courant >20 mA/cm2

grâce à l’utilisation d’un wafer silicium texturés sur ses deux faces. Cette performance est

supérieure au record obtenu avec une cellule silicium (26.7%), mais, comme discuté dans ce

document, il reste cependant du chemin à parcourir avant que la technologie perce industriel-

lement : l’efficacité doit être augmentée >30%, la taille de la cellule augmentée du cm2 actuel

à >200 cm2, la stabilité améliorée pour atteindre >20 ans comme le silicium, et les processus

de fabrication rendus industriellement compatibles. Cette thèse a néanmoins contribué au

développement de cette nouvelle technologie prometteuse en vue d’une société neutre en

carbone.

Mots clés :

photovoltaïque, énergie renouvelable, pérovskite, silicium, multijonction, tandem

absorbeur texturé, couches minces, science des matériaux
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1 Introduction and Literature Review

1.1 Background and Motivations

Before discussing the research done in this thesis work, we will outline the context in which

the work was performed. This context is what drives the decisions to develop the specific

type of solar cell which we use, and further motivates certain restrictions which we place on

ourselves. We want to do work with a realistic chance of having an impact. We cannot know

what type of solar panel will be the key piece of energy production in 30 years, but we can

predict what it is likely to be, and design our work to reach that goal as quickly as possible.

For this, we must first understand the context of the world around us, its energy use, and how

solar fits into this.

1.1.1 Energy on Earth

The world’s energy consumption is ever increasing. As the world population grows, becomes

more urbanized, and increases in quality of life, the demand for energy will increase in parallel.

This isn’t necessarily a bad thing, but it will be as long as energy production continues to be

based on combustion of fossil fuels. Consumption of carbon-based fuels is directly linked to

increasing of global temperatures, and the long-term effects are expected to be disastrous if

this warming is not mitigated [1]. The extent of our society’s reliance on these fossil fuels for

energy can be seen in figure 1.1. Quantified, over 80% of the world’s energy in 2019 came from

coal, oil, or natural gas. The segment for renewables is the most rapidly increasing, having

gone up more than 2.5x from 2010 to 2019, but this remains insignificant next to the fossil fuel

segments, which together remain 15x greater than hydro and renewables [2]. In order to reach

net-zero emissions by 2050 and have a hope of withstanding climate change, the International

Energy Agency estimates that fossil fuels would need to drop to 20% of total production, while

the remaining supply come from a diverse mix of solar, wind, biofuels, nuclear, and others [3].

Among these, the International Energy Agency projects solar photovoltaics (PV) as the single

largest contributor, with over 30,000 TWh (20% global supply in 2050).
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Chapter 1 Introduction and Literature Review

This is a lot of energy, but relatively small compared to the resources available. Total proven

reserves of coal, oil, and natural gas amount to 8.4 million, 2.9 million, and 2.1 million TWh of

expected extractable energy [4]. Ignoring the disastrous ecological consequences of burning

that much carbon based fuel, this is still not enough for even 100 years of energy when

consuming at the 2019 pace. By comparison, the sun irradiates 2.9 million TWh daily onto the

earth’s surface [5]. 24 hours of sunlight on earth’s surface is roughly equivalent to the energy

we could make from all the known oil reserves on earth (244 G tonnes = 2.84 million TWh [4]).

Notably, much of this energy is already put to use. It grows plants, heats the atmosphere, and

causes weather. Regardless, reaching 30,000 TWh per year is extremely feasible in perspective

of the magnitude of the resource. Only 0.003% of solar energy would need to be captured as

electricity to meet this goal.

30,000 TWh is small compared to the total solar energy available, but large compared to our

current capability to collect, convert, and use solar energy. In terms of modules that exist on

the market currently, we would need roughly 100000 km2 of modules (with 20% efficiency and

1500 hours of sunlight per year). Whether or not this is realistic to achieve depends on how

many modules can be produced per year, and what efficiency those modules have. These can

be combined in a single metric as the total production capacity, measured in Watts-peak (Wp,

Watts outputted at standard irradiation conditions). Seen in figure 1.2a, the global annual PV

production is currently around 150 GWp. The current growth rate translates to roughly 50

years to produce the expected 30,000 TWh, even when ignoring the need to replace modules

at the end of their lifetimes. Considering replacement every 30 years on average, we should

target 1 TWp production per year in order to sustain a 30,000 TWh per year generation rate.

Thus the current production of 150 GWp is insufficient, and highlights the main challenge of

PV: How can we produce more Wp per year? For now, the production is steadily rising at an

increasing pace. This is encouraging, but even if the production continues increasing linearly

Figure 1.1 – World energy
use over time, divided by
source. Units are Tonnes of
Oil Equivalent (t.o.e.), and
one t.o.e. is equivalent to
11.63 MWh. In 2019 the
world consumption neared
1.69×105 TWh (14.5 Gt.o.e.).
Data from IEA World Energy
Balances 2021 [2].

2



Background and Motivations

at the rate of the last five years, it will be the 2070’s before we reach a TWp per year production

rate. Increasing production at this pace year after year is a challenge on it’s own, but reaching

2050 net-zero emission goals will demand even faster increases [3]. This is possible, but the

solutions for how to achieve this goal are complicated and require a deeper look at the current

state of the PV industry.

1.1.2 State of the Solar Industry

The global PV industry is a complex network of material extraction, refinement, and produc-

tion. It is already growing at an impressive rate, with cumulative PV installations increasing

at 35% compound annual growth rate from 2010 to 2020 [6]. But to increase this rate and

achieve the production rates necessary to decarbonize world energy, we must look into the

complexities of what drives production and what limits further improvements.

What Limitations Remain to be Broken?

Many of the challenges facing PV uptake are related to how it differs from traditional energy

sources. PV production cannot be turned up and down in the way that combustion-based

systems can be, and thus supply cannot be tailored to follow demand. Similarly, PV is con-

strained to the weather, day/night, and summer/winter cycles. Together, these force PV to

partner with energy storage systems or the grid. Energy storage, such as batteries, increases

the initial capital expenditure (capex) for consumers. Systems can instead be connected to the

extant electricity grid. This allows for buying/selling energy to the grid operator as a form of

storage. This lowers the barrier to entry, but forces reliance on a system built and maintained

by established power companies. This comes without any guarantee that the grid will be able

or willing to continue the partnership, and devalues PV electricity via unequal buy/sell pricing.

Finally, solar on the level of residential or commercial consumers requires high initial capex,

followed by years or decades of near-free electricity production. This is a major contrast to

traditional centralized power plants/grids which are cheap for users to connect to and charge

as electricity is used. This amounts to a meaningful difference in the barrier to entry for PV

relative to traditional energy systems. The consequence of all these consumer-end differences

is that companies selling PV often have to operate at the lowest possible price points in order

to attract customers, which obliges extremely thin profit margins. This puts a hard limit on

the materials and methods available for use in production, and emphasizes cost reduction at

all levels.

Despite all of these challenges and an economic environment hostile to newcomers, PV

installations have steadily increased and prices have similarly gone down. These trends can be

seen in figures 1.2b and 1.3, respectively. Over 700 GWp have been installed cumulatively, and

costs are converging on 1 €/Wp. This corresponds to roughly 700 TWh of yearly production

and 4 €cts/kWh (assuming 1000 hours per year with standard 1000 W/m2 solar intensity and
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Chapter 1 Introduction and Literature Review

Figure 1.2 – Solar production and installation global totals by region. Production is measured in
Watts-peak, which is the Watt rating of each module at standard 1000 W/m2 intensity, summed over all
modules produced. Source: Fraunhofer ISE Photovoltaics report 2021 [6].

a 30 year PV system lifetime). Compared to the 30,000 TWh per year target, this is far short.

But the price already is favorable when compared to the 10-20 $cts/kWh typical end-user

electricity costs (in the US, 2021 [8]).

Accelerating uptake will require even more attractive costs, in order to overcome the barrier

of high initial capex and expand northward the geographical region in which this price is

reasonable. We can break down the price of PV based on source. Costs are contributed either

from the modules themselves, or the "balance of systems" (BOS). This entails the inverter,
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Background and Motivations

installation, mounting fixtures, and manpower necessary to install and connect the modules.

The BOS cost is relatively stable over time, while the module cost has dropped dramatically

over the last 15 years [6] due to improvements in manufacturing and cheapening of raw

materials1. In the current market, the BOS represents a majority of the installation cost, and

neither component has much remaining potential for improvement [6]. The consequence of

this is that the price per installation is unlikely to dramatically change. However, the cost is

not rated by the end price of a system, but rather the price per electricity generated. Thus, the

price can be further lowered regardless of the materials and manufacturing, by increasing the

efficiency of the modules.

Module efficiencies have been consistently increasing, at nearly 0.5% absolute per year, and

currently average about 20.0% [6]. But there is an upper limit set by the fundamental limi-

tations on energy conversion and the material properties of crystalline silicon (c-Si)2. The

maximum theoretical efficiency limit for terrestrial PV with the bandgap of c-Si is 33.3% [10],

but drops to roughly 29% when including other losses such as Auger recombination, depend-

ing on how the calculation is performed [11]. The best c-Si cells made with laboratory-scale

methods have been approaching this limit for years (26.7% from Kaneka) [12], and there is

little room left for improvement. Due to the optical and electronic consequences of connect-

ing and encapsulating cells, module efficiencies are slightly behind. The best being 24.4%

1It is worthwhile to note that the price of raw materials is likely to increase, depending on the morality of those
in charge of supply chain management. This is due to recent revelations that much of the world’s poly-silicon
supply relies on forced labor [9].

2c-Si technologies dominate industry, and are the case considered when discussing the PV industry as a whole
[6].

Figure 1.3 – Global weighted
average price for large PV in-
stallations over time. Price in-
cludes total installation costs
for utility-scale (>1 MWp) sys-
tems. The bars give the 5th and
95th percentile. Graph: Fraun-
hofer ISE Photovoltaics report
2021 [6]. Data: International
Renewable Energy Agency [7].

5



Chapter 1 Introduction and Literature Review

from a 108-cell module (Kaneka) [13]. There are still gains to be made on the module level

as lab technology migrates to larger scale production and eventual deployment, but overall,

commercial c-Si module efficiencies are already too close to their limits to dramatically change.

The change in total GWp production upon increasing module efficiency from 20% to 24%

will be significant on its own, but achieving the goal of 30,000 TWh per year will require that

no improvement be left unexploited. Thus, we look past c-Si alone and onto more advanced

technologies with higher efficiency potentials.

The Role of Multijunction Solar

Higher efficiency modules promise lower $/Wp, reduced space usage, and higher Wp pro-

duction per year. Multijunction cell architectures (also called "tandem") are one of the main

avenues pursued en route to higher commercial module efficiencies. They are based on

combining two absorber materials into one solar cell, which will split the absorption of the

solar spectrum into two pieces. This way each material can better "use" its segment than one

material could ever do for the whole spectrum. Furthermore, this halves the current produced

by the cell and more than doubles the voltage, leading to a higher overall power output and

less need for expensive current-collection elements. A promising route to industrializing this

idea is to pair the already mass-produced c-Si with a second material which is cheap relative

to the c-Si cost. Given utility scale electricity prices in the range of 10 - 20 $cts/kWh (in the US

[8]), a tandem-cell module that gives 28% efficiency would produce enough electricity (over

10 years with 1000h/sun/year) relative to a 23% module to justify a 75 $/m2 production cost

increase. This is industrially feasible given current thin film solar costs in the range of 40 - 50

$/m2 [14]. Thus the strategy of forming multijunction solar cells with c-Si is a realistic path

towards high efficiency and economic PV, provided the existence of a suitable material. It is

then a matter of identifying the correct material, developing its performance, and engineering

large-scale production capability.

Before discussing possible candidates, we first give a better explanation of what makes multi-

junction PV work. The general concept is illustrated in figure 1.4. As the bandgap energy (Eg )

of the absorber material increases, the number of solar photons which it absorbs decreases.

The maximum possible power out is simply the total photons absorbed times the energy of the

resulting electron-hole pairs, illustrated by the dark rectangle. For any material, a significant

part of the energy available is lost either to transmission (below Eg loss) or by relaxation of

high-energy photons down to the Eg (thermalization loss). These losses can be reduced by

simply including more materials which cut into the two loss mechanisms. One material will

absorb the high energy photons and extract a similar voltage from them, while transmitting

the lower energy photons to be absorbed in the second material. Increasing from one to

two junctions improves the maximum theoretical efficiency for any Eg from 30.4% to 42.3%,

and infinite junctions under one sun could theoretically reach 68.2% [15]. There is still a gap

between the ideal case and 100% efficiency cells due to other fundamental losses besides

transmission and thermalization (figure 1.5). These are: emission losses, which reduce the
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Figure 1.4 – Basic principle of multi-junction PV. The curved line shows the total photon flux in the
terrestrial solar spectrum above a given energy, as a function of that energy. A semiconductor of a given
Eg can only use the quantity of photons at or above that energy, and can only use an amount of energy
from those photons equivalent to the Eg . Data from: [17]. Figure from: [18], reprinted with permission
from John Wiley & Sons, Inc.

number of photons/electrons a cell can use due to the natural blackbody radiation of any ma-

terial above 0 K; Boltzmann losses, which come from the entropy of having a larger solid angle

of emission than illumination; and Carnot losses, which are due to the temperature difference

between the solar cell and the sun. While multijunction designs reduce the transmission and

thermalization losses, the other losses increase. Nonetheless, the overall theoretical efficiency

only improves with added junctions [16]. More junctions may give higher theoretical efficien-

cies, but in practice the complexity of combining multiple materials together makes this type

of cell challenging and expensive to produce. Thus, we focus on just adding a second material

before considering >2 junction cases.

Modern research into multijunction solar is split into different areas which pursue different

goals for different applications. There is significant research and production of multijunction

PV based on stacked III-V semiconductors for space and terrestrial concentrator use. This

technology is well developed and shows high efficiencies (38.8% for 1-sun, 5-junction, by

Spectrolab and 47.1% at 143-suns, 6-junctions, by NREL [13]). But due to expensive deposition

procedures and low material abundance, this type of solar cell remains in the range of 50

- 200 $/Wp [19] (recall the 1 €/Wp for rooftop systems in the German market). This blocks

large-scale industrial uptake and III-V cells are mostly limited to special applications where

cost and large area are not a priority, such as powering spacecraft and concentrator PV [20]. In

contrast to this, a tandem based on c-Si could in theory combine the low cost and industrial

scale of c-Si PV with the high efficiency of multijunction PV, provided the matching material

exists. This could be achieved by using c-Si as the "bottom-cell" and another material as

the "top-cell" in the tandem stack. It is expected that the optimal partner for c-Si will be a

7



Chapter 1 Introduction and Literature Review

Figure 1.5 – Fundamental
losses in single junction PV.
Beyond thermalization and
transmission losses, all so-
lar cells lose some current to
emission losses, and some
voltage to Boltzmann and
Carnot losses. Figure from:
[16], reprinted with permis-
sion from John Wiley & Sons,
Inc.

thin-film based technology, due to low material use and therefore potentially low additional

production cost. Among the materials proposed for this role are more III-V materials, hybrid

organic/inorganic lead-halide perovskites, and many chalcogenide materials. III-V top-cells

are well developed and show high efficiencies when paired with c-Si (35.9%, 1-sun, 3-junction,

by NREL/CSEM/EPFL [13], [21]), but again these rely on expensive and industrially impractical

methods such as epitaxial growth and mechanical stacking, keeping cost estimates in the

range of 5 - 10 $/Wp [21].

Notably, thin films based on perovskites have seen a boom in research relative to other top cell

options. This is due to perovskite cells’ low potential material costs, low processing costs, low-

temperature processing, Eg tunability (to ideally match with c-Si), high performance, and ease

of lab-scale research, which together make perovskites both highly suitable for pairing with c-

Si and ideal for rapid lab-scale development. Particularly, monolithic perovskite/c-Si tandems

are of interest. Monolithic structures are advantageous over stacked sub-cells when looking to

industrial use, since the economic viability of a tandem as compared to single junction c-Si

is strongly dependent on the number of additional processing steps [22]. Direct integration

of the two sub-cells into a single device stack with a single electronic circuit minimizes the

total layer count and cuts in half the material and deposition costs for the electronic contacts.

The details of why the material behaves in such a desirable way are discussed in the following

chapter.
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Current State of the Art

Perovskite/silicon multijunction PV is not yet at the point of commercially available modules.

But still the research level results can be compared to that of c-Si to give an idea of the relative

development of the fields. As an example, record cell and module efficiencies for various

technologies are plotted in figure 1.6. Single junction silicon modules are classified by whether

the silicon is single- or multi-crystalline. Single-crystal Si is more efficient, with a record cell

efficiency of 26.7% and module efficiency of 24.4% (79.0 cm2 and 13,177 cm2, by Kaneka, [13]).

Multi-crystalline Si uses a cheaper base material, but its cell and module records are also lower,

at 24.4%3 and 20.4%, respectively (by Hanwha and Jinko, [13]). Perovskites have quickly come

into a similar range with cells, but at impracticably small areas. The current record of 25.5%

was achieved at 0.0954 cm2, and the best efficiency of a cell with over 1 cm2 area is only 21.6%

(by UNIST Ulsan and ANU, [13]).

Reproducibility of perovskites over large area is a known issue for the field, and efficiencies

drop off quickly with device area [23]. Perovskite modules have attained 21.4% over smaller

scales of 26 cm2 [24] and 17.9% with an area still less than 10% of the Si record modules’ areas

(804 cm2 by Panasonic, [13]). Achieving reasonable device stability is also a key factor for per-

ovskite PV. Commercial c-Si modules offer warranties or typically 25 years, often guaranteeing

performance of 80% the original power output after this time. Perovskites are far from this

point, but quantification remains difficult [25]. This is due to the significantly different physi-

cal degradation mechanisms of the two material classes, and standardized "accelerated aging"

tests that are designed to probe those of c-Si. Thus in total, there remains no agreed-upon

testing procedure for perovskite cell or module degradation [25], and reliable reporting on

expected lifetimes is currently complex.

Overall, perovskites alone have been developed enough to surpass multi-crystalline Si and

nearly match mono-crystalline Si in terms of efficiency (figure 1.6). But this is only one metric.

Perovskites remain far behind c-Si in device area and stability. This is understandable for

such a young technology, as high efficiencies are easier used to justify the research costs of

upscaling, rather than the inverse. But still, in order for perovskites to exist on an industrial

scale parallel to c-Si, they will need to improve in these areas4. Each of these subjects receives

meaningful research attention, and is believed solvable, but this remains to be demonstrated

[27], [28]. Confidence in the eventual success of research and development efforts is high

enough for perovskite technology to garner the interest of industry. We already stated that the

record for the highest perovskite module efficiency belongs to a private company (Panasonic).

As monolithic perovskite/c-Si tandems are such an attractive technology, they naturally draw

enthusiasm from industry as well. The highest demonstrated efficiencies for monolithic

perovskite/c-Si tandems already come from private industrial research. This record, from the

3This result used a "directionally solidified" wafer, sometimes called a "cast mono". This is not strictly multi-
crystalline, but is also definitively not a float-zone or Czochralski wafer as is used in mono-crystalline records.

4It is estimated that perovskite/c-Si tandems would need a module efficiency of 28.7% and at maximum 2%
degradation rate per year to achieve economic viability relative to c-Si alone [26]. But this calculation relies on
many assumptions related to degradation rate and production cost, and is therefore not considered a hard limit.
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Figure 1.6 – Cell and module efficiency records for various PV technologies. All data comes from the
NREL efficiency charts: [12], [30]. Monocrystalline Si module records continue to advance, but since
the late 1990’s none have been without IBC or SHJ technology. No perovskite/c-Si modules have been
certified to date.

company Oxford PV, is an efficiency of 29.5% [29], which already surpasses all other single

junction non-concentrator technologies. Again, this is at a cell size of roughly 1 cm2, but it

again shows the potential for efficiencies far beyond what c-Si can do alone. It is also not the

end of the road. The best c-Si cell is 26.7% compared to its theoretical limit of 30.4% [15], while

the best perovskite/c-Si tandem is only 29.5% compared to its theoretical limit of 42.3% [15]. It

is reasonable to expect that, over the course of this technology’s maturation, lab-scale devices

will reach the mid-30’s in efficiency.

Conclusion

The PV industry as a whole is moving fast. It has already reached a point of economic competi-

tiveness with traditional energy sources. But to achieve worldwide net-zero emissions and

avoid catastrophic effects of climate change, the PV industry needs to produce more, faster,

cheaper. This can be achieved by scaling up production of current module technologies, but

the rate can be further increased if the modules themselves are more efficient. This is best

realized by moving beyond single-material solar cells and on to multi-junction technologies.

Various prospects have already been demonstrates, but in their current state are either not

developed enough or too expensive to justify the additional power output. Among these,

the most promising to break these barriers is perovskite thin films integrated monolithically

on top of standard wafer-based c-Si cells. This type of device has already surpassed c-Si in

terms of efficiency, but is still limited by cell area and stability. Research is ongoing into these

efforts, while in parallel the efficiency of lab-scale perovskite/c-Si tandems continues to be

pushed. The record perovskite/c-Si tandem efficiency is still more than 10% absolute below

the theoretical limit, while the more mature c-Si technology has closed the gap to less than 4%.
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Attaining higher efficiencies for perovskite/c-Si tandems is realistic, and will in turn incentivize

research into stability and upscaling, potentially enabling a market entry and increased PV

production.

1.1.3 Objectives of Thesis

The goal of this thesis work was to develop monolithic perovskite/c-Si tandem solar cells. This

was to be achieved through characterization-based understanding of the device limitations

and scientific approach to resolving them.

More specifically, we sought to:

1. Characterize state of the art perovskite top cells to determine and quantify the physical

mechanisms that limit their device performance.

2. Discern the causes of these limitations and understand their sources

3. Prescribe solutions to these limitations based on taking strategies from the literature

and modifying them to our material composition and deposition mechanisms.

4. Develop methods for texturing single junction perovskite solar cells, so as to improve

their optical performance and advance the understanding of perovskite formation on

non-flat surfaces.

5. Combine all lessons learned and apply them in perovskite/c-Si tandem solar cells to

achieve high efficiencies.

1.1.4 Contribution to the Field

This work brought several developments to the field of perovskite/c-Si tandem cell research. In

general, these advancements pertain to perovskites deposited with a hybrid evaporation/spin-

coating method compatible with direct deposition on textured c-Si substrates, which should

facilitate industrial transfer. We first characterized the effects of each step in this method.

The interdependencies of different variables was described and the overlapping effects were

unified by measuring the bulk disorder. This was minimized to obtain an optimal recipe for

thin, flat perovskite layers.

We showed a multifunctional method for material improvement based on a molecular additive

(fluorinated benzene phosphonic acid). This reduced non-radiative charge recombination

and boosted cell voltage. It also improved the perovskite’s robustness to chemical degradation

during annealing, allowing higher temperatures to be used. This brought the benefit of

improved layer morphology and charge extraction, evidenced by lower series resistance and

higher fill-factors (8.5% absolute). This result is in preparation for publication.
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We proposed and demonstrated the use of active-layer texturing for improving cell optics.

Texture was achieved via gas-phase deposition of ZnO thin films. These achieved a natural

texture, and the deposition parameters were tuned to balance absorption and optical scatter-

ing. The hybrid deposition method from flat single junctions was transposed to these textured

substrates. This produced working cells, but multiple problems were found related to the

specifics of the deposition method and how it interacts with textured substrates. Thus we

switched to a solution-based deposition method which was able to cover the pyramids and fill

the valleys effectively. The improved optics of texturing gave 1.0 mA/cm2 of improvement to

short-circuit current. This result is in preparation for publication.

The lessons learned via tuning of the hybrid evaporation/spin-coating method process steps

were applied to top-cells of perovskite/silicon tandem solar cells. This resulted in a 50% thicker

top-cell which satisfied the current-matching condition with a larger bandgap perovskite.

The hole-transport layer was further modified to give a better interface and device voltage,

and the same high-temperature annealing developed on single junctions was applied. All

together, these lessons were combined and resulting devices showed short-circuit current over

20.2 mA/cm2 and a maximum stabilized efficiency of 27.3%, up from 25.1% before this work.
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1.2 Literature Review

1.2.1 Perovskite Background

The name perovskite does not refer to any specific material, but rather to a class of materials

defined by a common crystal structure. This is the structure AB X3, where A is a +1 ion, B is

a +2 ion, and X is a -1 ion (figure 1.7). This does not necessarily give a photoactive material,

and in fact was first described as an inert mineral [31]. Over time, more variations on this

base structure were discovered, and some of them were identified as semiconductors [32].

This eventually led to their application in PV, called perovskite solar cells (PSC), only now in

organic-lead-halide compositions. This refers to the specific compositional space in which

the A site is occupied by various small organic or alkaline ions such as methylammonium

(MA), formamidinium (FA), or Cs. The B site is occupied by a transition metal such as Pb, but

can also sometimes be substituted for Sn. The X site is occupied by halide ions, such as I, Br,

or Cl. For the sake of brevity, "perovskite" will be used to refer exclusively to this sub-class

of materials for the remainder of this work. Importantly, the A, B, and X groups do not need

to be homogeneous. Anywhere from one to three or potentially more types of ion can be

mixed together, from the prototypical MAPbI3 to cation and anion varied compositions such

as (CsFAMA)PbI3 or FAMAPb(IBr)3 [33]–[35]. This flexibility of constituent ions is reflected in

perovskite material properties. By varying the different ion ratios, the bandgap, morphology,

phase stability, defect densities, etc. change as well. This enables perovskites to tailor their

properties to different applications, and optimize for one parameter while holding another

constant.

In general, perovskite research has advanced at an impressive pace. From the first report

of a perovskite-based solar cell in 2009 at 3.8% [37], device efficiencies have topped 25%

already in just the 11 years since [12]. This success was driven by a combination of factors

that are unique to perovskites. The first is the high semiconductor quality of the material,

due largely to their defect tolerance. In general, the energy levels of many crystallographic

defects of perovskites are not within the bandgap [38]. Thus, they can tolerate the rather

Figure 1.7 – Diagram of perovskite
unit cell and crystal structure. The
unit cell (left) and a conventionally
stylized crystal structure (right) of
the perovskite ABX3 structure. Hy-
brid organic-inorganic lead halide
perovskites, as used in this thesis,
use a typically organic monovalent
cation in the A-site, a divalent metal
cation in the B-site, and a mono-
valent halide anion in the X-site.
Reprinted from [36], with permission
from Elsevier.
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high defect concentrations that come with low processing temperatures and facile solution-

based deposition methods, without experiencing severe recombination and performance

reduction. This leads to impressive material properties and device performance for perovskites,

despite low-tech fabrication methods which many labs can implement. Next, the tunability

of perovskites (discussed above) is an important part of their success. Perovskites’ versatility

allows them to be applied in many ways. This has led to a diverse research field covering

many types of PV architectures [39], lasers [40], LEDs [41], memory devices [42], [43], and

more [44], [45]. Finally, the high performance and diverse applications of perovskites combine

with potentially low material and productions costs to form a subject primed for rapid lab-

driven progress. Most perovskite materials use mainly earth-abundant elements such as

lead, iodide, and bromide, along with simple organics (MA, FA). Likewise, useful perovskites

can be deposited with from simple, low-temperature, solution-based methods such as spin

coating. Normally this type of deposition results in a high defect density and performance

too poor for use in semiconductor research, which is why III-V semiconductor research uses

high-temperature and expensive epitaxial growth [20].

Most importantly to this thesis work, perovskites were identified early on as a potential partner

with c-Si to form multi-junction cells. Aside from the reasons discussed above that made

perovskites alone an attractive research topic, there are additional aspects of perovskites

that particularly suit them to the role of top-cells in multijunction configurations. Notably,

they have a Eg tunable within the range relevant for pairing with c-Si [33], [46], [47] and low

absorption below the Eg [48]. The different tandem structures and the constraints that they

each apply to the materials used are detailed in section 1.2.3. For now, these constraints

are much more easily satisfied if one material has a tunable Eg . This grants an additional

degree of freedom in the cell design, allowing for more flexibility to pair perovskite top-cells

with different bottom-cell materials. Whether it is c-Si or something else, such as another

lower-Eg perovskite or copper-indium-gallium-selenide (Cu(InGa)Se2, or CIGS), perovskites

can be made to have the ideal Eg , and thus are an attractive partner. Beyond that, the sharp

absorption edge of perovskites combined with the low sub-Eg absorption, means that nearly

all of the light that is not used by the perovskite can be transmitted to the bottom-cell. Overall,

the high-potential application of perovskites as top-cell in a tandem configuration is an

important part of why this material has received so much research attention.

1.2.2 Stages of PSC Development

Initial work with perovskite PV was more of a transition than a starting point. PV based on

sensitizing organic dye molecules had been researched since the 1990’s, but had remained

stagnant for more than a decade [12]. These cells relied on a mesoporous metal oxide layer

that allowed for a high surface-area contact between the dye molecules (sensitizing the meso-

porous surface) and the liquid electrolyte [49]. Initially perovskites were used as a direct

replacement of these dye molecules [37]. But soon after, it was discovered that the perovskite

structure had sufficient capability for bulk charge transfer, and thus didn’t require the meso-
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porous framework of organic dye-sensitized cells [50]. Further, new production methods were

developed, such as the anti-solvent method, which allowed for facile and quick formation

of high-quality materials [51], [52]. This allowed perovskites to depart from the structures,

materials, and methods it inherited from its predecessor, and be treated as a thin film material

and class of solar cells all its own. The following is an segmented history of different strategies

and sub-topics that were prominent before and during my thesis work, and their current

status. There is significant temporal overlap between certain sections, and thus the develop-

ments achieved in each section are not fully independent, as methods and cell structures were

shared.

We will quantify the success of the presented methods using the voltage loss of the material

(WOC ). This refers to the difference between the Eg and the open-circuit voltage (VOC ) of the

cell (WOC = Eg /q −VOC ), and can be used to compare the passivation quality of materials

with different Eg . In some cases, the WOC which we report is different from that claimed in

the literature. This comes from differences in how the Eg is determined from measurement.

For this analysis, we used the method recommended by Krückemeier et al. [53], which takes

the energy at which the external quantum efficiency (EQE) curve has its maximum inflection

point. This measurement is reported for all cited cases, and is thus used to standardize WOC

calculation. For example, at the beginning of this thesis, our lab was using a 1.64 eV perovskite

and achieving VOC values in the range of 1.00 - 1.05 V. Thus our minimum WOC was 0.59 V. For

comparison, the best III-V cells have WOC in the range of 0.3 - 0.4 V, and champion c-Si cells

reach 0.36 V of WOC [13]. Thus, perovskite cells are comparatively underdeveloped, but this

gap has shrunk over time as more research has been done. A comparison of WOC values for

perovskites achieved using different strategies is shown in figure 1.12. Each of these strategies

is discussed in the following sub-sections.

Compositional and Structural Optimization

The earliest strategy to gain prominence in perovskite research was compositional optimiza-

tion. This refers to the compositional space described above, in which primarily the A and X

site ions are varied between different species [33]. Early reports of perovskite materials used

in photovoltaics often used compositions with one ion species per site, such as MAPbI3 or

MAPbBr3 [37]. However, it was quickly discovered that these could be mixed, in that the A, B,

or X site would be occupied by a mix of viable ions [46], [54]. The viability of different ions is

determined by a tolerance factor defined by Goldschmidt which relies on the ionic radii of each

species [31]. Examples of tolerance factor values for common A-site ions is shown in figure

1.8. The effect of varying the A- and X-site ions between MA/FA and I/Br on the perovskite

layer color is shown in figure 1.9. These colors come about from changes in Eg . It was found

that the same Eg could be achieved with different compositions, and therefore different levels

of material quality, performance, and stability. The best WOC values demonstrated from this

method were in the range of 0.44 - 0.52 V [55]–[57] (figure 1.12).
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Relevant to this thesis is the instability of perovskites based primarily on the MA cation,

particularly thermal stability above the realistic operating temperature of 80°C [59]. This was

solved by replacing MA with an alloy of FA and Cs [54], [60], [61]. The alloying of two cations

was important for the stabilization of the photoactive α phase of FAPbI3, which is normally

unstable at room temperature [54]. This resulted in improved heat/moisture stability, and was

used as the standard cation makeup for the entirety of this thesis work. As the compositional

space for varying both the A and X sites between three options is quite large, this was the

subject of many publications, and a significant part of the previous theses in our lab [62], [63].

Throughout this process, other aspects of PSC performance other than just efficiency emerged

as research priorities. The first is the effect of the overall chemical balance of the perovskite

material. During the process of compositional optimization, it was discovered that a small

molar excess of PbI2 in the bulk material was advantageous to PSC efficiency [64], [65]. This

came with side-effects, though, as PbI2-rich samples experienced faster degradation and lower

JV stability in general [66], with unreacted PbI2 eventually being identified as both a product

and cause of material degradation [59], [67]. Still, a certain amount of PbI2 excess (roughly

5-10%) became standard in the field. This was a relevant parameter to this thesis, and the

balance of PbI2 to the other perovskite components is discussed throughout chapter 2.

The second notable discovery was that of halide segregation. It was found during charac-

terization of mixed-halide perovskite films that the observed Eg was often unstable during

photoluminescence (PL) measurement [68] (figure 1.10). Particularly, the halide ions and their

vacancy states were shown to be mobile within the crystal lattice, with very low activation

energies which were easily obtained under operating conditions [69]. The mobility of these

ions led them to reshuffle within the layer, and arrange themselves into distinct regions rich

Figure 1.8 – Tolerance factors of various
A-site ions in an APbI3 perovskite struc-
ture. The tolerance factor as established
by Goldschmidt [31] can be used to de-
termine if an A-site ion will form a cu-
bic structure within ABX3, according to
that ion’s radius and the fixed radii of the
other two species. Values between 0.8
and 1 are considered feasible, and val-
ues outside of this range mean the ions
are either too small or too large. This
case shows calculations for A-site ions
in APbI3. These thresholds can be bent
by the mixing of differently sized ions
within each site. Other popular "large"
ammonium cations include butylammo-
nium and phenethylammonium. Fig-
ure from [58], reprinted with permission
from AAAS.
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Figure 1.9 – Image of perovskite cells made with
varied A- and X-site ions. Perovskite layers were
made with a matrix of ion mixes spanning MA to
FA and I to Br. The molar ratios of the A- and X-site
species are spaced linearly between pure MAPbI3

in the bottom left, to pure FAPbBr3 in the top left.
Figure from [33], reprinted with permission from
the Royal Society of Chemistry.

in one halide species over the other [69]. This therefore gave regions within the perovskite

with different Eg values. The activation of this process was tied to the concentration of excited

charge carriers [70]. This could be supplied by illumination or electrical bias, meaning that

the measurement technique itself often influenced the material behavior [70]. For example,

simply illuminating the perovskite at open-circuit conditions induces a higher carrier concen-

tration than is present during operation, accelerating the segregation. In any case, having this

ionic mobility and the segregation that came with it was shown to be detrimental to device

performance [71]–[73]. Furthermore, mobile charges within the layer could accumulate at

different interfaces, leading to localized doping and unusual electronic performance including

incorrect efficiency measurements [74]–[76], and be pushed into adjacent layers where they

reduce performance [77].

Over time, the effects of ion migration within mixed-halide perovskites were further distin-

guished based on the physical mechanisms at play. Notable effects that were eventually linked

to ion migration include the hysteresis in JV measurements depending on measurement

conditions, Eg instability, non-diode behavior under reverse bias, and eventual long-term

irreversible degradation [74], [75], [77]. Numerous characterization techniques were applied

to untangle these effects, explain their causes, and discover solutions. Prevailing theories

were based on the idea that polaronic effects and vacancy defects drove migration due to

lattice strain, and that these were created naturally due to gradients in excitation or bias [69],

[70], [78]. It followed that the migration could be arrested by passivating these defects. Many

methods were proposed and realized, such as: simple compositional tuning within the estab-

lished space (balancing I, Br, and Cl [55], using CsFA without MA at the A-site [61]); expanding

the compositional space with small alkaline ions (using Rb [79] or K [80], [81]); passivation

with exposure to O2 versus N2 [82]; charge-blocking to reduce the potential drop across the
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perovskite [83]; and interfacial passivation [84]. Over the same time period, other theories

were proposed and later disproved with new evidence. Notably, the idea that segregation

into low-Eg regions pinned the device voltage based on this reduced charge separation [71],

[72]. This theory was wide-spread, and various teams attributed high or record efficiencies to

stopping halide segregation [85], [86]. However, these gains were more likely due to various

treatments’ reduction of defect states, which reduced trap-assisted recombination and ion

mobility together. Eventually this theory was dropped, as the problem of halide segregation

was revealed to be less significant to device voltage than trap-assisted recombination losses

[87].

In parallel with the work done on compositional optimization was research into structural

optimization of perovskite layers. Primarily, the focus of this channel of research was to

use ammonium-based cations with a size too large to fit into the normal perovskite lattice

(according to a tolerance factor outlined by Goldschmidt [31], and shown in figure 1.8). The

idea behind these cations was that they were too big to fit into the lattice, and thus would sit

at the surface of perovskite crystal grains, where the ammonium moiety would terminate the

crystal lattice in a way that did not leave dangling bonds or vacancies, nor allow for a next

layer of crystal growth [72]. With optimized deposition conditions, they could be made to

form 2D sheets of perovskite, with parallel faces terminated with the large cations. These

perovskites showed increased environmental stability and had larger Eg than standard 3D

perovskites with the same A, B, and X mixtures. In cells, these cations were either intermixed

throughout the bulk 3D material to terminate surfaces, post-deposited on top to form a thin

2D layer on top of the main 3D absorber, or used so that the entire absorber layer was made of

stacked 2D perovskite layers. The results showed improvements to performance [24], [88]–[94],

Figure 1.10 – Characterization of PL emission instability due to halide migration. PL was measured
with a 457 nm source at 10-100 mW/cm2, with samples at 300 K. The perovskite was MAPb(BrX I1−X )3.
(a) shows the PL evolution of a single X = 0.4 film illuminated over 45 seconds, with 5 second intervals.
The peak starts at about 1.85 eV and quickly evolves to a much larger peak around 1.65 eV. The inset
shows a fit used to extract the process activation energy of 0.27±0.06 eV. (b) shows a single PL peak,
normalized, for multiple compositions denoted by their X value. While the pure iodide and bromide
phases remain stable, all the mixed compositions settle to a similar Eg value near 1.7 eV. (c) shows a
single X = 0.6 film over four cycles of 2 minutes illumination followed by five minutes of relaxation
in the dark. The sample is observed to return to its initial state, before again following the evolution
shown in (a), when again illuminated. Figure from [68], used with permission from the Royal Society of
Chemistry.
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environmental stability [24], [88], [92]–[94], Eg segregation [89], [94], passivation [24], [90], [95],

and halide contamination of adjacent layers [91]. These strategies were popular, and we briefly

pursued this route as well. The results are shown in section B.2. For layered 2D/3D perovskites,

the high Eg of the 2D materials functioned as an electron-blocking layer [92], [93]. This made

it ideal on top of the bulk perovskite in cells with n-i-p polarity, as it would aid in selectivity

of holes. Some groups used the same concept in p-i-n cells, with the electron-blocking 2D

perovskite in between the bulk absorber and the electron extraction layer, and claimed that

it did not harm extraction [91], [95]. Other research groups achieved the p-i-n polarity via

intermixing the large cations with the main perovskite in a single solution deposition [96], [97].

Still, groups that are not constrained in such ways continued with this strategy. This has led to

multiple results at the forefront of the efficiency race [96]–[101], and WOC values as low as 0.33

V [98].

Chemical Passivation

During the time of my thesis work, a new strategy emerged for making higher-quality per-

ovskites. From the research on compositional optimization, which sought to create a naturally

defect-free perovskite crystals via incorporation of alkaline elements or ammonium-based

lattice termination, researchers instead chose to use additives in the perovskite to chemically

passivate defective states that were treated as inevitable. This followed from early investi-

gations that while K-doping did modify the crystal lattice up to about 10% molar relative to

Pb [80]. But going far beyond this (up to 40% molar relative to Pb) yielded extremely well

passivated materials [81], achieving a photoluminescence quantum yield of 66% and a WOC of

0.43 V (the photoconductance dropped at these high doping rates, leaving an optimum at 10%).

Thus it was inferred that the role of the K ions was not only to enter the crystal and improve its

quality, but to actively passivate via ionic bonding to the inevitable defective states. Expanding

on this, research groups sought out ions or molecules to add to their perovskite based on

their ability to chemically bond to the expected detrimental defect states without negative

side effects. Research was particularly focused on perovskite surfaces and interfaces. After

the early research on the chemical composition, bulk defects and disorder were considered

minor problems [38], and multiple groups identified that the surfaces and interfaces were the

primary loss sources [36], [84], [102]–[104].

Sorting through the crowd of passivation approaches, certain groups can be defined based on

the chemical nature of the passivation agent. Additives and treatments were considered either

a Lewis acid or a Lewis base, depending on their electron-accepting or electron-donating

nature, respectively [105]. These are each useful for a different type of defect, as illustrated

in figure 1.11. The theory uniting all of these is that in an ionic material like perovskites,

all crystalline imperfections will have a charge associated with them [103]. Thus one must

choose a treatment option which matches to the dominant defect type, and the material can

be passivated as such [106]. Of course, it is not truly so simple. Determining the dominant

defect type can be difficult, and likely there is more than one type of imperfection in the crystal.
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Though, as discussed above, many groups use an intentional excess of PbI2 in their perovskite.

In this case of excess PbI2 there would be an expected dominance of iodide lattice termination

(fixed negative charge), which would lend itself to passivation with positively-charged chemical

moieties (such as K+ or Lewis acids) [81]. Alternatively, the known evaporation of MA, FA,

and I2, at elevated temperatures [59], [107] would likely leave a Pb terminated surface (fixed

positive charge), which would then lend itself to passivation with negatively-charges chemical

moieties (such as Cl− or Lewis bases) [108]. Furthermore, extensive characterization across

the research field has led to the general conclusion that crystal grain surfaces were the primary

locations for defects, and that the interfacial electronic states formed between these defective

surfaces and the adjacent materials were the dominant loss pathway for most perovskite

systems [103], [109], [110]. This allowed for more specific tailoring of passivation mechanisms,

in that they could be targeted to these interfaces. This was accomplished either by depositing

the passivating agent onto an already-complete perovskite layer, or by choosing a molecule

sufficiently large as to not enter the lattice and rather sit on grain surfaces (as the large

ammonium cations of the previous section did).

Examples of these methods include oxygen-based methods for binding Pb and I defects [118],

[121]–[124]; inorganic Pb-salts5 [112]–[114]; a few Lewis acids [119], [125]; and many Lewis

bases [106], [115], [116], [126]–[128]. In terms of WOC , the best of the oxygen based methods

reached 0.69 V for an inorganic perovskite [121] and 0.47 V for a hybrid organic/inorganic

perovskite [118], the Pb-salts achieved 0.34 V [114], Lewis acids reached 0.48 V [119], and Lewis

5Such as PbSO4, PbSCN, or PbCH3CO2

Figure 1.11 – Various defect types and methods for their passivation in perovskite materials. Per-
ovskite surfaces can experience numerous types of defective states, many of which are detrimental
to performance. Some are inevitable undercoordinated ions at lattice terminations, while others are
due to vacancies or interstatials. In any case, the defect chemistry can be matched to a passivation
mechanism, which are similarly numerous. Figure from [105], used with permission from the Royal
Society of Chemistry.
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base strategies got down to 0.37 V at best [106]. So, these methods already are bringing WOC

values of PSC down to the range of champion III-V and c-Si cells. Though all of the best values

cited here came from perovskites with Eg ≤ 1.60 eV, below the 1.65 - 1.70 eV range which is

ideal for perovskite/c-Si tandems [47]. Finally, other unique methods that do not fit into any

of these categories were also successful. These include simple I/Br/Cl tuning (WOC = 0.44 V,

[55]), using a self-assembled monolayer (SAM) contact material for an ideal bottom interface

(WOC = 0.44 V, [56]), and depositing an inert polymer above and below the perovskite (WOC

= 0.40 V, [117]). The comparison of these methods versus others is illustrated in figure 1.12.

Multiple strategies produce WOC below 0.40 V, but no one strategy dominates. In practice

WOC increases with Eg , meaning tandem-relevant materials are currently lower performing.

Overall, chemical passivation of perovskites is an extremely diverse field, with multiple valid

strategies, materials, and methods. There is no collective agreement on what the best strategy

is, work continues on multiple paths. Still, this method was effective for our research, of which

the results are discussed in section 2.4.

Figure 1.12 – VOC values versus Eg for perovskite cells from literature. Multiple passivation strategies
attain WOC ≤ 0.40 V, but not in the 1.65 - 1.7 eV Eg range that is relevant for perovskite/c-Si top-cells.
VOC values are the highest reported in each case, and Eg values are extracted from each publication
individually. We used the point of maximum inflection in the reported EQE curve, according to the
recommendation of [53]. The PV-Lab cells represent the champion PSC at the start and end of this
thesis work. The "composition tuning" data comes from: [55]–[57], [81], [111]. The "large ammonium
ions" data comes from: [94], [96]–[98], [100], [101]. The "Pb salts" data comes from: [112]–[114]. The
"Lewis base molecules" data comes from: [106], [115], [116]. The "other" data contains multiple
methods with only a single demonstration, and comes from: [99], [117]–[120].
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Textured Absorbers

The material development and passivation efforts discussed so far succeeded in creating

high-quality and well-passivated perovskite crystals, but this alone is not enough to make the

highest-possible efficiency devices. The device stack as a whole must be designed with the

goal of transferring the maximum amount of light into the perovskite layer. A cell’s extracted

current (J ) depends on the material quality of the perovskite and the adjacent charge transport

layers (CTLs), but is limited overall to the total photogenerated current (Jph) of the cell. From

the total AM1.5G spectrum that is incident on a given solar cell, some of it is reflected off

the front surface, some is parasitically absorbed by the layers in front of the main absorber

(perovskite in our case), and the remaining light which arrives at the absorber layer is then

either absorbed (Jph), reflected, or transmitted. Maximizing the Jph therefore depends on the

full device, and is not just about making a better perovskite.

As with any thin film based technology, the optics of a PSC is typically reduced to a 1-D

problem consisting of parallel layers with varied thickness and refractive indices. Optimizing

this for maximal absorption in a PSC is tricky however. For starters, the materials and layer

thicknesses of the perovskite and CTLs are generally fixed to be what is optimal for charge

transport and extraction. CTLs that are too thick will be resistive and too thin will risk pinholes.

The perovskite should always be thicker for better absorption, but thicknesses greater than

the average charge diffusion length will cause not all carriers to be collected. For example, the

optical properties of perovskites can give absorption coefficients in the range of 104−105 cm−1

[48], corresponding to needing roughly 1 - 3µm layer thickness to achieve 95% absorption.

Perovskite diffusion lengths have been measured in the range of 0.5 - 1µm using time-resolved

photoluminescence [129] and steady-state photocarrier grating [130], but also values up

to 12µm using a unique back-contacted selective contacts method [131] and 19µm using

solution-grown single crystals of perovskite [132]. Despite these reports of diffusion lengths

well above the threshold for complete absorption, nearly all record-setting PSC use layer

thicknesses below 1µm [57], [85], [98], [106], [111], [133]. This may be because realistic

diffusion lengths are closer to the commonly measured values of 0.5 - 1µm [129], [130], or

because labs find that thinner layers are easier to manufacture at high quality.

Surface texturing appears as a fitting solution to increase absorption in thin layers. This would

cause light to scatter within the absorber, reflect multiple times off the textured interface,

increase optical path length in the absorbing layer, and increase Jph . It is known that for the

case of perovskites on c-Si (in tandem configuration), surface texturing reduces the front-side

reflection losses by 90%, and overall increases the absorbed current density by 1.7 mA/cm2

[134]. In both tandem and single junction PSC cases, textured designs improve the angular

response of the cell, which reduces the need for mechanical tracking systems in PV installations

[135]–[137]. Thus texturing can have many benefits for both single junction and tandem cells.

Transitioning from flat to textured architectures has helped improve optical performance in

technologies similar to PSC, such as thin film Si [138]–[140]. And beyond thin films, surface

texturing is used to increase absorption and reduce material consumption [141]. Various
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methods have already been used to introduce textured interfaces to single junction perovskite

cells, with varied success [137], [142]–[146]. These methods relied on etching of the glass

substrate [137], an underlying textured polymer layer [142], [143], imparting texture on charge

transport layers [144], [145], or an FTO substrate with intrinsic roughness [146]. All of these

methods have their advantages, but they also have their flaws. We worked towards developing

a better solution, which is the subject of chapter 3.

1.2.3 Tandem Research

Alongside single-junction development of PSC, much effort has been put towards realizing

their potential as top-cells in tandem configurations. The basis of multijunction PV was

discussed in the section 1.1.2, but perovskite/c-Si tandems are of particular interest, and make

up a significant portion of this thesis work. Perovskites, as discussed above, are cheap, easily

produced, and high-performing. On top of that, the range in which their Eg can be tuned

overlaps entirely with the 1.6-1.8 eV range that is ideal for a top-cell on c-Si [47]. Thus, much

research has been done towards adapting perovskite technology to work as top-cells.

The first major distinction to be made for perovskite/c-Si tandem designs is the cell archi-

tecture. Tandem cells can be made in four-terminal (4T) or two-terminal (2T, or monolithic)

configurations (figure 1.13). 4T implies that the two sub-cells are each independently con-

nected to a load resistance, and are electrically independent from eachother. 2T implies

that the subcells are deposited directly onto one another (monolithic), and are electrically

connected in series. The consequences of each design make them better suited to different

situations, but both have similarly high efficiency potentials [47], [147]. Directly compared,

the advantages of 4T structures are related to simplicity. Each sub-cell can be independently

manufactured and later combined, releasing each cell from the manufacturing constraints

of the other. They do not need to be electrically or optically matched to eachother. They

can operate independently and one is not affected by the performance of the other. The

advantages of 2T structures are related to feasibility. Monolithic integration reduces the cost

and optical losses of the tandem stack relative to 4T, due to the removal of the top-cell rear

and bottom-cell front electric contacts (figure 1.13). These contacts, which are generally a

full-area transparent conductive oxide (TCO) with Ag fingers and busbars for current collec-

tion, cause optical losses due to parasitic absorption and shadowing, along with the added

cost of low-abundance elements (such as In in the TCO [148]). Separate from the cell design,

the additional processing steps of adding perovskite top-cell production onto an active c-Si

line relative to building a novel perovskite top-cell line along with a separate line for sub-cell

unification makes the 2T structure more economically appealing [22]. Finally, 2T architectures

can allow the top-cell to benefit optically from the surface texturing of the c-Si [134], [149].

This is contingent on the perovskite being conformally coated on the c-Si surface, which is a

development already realized in our lab [62]. Overall, the similar potential performance of 2T

versus 4T and the economic advantage of 2T, makes 2T architectures the more realistic option

for eventual industrial production, and a focus of recent literature.
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Figure 1.13 – Different perovskite/c-Si tan-
dem architectures and their optical losses.
Perovskite/c-Si tandem cells can be made in
monolithic 2T or stacked 4T configurations.
In the 2T configuration, the front surface of
the c-Si bottom-cell can either be textured or
not, giving significantly different front reflec-
tive losses. The 4T case loses optically due to
the additional TCO layers and likely shadow-
ing losses from metal fingers used to collect
current between the sub-cells. Reprinted with
permission from [134]. Copyright 2019 Ameri-
can Chemical Society.

There are disadvantages of the 2T structure, however. These come from the consequences of

monolithic fabrication and serial electrical connection. For the fabrication, the perovskite de-

position is constrained to the processing limitations of the bottom-cell. Early 2T perovskite/c-

Si tandem reports used bottom-cells based on a diffused Al back surface field (Al-BSF) [150].

These were compatible with the high-temperature PSC processing (sintering of TiO2 electron

transport layer (ETL) at 500°C), but did not perform as well as other c-Si technologies. Specifi-

cally, bottom-cell performance was improved when the top-cell processing was modified to

use lower temperatures and silicon heterojunction cells (SHJ) could be used instead [151].

This gain is shown between the first two cases in figure 1.16. SHJ are likely the ideal c-Si cell

technology for tandem applications [152], and nearly all recent publications have used SHJ

as bottom-cells6 [111], [127], [149], [154]–[156]. For SHJ, the whole top-cell production must

remain under 220°C7, and either accommodate the c-Si texture [127], [149], [155], [159] or

mechanically polish the front texture [111], [154], [160].

The production constraints of SHJ have been met in various ways. For our lab, the previous

two theses [62], [63] developed of low-temperature CTLs, a hybrid deposition system for

the perovskite layer, and vapor-phase deposition of all other layers; together enabling full

6Although we acknowledge that high-efficiency results have also been achieved with other bottom-cell tech-
nologies [153].

7Above 220°C, hydrogen and dopants from the passivation and extraction layers can diffuse into the bulk,
degrading the quality of both [157], [158].
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compatibility with SHJ. The details of the hybrid perovskite deposition method and why it is

compatible with SHJ bottom-cells are given in the following chapter (section 2.2). Outside of

our lab, other methods have been used to join PSC with SHJ effectively. One group succeeded

in evaporating the full perovskite layer [159]. Some use SHJ with sufficiently small pyramids

on the front, so that standard solution-processing techniques can be used for perovskite

deposition [127], [155], [156], [161]. Larger and more optically effective front-surface textures

on the bottom-cell do not generally allow for solution-processing techniques [149]. Others

use SHJ with a polished front side, so that the same perovskite deposition parameters can be

used in the tandems as is optimized on single junction PSC [111], [154], [160]. But regardless

of the perovskite quality on these surfaces, the fully textured design is optically superior due

to the near 10-fold reduction in front reflection losses (figure 1.13, and [134]). Each of these

cases is optically compared in figure 1.13, and the improvement in demonstrated monolithic

tandem EQE can be seen between the final two cases in figure 1.16.

The second challenge of 2T construction is that of the series electrical connection. This

requires development of a recombination junction between the sub-cells for the electrons of

one sub-cell to recombine with the holes of the other, and imparts the constraint of current-

matching. For the recombination junction, we can again thank the work done by previous

students of our lab, who demonstrated an efficient and optically-ideal nanocrystalline-silicon

bilayer [62], [162]. The current-matching requirement comes from the fact that for two sub-

cells in series, the total stack can only pass as much current as the least-productive sub-cell.

This puts fixtures on the top-cell design, as the perovskite bandgap and thickness must absorb

and transmit equal amounts. The optimal solution for this changes depending on the optics

of the bottom-cell, recombination junction, and front TCO, as well as the overall performance

of the individual sub-cells [152]. Thus the tuning and optimization of this condition is a

problem to be solved experimentally, and will be discussed in section 4.2. As a final note, the

current-matching condition complicates the simulated energy yield due to daily spectral shifts.

4T tandems do not suffer from these shifts, but the simulated loss due to current-matching is

only 1.7% relative performance ratio or 0.5% absolute efficiency [147].

Once the perovskite is deposited directly on the c-Si bottom-cell, certain aspects of the top-cell

design become more significant. Notably, the polarity of the tandem matters for cell optics.

In the early days of perovskite research, all cells were fabricated in the n-i-p configuration

(shown in figure 1.14). Due to the history of n-i-p devices in early PSC, development on p-i-n

PSC typically refers to them as "inverted" (though modern PSC are flexible [163]). The n-i-p

structure was used in early demonstrations of 4T tandems [150], [164], but this did not translate

well to 2T designs (first two cases in figure 1.16). The issue was that single junction n-i-p PSC

were illuminated in substrate (through the glass), but then would need to be illuminated in

superstrate for monolithic tandems. This meant the light would have to pass through the p-

type hole transporting layer (HTL). At the time this was typically a doped Spiro-OMeTAD layer,

which imparted significant parasitic absorption in the blue and UV parts of the spectrum. For

4T tandems, the top-cell can simply be mechanically flipped, but for 2T tandems the top-cell

polarity would need to be flipped. This was achieved via developments to CTL materials and
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deposition methods [160], [163], [165], and the resulting improvement to the tandem optics is

shown in figure 1.16 between the two middle cases. The optical improvement passed more

light to the top-cell, and has remained this way in nearly all monolithic tandem publications

since the start of this thesis.

These advancements to cell design and manufacturing capability, together with the per-

ovskite material improvements discussed in the previous section, have enabled monolithic

perovskite/c-Si tandems to climb in efficiency over the years. The progress of the overall field

is shown in figure 1.15. As the field advances, more attention is applied to upscaling and novel

deposition methods. These are necessary steps for transferring the technology to industry, but

naturally lag behind the lab-scale champion devices. Still, the best tandems are > 10% absolute

below their theoretical maximum [15]. So what still needs to happen to take perovskite/c-Si

tandem efficiencies to their realistic limits? c-Si cells benefit from decades of research. There

is still room to grow, but less so than for top-cells. On the perovskite side, advancement of

record perovskite single junction efficiencies in the last few years has mostly come from fill-

factor (F F ) and VOC improvement, along with smaller improvements to short-circuit current

(JSC ) (detailed in [166]). This is a similar situation for tandem top-cells, where composition

engineering, chemical passivation, and improved charge selective layer interfaces has led to

VOC values over 1.9 V in tandems on SHJ, but still with tandem F F below 80% [111]. There is

some room for improvement to VOC [104], but less so than for F F . Optical improvements and

conformal coating of perovskite top-cells on c-Si pyramids have allowed for near-optimal JSC

values as well [149], [160], [167]. Thus, F F improvement remains the main route to higher

tandem efficiencies. This is a complex problem, given that the F F depends on a multitude of

factors. From the literature, the recommended paths are optimizing charge selective transport

out of the perovskite layer [168] and reduction of current lost to recombination [166].
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Figure 1.14 – Cell architectures with opposite polarities for PSC. PSC can be fabricated in ei-
ther orientation, and with light incoming from either side. FTO stands for fluorinated tin ox-
ide, ITO for indium tin oxide, Spiro-OMeTAD is 2,2’,7,7’-tetrakis-9,9’-spirobifluorene, TaTm is
N4,N4,N4",N4"-tetra([1,1’-biphenyl]-4-yl)-[1,1’:4’,1"-terphenyl]-4,4"-diamine, PTAA is poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine], PEDOT:PSS is poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate, c- and mp-TiO2 stand for compact and mesoporous titanium dioxide, PCBM is [6,6]-phenyl-
C61-butyric acid methyl ester, C60 is fullerene "Buckyballs", BCP is bathocuproin, Spiro-TTB is 2,2’,7,7’-
tetra(N,N-di-p-tolyl)amino-9,9-spirobifluorene, and SAM can be 2PACz, MeO-2PACZ, or Me-4PACz.
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For the first goal, it is proposed to either use highly doped materials for extreme charge

mobility values, or extremely thin molecular monolayers with high selectivity. In both cases,

the interface should be lossless. Such thin monolayer materials already exist for the HTL (self-

assembled monolayers, or SAM, [56]), but have not yet been demonstrated for the ETL. For

the option of highly doped CTL layers with high mobility, industrial compatibility is unlikely

due to the high cost of the materials. Despite successful demonstrations of such layers [163],

[168], [169], these required layer thicknesses of tens of nanometers. Accurate cost calculations

are imprecise due to not knowing the density of the evaporated layers, but estimates based

on the lattice spacing are possible. For C60 (a common ETL) with a lattice of 14.15 Å [170] and

price of 500 CHF/g, each m2 of deposition would be 0.403 CHF/nm; and for TaTm (a common

HTL) with a lattice of 15.22 Å [171] and price of 750 CHF/g, each m2 of deposition would be

1.686 CHF/nm. 50 nm of both would then contribute just over 100 CHF/m2 in production

costs. Given the additional cost justifiable by the efficiency gains of perovskite/c-Si tandems

over single junction c-Si (roughly 75 $/m2, section 1.1.2), this is not feasible. This is compared

to realistic current production costs of thin film solar which is in the range of 40 - 50 $/m2 [14].

For the second goal; the non-radiative recombination rates in the perovskite, on its surfaces,

and at its interfaces should be reduced to near zero. This way all charges will be able to be

extracted before recombining, even in the near flat-band conditions of the operating voltage.

In practical terms, the realistic limit for PSC can be taken from the example of III-V solar

cells. Like perovskites, III-V materials such as GaAs have a direct Eg transition and therefore

experience similar radiative loss processes. The best GaAs cell has a WOC of 0.31 V [13].

Perovskite cells have gotten below 0.4 V of WOC [98], [106], [114], [116], but these were not for

materials with tandem-ideal Eg values. This is illustrated in figure 1.12, where perovskites in

the 1.65 - 1.70 eV range lag behind in demonstrated WOC . These two goals, when realized, will

enable high performance perovskite single junction and top-cells in tandems, with potentially

over 21.0 mA/cm2 of JSC , 2.0 V of VOC , 80% F F , and a total efficiency over 33%.
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Figure 1.15 – Reported stabilized efficiency values for monolithic perovskite/c-Si tandems in litera-
ture. Except for the single noted case, all values come from stabilized maximum power point tracking.
Other than the noted cases, all cells have an area of 1 - 1.5 cm2. IBC stands for interdigitated back
contact, and this cell was measured in 3T configuration. The data was obtained from: [12], [111], [127],
[133], [149]–[151], [153], [154], [156], [160], [162], [172]–[181].
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Figure 1.16 – EQE curves from major developments in monolithic perovskite/c-Si tandem history.
Over time, advancements in manufacturing capability and perovskite material understanding enabled
increasingly efficient use of the solar spectrum. The main milestones are shown here. In order, the
summed current density (in mA/cm2) of each result is: 26.2 [150], 34.3 [151], 37.4 [160], and 40.4 [149].
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2 Material and Interface Development
in Single Junction PSC

Abstract
In order to fabricate perovskite top-cells on the micron-scale pyramids of modern c-Si solar

cells, certain fabrication restrictions must be adopted. These restrictions are met here by

using a hybrid physical vapor deposition / solution process (PVD/SP) method. This process

relies on two separate deposition processes, which creates a large experimental space. In this

chapter, we unpack these variables and discuss how they affect the end device performance.

This discussion is broken up into three parts, focusing each in turn on i) the isolated perovskite

layer, the balance of constituent materials, and the reduction of bulk disorder; ii) the surfaces

of the perovskite, and how they interact with adjacent layers to form interfaces of differing

quality; and iii) the morphology of the perovskite, and the effect this has on the performance of

full PSC. Overall, the hybrid PVD/SP method proves to be indeed complex, but understandable

and predictable through effective characterization. The results shown in this section served as

the foundation for the rest of the thesis work, for which the same PVD/SP method was used

throughout.
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2.1 Introduction and Motivations

The main motivation behind our choices of which methods and materials to use comes from

the long-term goal of compatibility with industrial scale monolithic tandem cells. This is not

to say that we are fully in line with industry and ready to transition at any moment. Rather

that all of our methods are either already proven as scalable or are reasonably swapped out for

a scalable process. The result of this is that we sometimes reject methods that are ubiquitous

among record-breaking perovskite cells, such as the widely successful anti-solvent dripping

method [182].

The main restriction applied in our lab is that of using a "hybrid" evaporation (physical vapor

deposition, PVD) / solution-process (SP) method for our perovskite fabrication (figure 2.1).

This consists of first evaporating a "template" layer consisting of the perovskite’s inorganic

components, then spin-coating a solution of the perovskite’s organic components, and finally

annealing the bi-layer to interdiffuse the materials and crystallize the perovskite. For the

template, lead iodide and cesium bromide are co-evaporated at fixed rates in a vacuum. This

process is easily scalable, and PVD processes are already present in industry [183]. For the

spin-coating process, formamidinium salts with iodide or bromide (FAI or FABr) are dissolved

in ethanol, and dynamically dropped onto a spinning substrate. This is not scalable, but

can in theory be replaced 1:1 with a vapor transport deposition process (which is already in

development [184]) or slot-die coating (already industrially scaled). Finally, the substrates

are annealed to both interdiffuse the two layers and cause them to crystallize into the final

perovskite film. The disadvantage of this method is the complexity, with three separate steps

to form a single layer. The variables involved include the thickness, constituent ratio, and

morphology of the PVD template; the solution concentration, solvent, solute, and spin speed

of the SP layer; and the length, temperature, and environment of the anneal. These are many

and interdependent variables, but all are controllable, and the work in this chapter aims to

find the ideal balance.

The advantages of the PVD/SP method come from its compatibility with the ideal tandem

process. As discussed in section 1.2.3, certain conventions of single junction PSC had to be

adapted for compatibility with two-terminal tandems, such as the polarity, and removing

the high-temperature mesoporous TiO2 ETL. But one of the main challenges was to deposit

the perovskite thin film (typically 0.5-1µm) uniformly on the large (typically 2-10µm) front-

surface pyramids of SHJ. This surface texture is optically beneficial for the c-Si and would be

as well for a top-cell that follows the same surface profile. But standard SP perovskite recipes

both fail to cover the peaks of c-Si pyramids (of typical size) and fail to maintain the same

morphology on their top surface as is present in the c-Si below [149]. This is all aside from

the issue of common perovskite SP recipes using harsh solvents that can damage underlying

layers [57] or are toxic [185]. Perovskites have nonetheless been used successfully on top of c-Si

bottom-cells by engineering smaller pyramids (> 1µm) [127], [155], [156], [161], or polishing

the pyramids off entirely [111], [154], [160]. But these strategies incur optical losses, and even

the cells that retain some of the c-Si texture have optically-poor flat front interfaces.
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Figure 2.1 – Hybrid PVD/SP method for perovskite fabrication. Perovskite is formed in three distinct
steps. First a PbI2 based template is evaporated onto the substrate. This can include a co-evaporation
of CsI, CsBr, PbBr2, etc. at a fixed rate. Then a solution of organo-halide salts is spin-coated onto the
template. This can include FA, MA, or other organics, ionized with I−, Br−, or Cl−. Finally, the bilayer is
annealed to interdiffuse the layers and crystallize the components into a perovskite.

PVD processes offer a solution, in that evaporated layers easily form uniform coatings over

rough surfaces. PVD methods have been realized for perovskite materials in flat single junction

PSC [163], [186] and even monolithic tandems on textured c-Si [159]. Although, this comes

with significant reported challenges. Organo-halide salts are known to deposit over the

entire chamber, even out of the line of sight of the evaporator [187]. This consumes excess

material and causes contamination of other sources and unreliable thickness measurements as

compared to directional PVD processes. The depositions are difficult to control due to organo-

halides not sticking to the traditional quartz crystal balances used to measure evaporated

thickness [188], and the adsorption of organo-halides to surfaces being highly dependent on

the precursor purity [189]. Looking to our expected perovskite which is based on FA cations, FA

is already known to degrade into non-viable compounds when heated to the vapor phase [62],

[190]. So, despite the proof-of-concept demonstrations, full vapor-phase perovskite remains

challenging. It is not considered in this thesis work, but is an active area of research in past

and future theses.

By comparison, the hybrid PVD/SP deposition route solves many of these problems together,

and allows complete compatibility with SHJ and other bottom-cell technologies [153]. No

layers are deposited above 200°C, it is compatible with either polarity, and the only solvent used

is the relatively weak ethanol. The PVD step ensures a uniform and conformal coating of the

perovskite layer, and the porosity of the template acts as a sponge to capture the liquid-phase

components without letting them simply pool in the valleys [149]. The SP step uses a weak

solvent which doesn’t dissolve the template, and allows for the facile testing of different halide
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mixtures and passivating additives. It is restricted to lab-scale devices due to the uniformity

limitations of spin-coating (around 100 mm limit); but once material development moves past

the need for regular variation of the solution composition, the SP step could reasonably be

replaced with a non-PVD method for large-area organo-halide deposition [184]. Overall, the

hybrid PVD/SP method demonstrates likely compatibility with the expected tandem cells of

the future, while retaining the capability of rapid experimentation. It is a tool that facilitates

research towards bringing high-efficiency perovskite/c-Si tandems to the PV market, and was

chosen as the experimental basis of this thesis work.

2.1.1 The Standard Cell Architecture and Perovskite Composition

Throughout this thesis, single junction perovskite solar cells will be presented, and referred

to as PSC for brevity. In all cases, unless stated otherwise, this will mean PSC of a single

standardized architecture, displayed in figure 2.2. This is a p-i-n stack with opaque rear

contact, and illuminated through the glass substrate. Fabrication of these devices took place as

follows. First, ITO-glass substrates (indium-tin-oxide, purchased from Kintec) are washed with

a commercial detergent and further cleaned with one minute of 250 W O2 plasma. Optionally,

15 minutes of UV-O3 irradiation could be used (system from UVOCS Inc). Upon these, a HTL is

deposited. This can be sputtered NiOX (20 nm, followed with a 15 minute anneal at 200-300°C),

evaporated Spiro-TTB (15 nm, 2,2’,7,7’-tetra(N,N-di-p-tolyl)amino-9,9-spirobifluorene, from

Lumtec), evaporated TaTm (15 nm, N4,N4,N4",N4" -tetra([1,1’-biphenyl]-4-yl) -[1,1’:4’,1"-

terphenyl] -4,4"-diamine, from Lumtec), or a self-assembled monolayer (2PACz or MeO-2PACz

from TCI, or Me-4PACz from Sikémia). SAMs are not evaporated, but deposited by spin-coating

according to the method in [56]. Which material is used is significant, and the differences will

be discussed in section 2.3.1. Generally, it is observed that PSC with NiOX as HTL are lower

in efficiency but very reliable, with near 100% yield and good sample-to-sample uniformity.

Because of this, NiOX was used heavily at the beginning of the thesis work. Next, the perovskite

is deposited according to the hybrid PVD/SP method detailed above. Although the details of

this method are adapted throughout the following section. The ETL is then deposited onto the

perovskite layer by evaporation. This is always based on C60 fullerenes (optimally 20 nm, from

Nano-C). The slowest evaporation rate is ideal for achieving high-quality layers. Typically C60

was evaporated at 70 - 80 W and 0.2 Å/s for low-purity material and 50 - 60 W and 0.1 Å/s for

high-purity sublimated material (rated 99.90%, Nano-C). The C60 is occasionally preceded

with a 1 nm evaporation of LiF. This has been shown to have good passivation abilities [110],

but also cause problems to stability [191]. So, it was not always used, but it is noted in the text

on the occasions where it is present. Finally, the cells are finished with 120 nm of evaporated

Ag as the rear electrode. The Ag evaporation is done through a shadow mask to create three

separate areas of about 0.5 cm2 per substrate. For measurement, the cells area is masked to

0.25 cm2, unless otherwise stated.
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Figure 2.2 – Diagram of the typi-
cal single junction PSC cell stack.
The orientation with p-selective
contact on the illumination side
makes this a p-i-n structure. For
HTL, Spiro-TTB, TaTm, or NiOX

could be used. The ETL always in-
cluded C60, but could optionally in-
clude LiF as well. The top contact
was either Ag deposited on the C60,
or Cu with a BCP interlayer.

For the hybrid perovskite deposition, some variables were held constant for the entirety of the

thesis work, some for the majority, and some were adapted continuously. When referring to

"baseline" material, this implies a standard template layer of 180 nm PbI2 with 10% volume

ratio of CsBr1; controlled by evaporation rate of 1.0 Å/s or 0.1 Å/s measured by quartz crystal

monitors (for PbI2 and CsBr, from Alfa Aesar, TCI, or Abcr); the use of ethanol as solvent

for the SP step; a dynamic instead of static solution deposition2; spinning in a purged N2

environment, 4000 rpm spin speed for 30 seconds; and the 1:2 ratio of FAI:FABr in the solution

(generally 0.45 - 0.50 M). In any case where these values are not used, it is noted in the text. The

more commonly changed variables are the annealing time and temperature, the annealing

environment, and the SP concentration. Typically the annealing was 20 minutes at 150°C, but

this was often varied and is stated in such cases. The estimated stoichiometry of this layer is

Cs0.19FA0.81PbI2.27Br0.73 based on the above input parameters. The effects of variables such as

the evaporation rate, CsBr ratio, and substrate-area uniformity are discussed in section B.6

2.1.2 Fabrication and Characterization Tools

For perovskite deposition, we used various commercial and homemade tools. ITO/glass sub-

strates were purchased form Kintec, and rated at 15Ω/�. A homemade deposition chamber

was used to evaporate CTLs, evaporate metals and sputter InZnO. PbI2 template layers were

evaporated from a Lesker Mini Spectros system. Occasionally metals or MgF2 were evaporated

in a Leybold-Heraeus L560 system. Processing took place inside Jacomex glovebox systems,

with O2 and H2O levels controlled below 1 ppm. The spin-coating unit was from Laurell,

model WS-650Hz-8NPPB. Annealing took place outside, in a controlled humidity box (W-Tech,

model GB250-A1) and on a hotplate from Präzitherm. Atomic Layer Deposition (ALD) took

place in a Picosun R200-Std machine. TCO layers were deposited by sputtering in a MRC-II

1From energy-dispersive X-ray analysis of our films, we find that the 10:1 volume ratio of PbI2:CsBr in fact gives
a 1:0.19 molar ratio.

2Referring to the solution being dropped onto an already spinning substrate, instead of being deposited on
the substrate prior to rotation. This was observed to give better sample-to-sample variation. Static methods were
observed to introduce a significant dependence on the time between the solution deposition and the start of
spinning, which is difficult to reliably control.
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unit. ZnO layers were deposited using a homemade system. O2 and Ar etching took place in a

Oxford Instruments Plasmalab 80plus system, at 250 W and 100 W respectively. Silicon layers

were made with a plasma-enhanced chemical vapor deposition (PE-CVD) reactor system,

consisting of a PlasmaBox (Oerlikon Solar) chamber within a homemade vacuum system, and

typically called a KAI reactor.

Many measurement and characterization systems were homemade, such as those for mea-

suring external quantum efficiency, photothermal deflection spectroscopy, and photolumi-

nescence quantum yield. For external quantum efficiency, the sample was illuminated by a

halogen lamp split by a diffraction grating. The illumination was chopped and the current

measure matched at 232 Hz. For photothermal deflection spectroscopy, the sample was again

irradiated with a diffraction-split halogen lamp. The irradiated and transmitted intensities

were directly measured. The sample was placed in a quartz cuvette with fresh FC-72 Fluorinert

(from 3M). The deflection was measured by a 633 nm laser which was aligned to pass just in

front of the sample and fall on a spatial intensity sensor approximately 400 mm away. For

photoluminescence quantum yield, the samples were irradiated with a 532 nm laser which was

attenuated to 0.05 - 1 sun intensity. All light was collected in a homemade integration sphere,

and transfered to the measurement by fiber optic cable. The illumination spectrum was

measured by an Ocean Insight Maya 2000 Pro spectrometer, and the luminescence spectrum

by an Ocean Optics USB2000 spectrometer.

Current-voltage properties were measured with Kiethley models 2000, 2700, and 2601A. Solar

AM1.5G radiation was simulated with a clas AAA WACOM Super Solar Simulator that com-

bines Xe arc and halogen filament lamps. Measurements were typically taken at 0.1 - 1.0 V/s.

Point measurements of photoluminescence were carried out with a 514 nm laser as part of a

MonoVista CRS+ system, with capture times from 100-500 ms. A 10x objective lens was used

to capture an area of the sample which is large relative to potential grain-to-grain inhomo-

geneity of perovskites, approximately a 80µm diameter spot-size. The intensity was scaled

with neutral density filters to always approximate 1-sun, which was measured as 5.0µW total

power for the 10x objective. Four-point probe measurements were done with Kiethley models

2700 and 2601A. Profilometry measurements for layer thickness were done on a Ambios XP-2

system. Transmission and reflection spectra were measured on a PerkinElmer Lambda 950

spectrometer, using a 150 mm InGaAs integration sphere, also from PerkinElmer. Atomic force

microscopy was performed on a Bruker Dimension Edge system, using TESPA-V2 tips from

Bruker. Scanning electron microscopy was preformed either with a JEOL JSM-7500TFE or

Zeiss Gemini SEM 450, typically with 5 keV accelerating voltage. c-Si lifetimes were measured

on a Sinton WCT-120 instrument. X-ray diffraction measurements were primarily carried out

by Dr. Florent Sahli on a PANalytical Empyrean system, but also occasionally on a PANalytical

X’PertPRO system. Both used Cu Kα radiation of 1.54 Å. X-ray photoelectron spectroscopy was

carried out externally by Dr. Mounir Mensi, using a AES: Kratos Axis Supra system. Grazing-

incidence wide-angle X-ray scattering measurements were carried out externally by Dr. Julian

A Steele on the NCD-SWEET beamline of the ALBA Synchrotron Light Source in Cerdanyola

del Vallès, Spain. The source was 0.95764 Å X-rays incident at 1° from parallel.
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2.2 Bulk Material Quality of Perovskites from the Hybrid Method

Previous doctoral students and post-doctoral researchers started the development of the

hybrid PVD/SP method [62], [63]. They determined what layer thicknesses, spin-coating

methods, and halide ratios to use in order to fully convert the template into a perovskite with

an applicable Eg for tandems (roughly 1.69 eV) [192]. They settled on optima that were not

changed for the duration of this thesis, including the methods and variables listed in the

previous section. This was a strong foundation on which my work was to build. The initial

goal for this thesis work was to go beyond PSC efficiency as the main metric for material

quality and expand to more detailed characterization, then to use this knowledge to build an

understanding of what limits material performance, and finally to apply that understanding

towards making higher-performance perovskite materials and perovskite/c-Si tandems. Thus,

the first step was to dig deeper into the perovskite material formation. This includes the

balancing of the PVD and SP steps, the annealing/interdiffusion of the layers together, and the

crystallization into a high-quality semiconductor film.

2.2.1 Bilayer Interdiffusion

The hybrid PVD/SP method is most notable for separating the perovskite precursors into two

different layers. As expected, this implies that the two steps be balanced relative to eachother.

Achieving this balance depends on matching the deposition parameters of each layer, but also

"mixing" them correctly. The quantity of template is defined by the measured thickness of

PbI2 during the evaporation. This is used to define the end layer thickness, as the other steps

are tailored to fit with this. The quantity of organo-halide is determined by the spin-coating

parameters. Increasing the solution concentration will increase the quantity deposited, and

increasing the spin speed will reduce the layer thickness and increase uniformity. The iodide

to bromide ratio is also relevant, but not used as a variable because of its connection to the

perovskite’s Eg , which is fixed for compatibility with c-Si as bottom-cell [47].

To illustrate the importance of a balanced layer, baseline single junction PSC were fabricated

with either a strong excess or deficiency of organohalide, and the same template recipe.

Current-Voltage (JV ) and external quantum efficiency (EQE, a measure of electrons out per

incident photons) measurements for these layers are shown in figure 2.3. In the JV plot, the

unbalanced samples have worse performance and strong hysteresis between the forward

and reverse-direction scans. The hysteresis can be attributed to mobile ion species in the

layer; unincorporated ions left by the component in excess [74], [75]. For the EQE, both

unbalanced samples have lower conversion over the spectrum. This could be due to current

lost to recombination, screening of the electric field by mobile ions, or reduced absorption

due to less perovskite material. Notably, the FAX deficient sample displays a characteristic loss

in the low-wavelength regime that is due to the parasitic absorption of residual PbI2 (below

500 nm). We note that it is commonplace to include a 5 - 10%mol excess of PbI2 in perovskite
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(a) (b)

Figure 2.3 – Performance of PSC made with unbalanced hybrid PVD/SP method. (a) JV and (b)
EQE of cells were made with normal template and annealing, and with either excess or deficient
concentration of the organo-halide (denoted FAX) solution. The hysteresis present in the JV curves
is caused by mobile ions that stabilize at a rate slower than the scan speed (generally 0.1 - 0.5 V/s).
Because of this, scans taken in both the forward and reverse directions are displayed.

films [64], [65], [182]. This imparts a gain in performance, but at the cost of lower long-term

stability [66], [67]. Based on the examples in literature, we aim for a film with no or minimal

excess PbI2.

Achieving the ideal balance in the final perovskite depends on having the correct contributions

from both PVD and SP steps, but also on correctly mixing them. We refer to this process as

"interdiffusion", and treat it as separate from the crystallization of the mixed components into

a perovskite ABX3 phase. For our method, the interdiffusion primarily takes place during the

annealing step. The quality of the interdiffusion can be observed in X-ray diffraction (XRD)

diffractograms, which detects the crystal phases of perovskite and the component materials.

Figure 2.4 shows such measurements, performed on layers from the same PVD/SP deposition

which were then annealed at different temperatures in the same environment. After annealing

at low temperatures, the bilayer is not fully mixed, and there is a peak at 10.1° which comes

from crystalline FA-halide salts. As the temperature increases, this peak disappears and the

film appears "fully converted" because only the perovskite diffraction remains. That is, until

165°C where a peak appears at 12.6°, from diffraction off the PbI2 crystal lattice. The presence

of crystalline PbI2 indicates a deficiency of FA, which is likely due to FA evaporation above

150°C [107]. Despite equal starting conditions, either component can be found in excess

depending on the heat applied, or neither.
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Figure 2.4 – XRD patterns for
perovskite films annealed at
different temperatures. The
peak at 14.2° is representa-
tive of the perovskite material,
while the peaks at 10.1° and
12.7° are representative of FAI
and PbI2 crystalline phases, re-
spectively. Films were fabri-
cated on glass/ITO/NiO sub-
strates in order to mimic ma-
terial formation in real PSC,
the template used 12%vol CsBr,
and annealing took place in air
held at 35% RH.

2.2.2 Humidity and Solvent Effects

Besides the chemical ingredients intentionally deposited in the process, the water in the air

and the residual solvent left over from the SP step both play a role in film performance. It is

known that H2O is relevant to perovskites in many ways [193]–[195], but specifically to our

method, we observe that it aids in the interdiffusion. PVD/SP bilayers left in ambient air

will interdiffuse and crystallize on their own, but much faster in more humid environments

([193], and observed in-house). This could aid interdiffusion and component balance, but

with the caveat that H2O degrades the end perovskite [195]. So to control the H2O exposure

of our perovskite, we carry out all steps except annealing in inert N2 or vacuum, and control

the the relative humidity (RH) in the air during this step (although it was later shown that

the dew point is in fact the determining variable [196], it is linearly dependent on RH in our

temperature range). Figure 2.5 shows the effect of RH variation on PSC JV performance.

Comparing 15% to 35%, the average PSC efficiency by 3.4% absolute, negatively affecting all

metrics (JSC , F F , VOC ). Lower RH values were tested but not in parallel to these cells; for

results at 0% RH, see section 2.3.2.

Aside from water, residual solvents (ethanol) from the SP step have an effect. We see this by

incorporating a "pre-anneal" step, which applies low heat to the samples while still in N2.

Normally, the residual ethanol will evaporate over time (vapor pressure of 5.95 kPa, boiling

point of 78°C), but this may give differences between the first and last sample processed

(15 - 30 minute difference). But with a pre-anneal, this can be uniformly expelled to reduce

sample to sample variation. Besides this effect, a pre-anneal may also induce a bottom-up

crystallization path to prevent a top-down crystallization caused by H2O in the air (in the

time between removal from the glovebox and placement on the annealing hotplate). We first

tested a wide range of pre-anneal times and temperatures, to try and capture the effects of
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Figure 2.5 – JV curves of PSC
with perovskite layer annealed
in different humidity level en-
vironments. These PSC were
produced in the same batch and
only differ in their annealing envi-
ronment. Data and discussion for
0% RH annealing can be found in
section 2.3.2. The cell stack was
glass/ITO/NiOX /Pk/LiF/C60/Ag,
and used 12%vol CsBr in the
template.

low temperatures (expected to expel ethanol without crystallizing) and high temperatures

(expected to expel solvents, begin bilayer interdiffusion, and induce crystallization). The

results of the initial test are presented in figure 2.6.

The main result from this wide sweep is that the best efficiency groupings came from op-

posite conditions, namely the shortest/coolest and longest/hottest pre-anneals. To further

distinguish the effects of these two distinct temperatures, we performed XRD on the same

samples (figure 2.7). The notable observation is the uniform presence of a crystalline PbI2

phase in all of the 150°C pre-anneal samples, and none for the 70°C or 100°C conditions. This

recalls the results of the previous section (particularly figure 2.4), where a PbI2 peak in XRD

was attributed to deficient FA due to evaporation [107]. For the pre-anneal experiment, we

avoided this effect by using a main anneal of only 120°C. Thus, the only time that the cell

stack experienced temperatures sufficient to cause the observed PbI2 excess was during this

150°C pre-anneal step. As stated above, we want to avoid having excess PbI2 in our films due

to the negative long-term effects [66], [67]. If we eliminate the 150°C case due to PbI2, the

shortest 70°C pre-anneal remains as the best case in figure 2.6. It is worth noting that the 70°C

pre-anneal samples had a uniformly lower perovskite (100) diffraction peak than the other

conditions, despite having the same main anneal.

We followed this up with a finer tuning of lower temperature pre-anneals for shorter time

(figure 2.8). The reference cells were intentionally spin-coated last out of all the samples, with

the intention of maximizing the effect of residual ethanol. This manifests as the references

being overwhelmingly shunted (figure 2.8a). Shunting of PSC can arise for many reasons. But

in this case, the link to pre-annealing is clear, which we interpret as evidence that the expulsion

of residual solvents is critical to the correct formation of the layer. We expect the crystallization

taking place at 60 - 80°C to be minimal (shown below), and thus the main difference between

here is the presence or absence of residual solvents. We theorize a mechanism in which
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residual solvents escaping from the layer during the main anneal create voids between grains

where the solvent is escaping (knowing that gas discharge can affect perovskite mechanically

[59]). This mechanical disturbance then allows for physical contact between the top and

bottom electrodes and the creation of shunt paths. In 2.8b, only the non-shunted cells are

shown. Mostly, the efficiencies of the different pre-anneal conditions overlap. From this we

conclude that the low-temperature pre-anneal is beneficial due to the removal of residual

solvents, but that the duration of the pre-anneal is not very significant.

This still leaves undefined the role of crystallization during the pre-anneal, which we answer

with in-situ grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements. This

method allows us to track the presence and orientation of different crystalline phases of

perovskite and PbI2, as the PVD/SP bilayers are heated from room-temperature to 150 or 70°C.

(a) (b)

(c) (d)

Figure 2.6 – JV performance for PSC made with pre-anneal steps of varied time and temperature.
All cells were transferred to a hotplate immediately after the end of the spin-coating procedure. Once
all cells had received their spin and pre-anneal, they were together removed from the N2 environment
to air for the main anneal. The main anneal was 30 minutes at 120°C in 35%RH air. The cell stack was
glass/ITO/NiOX /Pk/C60/Ag.
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Figure 2.7 – XRD diffractograms for PSC made with pre-anneal steps of varied time and tempera-
ture. XRD measurements for the same PSC as were shown in figure 2.6. Only a subset of the scan
range is shown, to highlight the peak at 14.2° from the perovskite (100) plane and the peak at 12.7°
from crystalline PbI2. This peak is only detected above noise in the 150°C samples. In general, these
measurements have a poor signal-to-noise ratio, due to measuring on full PSC with absorptive layers
(Ag, C60) between the perovskite layer and the source/detector.

Figure 2.9 shows the results3. These data show that there is some slow crystallization at 70°C,

but that the main crystallization process which takes place above 100°C is completely avoided

by the pre-anneal.

As the samples are measured during heating from room temperature, we can compare how

the samples behaved in different temperature ranges. Both samples follow the same trend

in approaching 70°C. But from the 150°C sample, we see that the full crystallization takes

place over three phases, of which the 70°C sample only experiences the first. These are: 1) a

small dip and raise in the perovskite peak with slow decline of PbI2, which takes place up to

100°C, 2) the rapid rise of the perovskite peak and drop in the PbI2 peak, which we take to be

template consumption and perovskite formation, from 100°C to 150°C, and 3) the plateau of

the perovskite peak and simultaneous reverse of the PbI2 peak, which rises over time. The

peak positions also shift slightly in the same three regions. Most of the peak position shift

comes simultaneous to the peak height change of period 2, with continued slower shifting over

period 3. Changes in perovskite peak position during crystallization can be attributed to the

3These data were obtained by Dr. Julian A. Steele of KU Leuven. He carried out the SP deposition on site, and
thus there may be variation between his results and the films we obtain in-house. We therefore do not draw
conclusions from the relative intensity of scans, or the perovskite:PbI2 ratio of individual samples. Secondly, we
expect that the initial bilayer structure to somewhat shield the signal from the buried PbI2 layer. The incidence
angle of 1° should allow for penetration of the full layer, but does not guarantee that the signal strength will be
constant throughout the layer depth. Thus, it is not considered that there is more PbI2 present in the film at the
end of the anneal versus the start, but simply that more signal is captured.
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(a) (b)

Figure 2.8 – JV efficiency of PSC made with finely tuned pre-anneal conditions. Cells were made with
low-temperature pre-anneal steps and finer spacing of time conditions. (a) shows the measurements of
all cells fabricated in the batch, regardless of shunts. The references were processed as to highlight the
effect of the pre-anneal, and are far more shunted than what is usual. (b) shows the efficiencies of only
the non-shunted cells, for the sake of clarity. The threshold for declaring a cell shunted was a F F value
under 30%. The slight improvement in cell efficiency in (b) relative to (a) is due to all the measurements
in (b) coming after a short MPP tracking measurement. This was not performed on all cells, so only
pre-MPP measurements are shown in (a). The cell stack was glass/ITO/Spiro-TTB/Pk/LiF/C60/Ag, used
12%vol CsBr in the template, and the main anneal was 60 minutes at 120°Cin 35%RH air.

mixing and uniformization of different perovskite phases during crystallization (observed and

discussed in figure 2.10a), and the slow change of period 3 is more likely due to thermal effects

on lattice spacing [197]. For the PbI2 peak position shift, this may be due to different atomic

organization in the evaporated PbI2 template and the excess PbI2 outputted by the perovskite.

But overall, we conclude from the GIWAXS data that crystallization and material modification

during the 70°C pre-anneal is negligible, and thus the main effect in cells is caused by removal

of the residual solvent. There was some shift in peak height and position, but this took place

over a ten minute timescale, and is irrelevant to the 15 - 60 second pre-anneal step. All of the

crystal changes that did occur at 70°C were mimicked in the early seconds of the 150°C anneal

anyway.

2.2.3 Bulk Disorder

Even for a chemically balanced perovskite with a pre-anneal and the correct RH during

annealing, the resulting PSC can still behave poorly due to high crystallographic disorder. This

can come in the form of ionic vacancies, interstitials, and substitutions; poor homogeneity

of component ions or perovskite phases; a high density of grain boundaries; or uneven

mechanical stresses on the lattice. Due to the difficulty in detecting and distinguishing
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individual defect types, the likely simultaneous presence of multiple defect types, and the

overlap of their effects on material performance, the term "bulk quality" will be used to refer

to the collection.

This is not to say that all of these phenomena are correlated and vary linearly with eachother,

rather the opposite is observed. This is illustrated in figure 2.10. While the XRD peak of the

perovskite gets taller and narrower with annealing temperature, the VOC drops. At lower

temperatures, the XRD peak reduces, spreads out (indicating strain on the lattice [197]),

and develops a secondary peak at 14.8° beside the main peak at 14.2°. Due to different

compositions and the ionic radii of the species involved, organic-lead-halide perovskites

(a) (b)

(c) (d)

Figure 2.9 – Perovskite and PbI2 diffraction peak heights and positions during heating to different
temperatures. PVD/SP bilayers on flat c-Si were measured in-situ while heating from 25°C to 150°C or
70°C. All heating took place at the maximum rate of 100°C/minute. During this time, GIWAXS patterns
were collected every 2 seconds. From this data, the (100) peak of the perovskite at 10.05/nm and the
PbI2 peak at 8.95/nm are radially integrated. Here we plot the height (a-b) and position (c-d) of the two
peaks, as a function of both time and temperature.
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display peaks throughout this range4; for example FAPbI3 at 13.81°, MAPbI3 at 14.07°, CsPbI2Br

at 14.46°, and CsPbI3 at 15.08°. Thus we would expect the high-temperature perovskite to

have higher phase purity, lower disorder, and better performance. PSC were produced with

135, 150, and 165°C main anneal steps, and the results disagree with this expectation. The JSC

increased with annealing temperature, indicating better interdiffusion and conversion into

perovskite. But the VOC only decreases, and by over 10% relative. This shows that XRD peak

height/width is not a complete quantification of perovskite bulk quality, and another method

must be used.

4Values are obtained from simulations made with JEMS software [198].

(a) (b)

(c) (d)

Figure 2.10 – XRD and JV data for perovskites annealed at different temperatures. (a) shows a
zoomed-in view of the perovskite diffraction peak at 14.2°. Films were fabricated on glass/ITO/NiO
substrates in order to mimic material formation in real PSC, and annealing took place in a N2 environ-
ment. (b) shows the JV curves for cells produced at temperatures selected from (a), and (c-d) show the
distribution of VOC and JSC parameters extracted from the curves in (b). The opposite trends lead to an
efficiency maximum for the 150°C annealed cells. The cell stack was glass/ITO/NiOX /Pk/LiF/C60/Ag,
and 12%vol CsBr was used in the template.
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A known method in the literature for quantifying bulk disorder is that of measuring the

sharpness of the absorption edge at open-circuit (often called the Urbach Energy) [48], [199]–

[201]. This is quantified by taking the linear fit of the absorptance as plotted on a semi-log

plot with photon energy (eV) on the x-axis. The inverse of this slope is defined as the Urbach

Energy. This quantity corresponds to the "Urbach Tails" which are low-population allowed

states of the conduction and valence bands which extend into the band-gap. The presence of

these tails is associated with bulk disorder, which would bend and stretch the lattice and blur

the band edges. Minimal energy states near the band edges would give a steep absorption

onset and therefore a smaller value is indicative of a more ordered crystal. The absolute value

of the Urbach Energy is important too. If the Urbach Tail is wider than the thermal energy at

operating temperature (25.7 meV at 300 K), then the voltage of the cell will suffer [201].

We are able to measure absorptance over three orders of magnitude using photothermal

deflection spectroscopy (PDS) [48]. However, in order to replicate the growth conditions of

PVD/SP perovskite layers as used in full cells, we performed the measurements on the relevant

substrates. The effect of the substrate is illustrated in figure 2.11a. As more layers, particularly

metal oxides, accumulate below the perovskite, more absorption is measured below the

perovskite Eg . The consequence of this is that less and less of the perovskite absorption onset

can be resolved. In the literature, it has been shown that measurements of Urbach Energy are

artificially inflated when measuring "higher" up on the slope (specifically, above 10−3 [200]).

They note that the same trends between samples exist at either point on the slope, but the

absolute value is important too (the limit of the thermal energy, 25.7 meV at 300 K). For the

case of our PDS absorptance measurements, we are unable to resolve the slope much below

10−1 in the realistic case of growing the perovskite on top of metal oxides.

In the same publication that identified the problem of measuring "too high" on the slope

[200], they investigate the cause of this and propose solutions. The main issue is that certain

methods (such as PDS) probe band-to-band absorption as well as direct band-gap absorption,

which causes signal below the Eg and reduces resolution. They identify alternative methods

for obtaining the absorption spectrum without this effect, such as calculating from photolu-

minescence (PL) data. This is based on the reciprocity relation PL(E) ∝ Abs(E)E 2exp(− E
kB T )

where E is the photon energy, kB is the Boltzmann constan, and T is the absolute temperature.

This allows resolution of the slope below 10−3, below which they consider the Urbach Energy

accurately measured. However we do note the demonstrated failure of assumptions for the

reciprocity relation in perovskites above Eg = 1.65 eV [76], due to phase segregation and charge

funneling. Regardless, this measurement and calculation was performed for a perovskite

within the full PSC stack, and compared to the same PDS measurements as discussed above,

in figure 2.11b. From this comparison, we see that the spectral shape is not maintained, but

the Eg and general scale of the values are. Some caveats of the PL measure are that it uses

absorptance, not absorption coefficient as the PDS data does. Also, PL data is reliant on local

excitation which causes non-uniform stresses in the perovskite [202], [203]. To compare this

method to PDS, a fit was performed on three parts of the spectrum, intending to match with

where the glass/ITO/NiOX /perovskite sample was measured, where the glass/perovskite sam-
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(a) (b)

Figure 2.11 – Absorptance measurements from PDS and PL for perovskite layers on different sub-
strates. (a) For the same perovskite layer grown on glass, glass/ITO, and glass/ITO/NiOX , different
absorptance measurements are obtained. The Urbach Energy for each, as calculated from the absorp-
tion coefficient (not absorptance), is given in the legend. Measuring the slope of the red curve in the
same range as the blue/green curves gives a value of 37.4 meV. (b) The absorptance as calculated from
PL data is added. PL was measured for a full PSC on glass/ITO/NiOX /Pk/LiF/C60/Ag, and the Urbach
Energy is calculated at three different points on the curve.

ple was measured, and as low as possible. This gives three different values, ranging from the

"accurate" value taken low on the slope of 17.8 meV, to more than double that when measured

near 10−1. For reference, the PL method was regularly used on perovskites in all cell stacks,

and reliably gives values in the range of 12 - 16 meV for all material stacks. This shows us that

our perovskite has an Urbach Energy below that of the thermal energy at 300K (25.7 meV),

above which the Urbach Tails would negatively affect device performance.

The measurement ranges available to us with these methods, combined with the difference in

Urbach Energy values for the same perovskite on different substrates (figure 2.11a), tells us

three things. First, PDS does not give a true quantification of the Urbach Tails, and should not

be reported as such. We can still use the same measurement and calculation, as it provides

a means to compare the bulk quality of different perovskite layers. But for the remaining

analysis we will instead use the term "absorptance slope width" to call the resulting metric.

Second, the values calculated from PDS are artificially inflated. This is the case between the

Urbach Energy as accurately obtained from PL and the value from PDS on glass, and between

the value measured on glass and that on metal oxides. From this, we expect to calculate values

far above the true value of our material. Third, our material’s Urbach Tails are likely under

the meaningful limit of 25.7 meV. The PL measure passes this threshold already, and the PDS

values for the absorptance slope width of perovskite on glass approach this limit, despite

overestimation. Overall, we can move forward with either method as a means of quantifying

and comparing bulk disorder.
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Finally, we decided to use this PDS method to quantify relative bulk disorder in perovskite

films made with different annealing conditions. The goal of this analysis was to explain the

anti-correlation between the XRD and VOC measurements of figure 2.10. Samples were made

with different temperature and environment for the main annealing/interdiffusion step, their

absorptance measured by PDS, and the absorptance slope width quantified (figure 2.12a).

The extracted values indeed lined up with the JV performance (figure 2.10c), with the lowest

values coming between 135°C and 150°C for all annealing environments. In all cases the value

increased at 165°C, aligning with the drop in VOC . We attribute this to the loss of FA+ or I−

due to evaporation at high temperatures [59], [107]. This would leave behind vacancies in the

crystal structure and increase structural disorder.

To rationalize higher bulk disorder with a taller and narrower XRD peak, we must distinguish

what affects both of these measurements. XRD measures crystal planes. Stress within the

crystal from disorder will cause strain, which in turn can stretch, compress, or bend the lattice

planes, spreading out the diffraction peak. The heat of annealing can relax this strain, via

providing the thermal energy for the disordered atoms to reorganize in ways that minimize

stress and thereby sharpen the diffraction peak. Urbach Energy (and our approximation

of it) measures disorder in a general sense. The missing ions lost to evaporation at high

temperatures cause vacancies and undercoordinated ions in the lattice. These localized

defects have modified electronic energy levels which can then contribute to the Urbach Tails.

As long as these defects are sufficiently localized and not clustered, they can exist within the

crystal without excessively straining the lattice, and thus the XRD peak will not be blurred. We

(a) (b)

Figure 2.12 – Absorptance slope width measured for perovskite layers with various annealing con-
ditions. (a) shows perovskite layers annealed at different temperatures and in different environments.
For the sake of ensuring truly 0% water in the air, the 0% samples were annealed in a controlled N2

environment. Samples were deposited on glass/ITO/NiOX . (b) shows perovskite layers annealed at
two fixed temperatures, in the same 15% RH environment, for different time durations. These samples
were prepared on glass/ITO/Spiro-TTB substrates, to include the effects of potential changes in the
underlying layers. All samples used a template with 12%vol CsBr.
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therefore propose that the 165°C samples do have more uniform and ordered lattice planes as

evidenced by XRD, but that there are sufficient point defects within those crystal planes to

cause the high absorption slope width measurements, and the low VOC of the full cells. For

reference, the relevant segment of the XRD pattern for each condition is shown in figure 2.13.

Following this link between perovskite characterization and PSC performance, the bulk quality

optimization method was extended to other production variables. This was an improvement

over cell production, as it took less time than full PSC fabrication, and invited in fewer con-

founding variables (such as CTL transport properties). Figure 2.12b shows absorptance slope

width measurements for perovskites annealed at different time intervals and two temperatures.

This showed the progression of bulk quality during the annealing process, and the fact that

eventually the annealing can make the perovskite worse. Likely this is due to the negative

effects of component evaporation already being present at all temperatures, but progressing

slowly enough that they do not cause meaningful damage until after a certain amount of

time. This in turn implies that higher annealing temperatures could be used, just with shorter

times. But the timing would have to be precise, and the trade-off between interdiffusion,

crystallization, and component evaporation would have to be precisely tuned.

Figure 2.13 – Segments of XRD diffractograms for different annealing temperatures and environ-
ments. XRD measurements were performed on all of the samples from figure 2.12a. The plots are
cropped to show the relevant peaks. The main perovskite (100) peak is at 14.2°, an alternate perovskite
shows up at 14.8°, PbI2 at 12.7°, and FA-halides at 10.1°.
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2.2.4 Conclusion

In our lab we choose to use a hybrid PVD/SP method for our perovskite fabrication due to

its compatibility with optically ideal textured c-Si bottom cells and its flexibility to include

various organic precursors. However this is a complex deposition process, combining multiple

steps and many variables. In order to advance this method to produce the highest-quality

materials, we sought to first understand it deeply. We therefore varied different production

parameters, and were able to identify which variables affect the end product in specific ways.

The observed effects were grouped in three categories. The first was the balance of constituent

ions contributed by the PVD and SP steps. We showed the effect of imbalanced components in

cells to be significant. XRD measurements revealed that the annealing, in addition to the PVD

and SP steps, can push the balance in either direction. The second grouping was the effects of

external chemical species. H2O exposure from humidity in the air affected cell performance,

and is linked to both the bilayer interdiffusion and the perovskite crystallization. A pre-anneal

immediately after the SP step was shown to benefit batch yield, due to expulsion of residual

solvents. The third grouping was the parameters that affected the bulk quality of the perovskite.

This was mainly related to the annealing step, which can be varied in time, temperature, and

environment. Studying the perovskite layer outside of full cells enabled faster optimization

via measurements of relative bulk disorder. This showed that perovskites from the hybrid

method can be limited by bulk quality, particularly at high and low annealing temperatures,

but the ideal recipe was below the limit of bulk disorder affecting performance. The results

were supported on the cell level, with lower bulk quality giving worse performance. Overall

the final recipe was: 180 nm PbI2 template with 18 nm CsBr, spin-coating 100µL of 0.45 M

solution of 1:2 FAI:FABr dynamically at 4000 rpm, annealing for 15 seconds at 80°C in N2, and

finally annealing for 20 minutes at 150°C in 15% RH air.

These results gave us better understanding of the hybrid PVD/SP method, and how its variables

affect material quality. This led to better cell performance, but is ultimately limited by the

contributing methods which only measured the perovskite layer, and particularly its bulk

disorder. Having a good bulk is important to making good PSC, but not the whole picture.

At this point the PSC shown are still far short of the potential VOC and F F for a material of

their Eg (WOC = 0.6 V and F F < 75% at 1.70 eV). Thus, we conclude that bulk optimization

is near complete, and should yield the stage to research on reducing losses from surface

recombination, interface recombination, and charge transport.
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2.3 Interface Passivation in Hybrid-Method PSC

After optimizing the bulk material, the next facet of the perovskite to understand and improve

is the surfaces of the material and the interfaces that are formed with the adjacent materials.

Surfaces are by definition a crystallographic defect. Whatever ionic layer terminates a grain,

those ions will be undercoordinated, with dangling bonds covering the surface. These un-

satisfied electronic states can exist on their own, or they can interact with those of the adjacent

material layer to form new unique states. Depending on the materials used, these states can

manifest as mid-Eg traps leading to limiting Shockley-Read-Hall (SRH) recombination, as

shallow band-edge states that trap charges and create a band-bending effect, as states outside

of the band-gap that are neutral, or any number of unique configurations [36]. Defects formed

at perovskite surfaces and interfaces are already known to be a primary limitation to modern

PSC efficiencies [102], [103], [109]. We therefore set this as the next goal; to characterize, better

understand, and ultimately improve our perovskite’s surfaces and interfaces.

2.3.1 Passivation via Material Selection

One strategy common in the literature is that of targeting treatments to the expected defect

types [105], [106], and selection of CTLs that naturally form low-defect interfaces with per-

ovskite [110]. We therefore applied this strategy, searching for treatments and CTL materials

that would give our PSC low-loss surfaces and interfaces.

Photoluminescence Characterization Method

We chose to use PL measurements of the perovskite absorber to quantify the recombination

losses. While PL does not directly probe the interfaces or recombination mechanisms, it

does give relative information about the overall recombination rates of different material

stacks. PL is produced by radiative recombination, which is one option for what can happen

to excited charges, along with non-radiative recombination and extraction as useful current.

If no current is being passed through the perovskite, then the PL signal is a measure of how

much recombination is radiative or non-radiative. Thus, a good perovskite layer with minimal

recombination losses will also have a high steady-state PL intensity at open-circuit. The

work in chapter 2.2 probed the bulk directly, and found an optimum. From this, along with

the known harmlessness of many bulk defect states in perovskites [204], we infer that our

perovskite’s recombination rate is not bulk limited. Therefore, we link the PL intensity to the

surface and interfacial recombination rates.
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(a)
(b)

Figure 2.14 – Diagram and example PL measurement on a spatially varied CTL stack. (a) Generalized
diagram of how CTLs were spatially deposited. Evaporations were done through a shadow mask to
achieve spatial variation with a clean step. (b) PL intensity map for a sample deposited according to (a).
TaTm was deposited on the lower half before the perovskite, and C60 was deposited on the right half
after the perovskite formation. The substrate was a textured c-Si wafer. PL measurement was carried
out with a 514 nm laser, focused to an 80µm diameter spot size, and attenuated to 1-sun intensity.
Pixels are spaced at 200µm. The color refers to the maximum intensity of that pixel, and the average
intensity of each quadrant is overlain.

In order to test various conditions against eachother without variation between samples,

we developed the method shown in figure 2.14a. This involved depositing the perovskite as

normally on the standard 25 mm by 25 mm substrate, but with each CTL spatially restricted5 to

one half of the substrate. For consistency, we generally kept the HTL on the bottom half of the

sample and the ETL on the right half. The top left quadrant was left without CTLs on an inert

substrate (glass or c-Si), for comparison of the interfaces to the neat perovskite surface. This

gave us four distinct quadrants with different layer stacks, and therefore different interfaces

with the same perovskite. Then, we spatially measure the PL using a microscope objective

(80µm diameter spot size). This allowed us to observe each stack and attribute variations in

PL intensity to the different interfaces present. An example measurement is shown in figure

2.14b. Here we see that the bare perovskite PL is slightly enhanced when coupled with the

HTL TaTm6, while strongly suppressed underneath the C60. Samples on glass were measured

from both sides to confirm that the absorption of the C60 was a negligible factor towards the

observed intensity loss. Examples of this measurement are shown in section B.4.

5In the case of thin films of organics, this is achieved via evaporation through a shadow mask. In the case of
SAM, a thin ITO is sputtered on half the substrate via a shadow mask. Then the SAM is deposited as normally, and
only adheres to the ITO.

6Chemical name: N4,N4,N4",N4"-tetra([1,1’-biphenyl]-4-yl)-[1,1’:4’,1"-terphenyl]-4,4"-diamine
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Selection of Passivating Agents

For selecting optimal CTLs, we can filter out options in the literature by considering only those

compatible with our mandate of all materials and processes being adaptable to perovskite

on textured c-Si tandems. For example, we manufacture in the p-i-n configuration, and

therefore the successful SnO2 ETLs deposited from aqueous solutions [205] are not an option.

Likewise, all materials must be able to deposit on KOH-textured c-Si pyramids and remain

there during annealing at 150°C; thus the spun polymer HTLs such as PTAA are not an option

either7 [206]. From these restrictions, we selectively chose and tested bulk organic molecules

Spiro-TTB and TaTm, and various self-assembled monolayer (SAM) HTLs against eachother.

Both Spiro-TTB and TaTm can be thermally evaporated uniformly onto textured surfaces

[22], [149], [163], while SAM molecules can be deposited from solvents and form conformal

molecular monolayers on metal-oxide surfaces [56].

Spiro-TTB was the baseline used in the lab since prior to the start of this thesis work, before

TaTm or SAM had been reported or became available [56], [163]. NiOX was also used often in

the beginning of this thesis, but it was not considered similarly. This is due to low performance

and issues related to long-term degradation [207], despite reliable and repeatable performance

which made it useful for experimentation. C60 remained as the ETL due to good selectivity and

conductivity, and compatibility with textured surfaces. However, it causes strong interfacial

recombination (figure 2.15, and in literature, [99], [104], [110], [208]) and is expensive (roughly

0.40 CHF/nm/m2, see section 4.3), and therefore should be a target for replacement in future

research.

For general surface passivation without considering interfaces, we again selected from the

abundant proposals found in perovskite literature. This specific topic was the research focus of

Dr. Xin-Yu Chin, who chose to test the molecule FBPA8 [128]. Specifically, 5 mM are included

in the SP solution. This molecule has a phosphonic acid group that acts as a Lewis base. This

type of molecule has been widely used in the literature for chemical passivation of metal-

terminated perovskite surfaces [108], [126], [209]. Further, its large fluorinated benzene ring

was expected to keep it on the surface of grains where it was intended to act. This is especially

important for our hybrid method, where larger organic ions were observed to cause problems

with crystallization which reduced cell efficiency (see section B.2). We will discuss here only

the passivation effect of FBPA, and its further effects on our perovskite will be discussed in the

following section (2.4).

In order to compare these new materials and methods, we performed measurements as out-

lined in figure 2.14. To quantify the performance of the four quadrants, we calculated the

relative quasi Fermi-level splitting (QFLS) for each. Since these PL measurements are not

absolute (not all emitted light is captured), we cannot calculate the true QFLS of any case. By in-

stead taking each quadrant’s intensity relative to a reference, we can drop the unknown terms

7Though we acknowledge the success of blade-coating PTAA on c-Si pyramids [155]. This was published in the
last year of the thesis work and could not be incorporated.

8Chemical name: 2,3,4,5,6-Pentafluorobenzylphosphonic acid
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and find an accurate relative value: QF LS = kB T l n( JGen.
J0

) = kB T l n(PLQY JGen.
J0,r ad .

),∆QF LS =

QF LS1 −QF LS2 = kB T l n( PLQY1
PLQY2

) = kB T l n( PL1
PL2

), where JGen. is the total generated current den-

sity, J0,r ad . is the radiative thermal equilibrium recombination current density in the dark, kB

is the Boltzmann constant, T is the absolute temperature, and PLQY is the photoluminescence

quantum yield (absolute PL), according to the method in [104]. We thus used this method to

compare many conditions, and a selection of the results is shown in figure 2.15. This shows two

comparisons, that between films with and without FBPA as surface passivation, and between

the three HTLs discussed above (Spiro-TTB, TaTm, and SAMs).

First, the addition of FBPA imparts a gain in all quadrants. The bare perovskite improves by 22

meV, but also in the interfaces with the CTLs. The Spiro-TTB/perovskite stack goes from -46

meV to +13 meV, and the perovskite/C60 stack goes from -86 to -14 meV. The neat perovskite

improves, but the perovskite/CTL interfaces gain nearly 3x more relative QFLS, and both

bottom/top interfaces are improved similarly. From this, we interpret that FBPA is acting to

passivate defects at the surface and further protect against the formation of interfacial states

with both CTLs. Second, figure 2.15 compares three HTL options. Changing from the old

standard of Spiro-TTB to TaTm causes a small increase for the HTL/perovsktie quadrant, and

the full TaTm/perovskite/C60 stack gives higher QFLS than the untreated bare perovskite. Thus

we interpreted TaTm to have a more favorable interface with our perovskite than Spiro-TTB.

Figure 2.15 – Relative QFLS for different perovskite compositions and layer stacks. Non-absolute PL
measurements were taken through a microscope objective on samples deposited and measured as
in figure 2.14. Then the average intensity of each quadrant was used to calculate the relative QFLS,
using the neat perovskite without FBPA as the reference case. In all samples, the ETL is C60. The SAM
material used was Me-4PACz. In the case of FBPA + SAM, no ETL was included, idicated by a red X. The
substrate was c-Si, except in the case of SAM, where glass was used to ensure no SAM adhesion in the
"bare perovskite" region.
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Figure 2.16 – JV curves for
PSC with varied HTL and
passivation. Spiro-TTB and
TaTm were used in cells with-
out FBPA, and both TaTm
and FBPA were used together
to form the three conditions
shown here. A curve is shown
in the bottom right to indicate
the values that would give 20%.
Cell production and measure-
ment courtesy of Dr. Xin-Yu
Chin.

Finally, we also tested SAMs below the perovskite (without C60). We show the case of Me-4PACz

in figure 2.15, and it behaves similarly to TaTm. More measurements using different SAM

molecules can be found in section B.8.

To further compare these cases and confirm the improvement seen in PL, we fabricated full

PSC. We compared Spiro-TTB and TaTm without FBPA, and again TaTm but with FBPA. We

did not yet include SAM at the time of these tests, as these became available after work had

progressed to full tandem cells. The comparison of SAM and TaTm is shown in section 4.3.

Champion cells of each case are shown in figure 2.16. As expected, each improves upon the

previous in succession. TaTm shows a slight voltage gain over Spiro-TTB, but mostly gains in

F F and JSC , due to different band alignment and transport properties of the two molecules.

Adding in FBPA gave the jump in VOC as predicted by the PL results, along with little change to

F F or JSC .

2.3.2 Passivation via Processing Conditions

Beyond the active passivation of defects through chemical treatments and CTL selection,

surface and interface recombination is affected by background processing parameters. This

can refer to the fabrication environment, solvents present, and ambient gasses during fab-

rication [118], [121], [123], [210]. These variables are therefore different for each lab and

their individual methods and equipment. For the case of our perovskite, we find a powerful

influence of oxygen exposure.
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Annealing Environment and Cell Performance

The main effect of O2 was discovered by testing the humidity in the air. To obtain 0% humidity,

the annealing was done in a pure N2 environment. The resulting JV curves are shown in

figure 2.17a. The JSC drops to under 1 mA/cm2, along with drops in VOC and F F . There was no

visible difference to the films to suggest non-conversion of the bilayer, and the change was not

in line with the trend expected for RH variations. So, the we hypothesized O2 to be the relevant

parameter. We then controlled the O2 exposure to be before, during, or after the anneal, which

showed that the JSC loss occurred whenever the heat and air exposure were separated (figure

(a) (b)

(c) (d)

Figure 2.17 – Original measurements for air and nitrogen annealed PSC. (a) JV curves for a batch of
identically produced PSC, only differing in their annealing environment. Low and high % RH refers to
15% and 35%. (b) EQE measurements for the same cells. (c) JV curves for cells made with air or N2

annealing. Certain N2 annealed samples were exposed to the same humid air as the reference cells
were annealed in, either before or after their own annealing. (d) JSC statistics for PSC annealed in N2

at different temperatures. All cells used the same stack: glass/ITO/NiOX /perovskite/LiF/C60/Ag, and
used a template with 12%vol CsBr.
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2.17c). This was in line with literature results that claimed oxygen gas molecules require

sufficient heat to break into individual atoms and diffuse into the bulk [121]. What did affect

the JSC loss was the anneal temperature in N2 (figure 2.17d). As the temperature went up, the

loss increased. This gives a clue to what is causing the issue, potentially linking it to ion loss

via evaporation at elevated temperatures, discussed in section 2.2.1.

To distinguish the effects of the bilayer interdiffusion from that of O2 + heat, we combined a

normal 150°C anneal in air with a 60 minute anneal at 120°C in an N2 environment. The results

in figure 2.18. The second annealing would assure that the interdiffusion and crystallization

is complete, while the first would assure air exposure. We found that despite the uniform

anneal in N2, PSC performance was entirely linked to how much time they spent at 150°C in

air. The VOC was rather constant, while the F F and JSC dropped in line with the first anneal

length. This tells us that it is not an effect of incomplete conversion, but a process linked to

simultaneous heat and O2 exposure.

Figure 2.18 – Cell performance for perovskites with different annealing lengths in air. Cells were
annealed in air for the indicated time, at 150°C. Then all were returned to the N2 environment for an
additional 60 minutes of annealing at 120°C, to control that the interdiffusion is complete in all cases.
The cell stack was glass/ITO/NiOX /perovskite/LiF/C60/Ag.
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Characterization of Nitrogen-Annealed Perovskites

The N2 and air annealed perovskites were subjected to various characterization methods

to help understand what was causing the JV losses. Initial measurements on the material

structure are shown in figure 2.19. Further characterization methods are shown in section

B.5. The XRD does not show peaks at 10.1° or 12.7° (representative of FAI and PbI2 crystalline

phases), which is a lack of evidence for incomplete conversion. The PDS curves show a slight

improvement for N2 annealed perovskite rather than any loss. Likewise the absorptance as

measured by 1-T-R spectroscopy showed just under 1% absolute change in the 400-700 nm

range. Atomic force microscopy (AFM, figure 2.19d-f) and scanning electron microscopy (SEM,

figure 2.19g-i) were performed as well. There is a visible difference in the AFM height maps of

the low and high-% RH films, but little change when going from low % RH to N2. A film made of

an abundance of small grains could explain low performance, but this reasoning is disputed in

the literature [211]. The SEM images are of cleaved cross-sections of the same cells from figure

2.17a-b. The perovskite domains are predominantly vertical, with some horizontal boundaries

in all films. Overall, the initial characterization methods used to probe bulk material quality

did not detect changes that could explain the difference in performance.

Still, these measurements do allow us to disprove certain possible causes of the JSC loss. First,

there cannot be a charge-blocking PbI2 layer below the perovskite. If so, we would detect it

in XRD (none detected, figure 2.19a), and from literature we know the effect of having such a

residual layer would drop the F F and VOC more than the JSC [212]. This possibility is further

disproved by the hour-long annealed perovskites of figure 2.18, which assured full conversion

but still suffered the same losses. Second, the JSC is not lost to severe bulk recombination

which reduces the charge transport length so much to only allow extraction from a fraction of

the perovskite thickness. If so, the PDS measurements (figure 2.19b) would show a difference

in bulk disorder.

It remains possible that undercoordinated Pb2+ defects at grain surfaces are the main source

of losses. This type of defect has already been linked to O2 passivation [118], [121]. The

temperature dependence of the JSC loss (figure 2.17d) further implicates Pb ions, as they

would preferentially terminate the grain surfaces in the case of FA+ or I− evaporation which

happens at similar temperatures [59], [107]. Given that exposing the top surface to air did

not alleviate the problem (figure 2.17c), we theorized that the O2 needed either break up into

oxygen ions or diffuse through the layer via a heat-activated process as in [121]. Thus the

bottom surface of the perovskite was expected to hold the primary Pb2+ defect concentration.

Looking past bulk metrics, we investigated the relative recombination losses via PL measure-

ments. This revealed the significant role of the bottom interface, and the data are shown in

figure 2.20. To test the surfaces, we compared perovskites with or without FBPA as surface

passivation (established in section 2.3.1); and to test the interfaces we measured perovskite

as deposited on different substrates. For the isolated perovskite without any passivation, the

removal of oxygen reduced the PL dramatically (140x, figure 2.20a). This implicates the sur-
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faces, as no other semiconductor materials are present to form an interface. This is supported

by the near total recovery of PL losses upon the addition of surface-passivating FBPA, for

the case on bare glass (figure 2.20b). So we can infer that our perovskite naturally has severe

surface recombination which is normally passivated by oxygen. But this is not the whole

story. Regardless of FBPA surface passivation, the PL again drops for N2 annealed perovskites

upon the inclusion of a TaTm/ITO interface. This uncovers a distinction between surface and

interfacial recombination, and the similar but unequal roles of oxygen and FBPA in passivating

(a) XRD diffractogram (b) PDS spectra (c) AFM height distribution

(d) N2 Anneal (e) Low % RH (f ) High % RH

(g) N2 Anneal (h) Low % RH (i) High % RH

Figure 2.19 – Further characterization of air and nitrogen annealed perovskite layers. (a) XRD pat-
terns of cells annealed in three environments, all at 150°C. Low % RH was 15% and High % RH was 35%.
(b) PDS measurements of the absorptance, for the same films. (c) Height distributions for the same
films, as measured by AFM. The significance of these data is not the position of the distribution but
the width. The zero-height point, and therefore the peak position, is fixed only by the probed depth
of holes between grains, which depends on measurement parameters. (d-f) AFM height maps for the
same films. The scanned area has 5µm side length. The height scale in each image is different, to make
that image readable. (g-i) SEM cross section scans of full PSC made with different annealing. Scale bar
for SEM images is 200 nm. All samples used a template with 12%vol CsBr.
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(a) (b)

Figure 2.20 – Average PL peak for varied perovskite films and layer stacks, in different environ-
ments. Samples were made with or without 5 mM FBPA in the SP solution. PL measurements were
taken according to the method in figure 2.14, across the whole substrate with 1 mm spacing between
points. All the measurements were averaged together to create the spectra shown here. (a) shows per-
ovskite PL for layers without FBPA, and (b) shows layers with FBPA. In (a), the perovskite/glass sample
which was annealed in N2 was then left in air at room temperature for 30 minutes before re-measuring.
Each graph was normalized separately, in order to show the changes caused by annealing and layer
stack, without being convoluted by the effects of FBPA on PL emission.

these defects. Perovskite/glass experiences predominantly surface recombination, and FBPA

is enough to repair the PL losses of N2 annealing. But enter another semiconductor material

and the electronic states that form at the interface between them, and only oxygen is able to

passivate enough to give PL close to the interface-free case.

These experiments bring us to an understanding of what types of defects are present in our

solar cells, and how different passivation mechanisms affect them. These ideas are illustrated

for clarity in figure 2.21. These show red dots as trap/defect sites and passivating agents that

"cover" them. The severity of losses from trap states depends on their position within the Eg

and the rate of capturing either an electron or a hole (proportional to capture cross sections

and speed of transfer). Traps near the band edge are considered less severe, and traps near

mid-gap are considered "recombination centers". There does not exist a characterization

method that would allow us to determine defect nature, speed, and energy level at interfaces

buried within the cell stack. So we are left to theorize what is happening in our PSC based on

the PL measurements. Figure 2.21 first shows an unpassivated example (annealed in N2, top

right), with or without an HTL present. Based on the low PL of unpassivated N2-perovskite on

glass, we infer that there are natural damaging surface states in this case. These are illustrated

as mid-gap defects. When the HTL is added, interfacial states are created and band bending

occurs. The new states would increase recombination, in line with the slight PL loss on TaTm

relative to glass for the air-annealed perovskite in figure 2.20a. The further loss with ITO below

the TaTm is likely due to the conductive material aiding the collection of charges at active
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defect sites. Finally, charge transfer and accumulation at the HTL interface will induce band

bending [74]. For defect states near the Valence band, this brings them closer to the band edge,

neutering their affect, while states near the conduction band will be pushed closer to mid-gap.

We now take this example as the base case, and theorize the passivation effects of oxygen and

FBPA separately (bottom left and right). Oxygen exposure alone is enough to give working

cells, and these samples also gave the highest PL in all cases. This is illustrated as oxygen

covering the main defect states in the bare perovskite and the new states in the HTL/perovskite
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Figure 2.21 – Band diagrams of perovskite interfaces with qualitative defect and passivation
schematics. Defect states with energy levels that fall within the bandgap can be detrimental in different
ways. This illustration shows qualitatively how these states react to band bending and passivation
mechanisms, as we understand from experiments. These do not represent measured values of defect
count, energy level, or passivation effects.
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case. FBPA-perovskite on glass gives good PL even in N2, so we illustrate FBPA to cover the

native surface states in the bare perovskite as well. But enter the HTL interface, and the PL

drops significantly for all conditions without oxygen (figure 2.20b). Thus we believe that some

of the new electronic states created at the TaTm perovskite interface are not passivated by

FBPA, as illustrated by the FBPA covering different defects than the oxygen. The idea that these

passivation mechanisms do not fully overlap is further supported by the fact that air-annealed

samples improve their PL intensity upon FBPA addition (figure 2.15).

The effectiveness of oxygen as a passivant is supported by the diverse roles described for

oxygen in the literature, such as binding to Pb and I defects in the bulk or at surfaces [118],

[121]–[124]. But it also begs the question of if other HTL materials induce the same interfacial

states with the perovskite, how harmful those states are, and if anything besides oxygen can

be used to passivate them. As a quick cross check, since the original JV results took place on

NiOX and the PL measurements on TaTm, we checked the opposite cases as well. JV results

on TaTm are shown later in figure 2.28, but fully agree with the PL results here. PL intensity on

NiOX likewise agreed with the JV results, dropping 460x in N2 relative to air.

We next move to the work done towards identifying the electronic states that participate in

this recombination. To this end, we sent samples to be measured by X-ray Photoelectron

Spectroscopy9 (XPS). Since this is a surface measurement that probes up to 10 nm into the

sample, we prepared samples in air and N2 in special ways so as to access the "buried"

bottom interface of the perovskite. Two separate attempts were made towards realizing this

measurement, first by using thin electron-transparent substrates and second by lifting up the

perovskite to reveal the bottom surface. We thank Dr. Mounir Mensi, who performed all of the

XPS measurements shown here, and for generously giving his time and expertise towards the

analysis of results.

The first attempt was to deposit the perovskite on "TEM grids" (typically used for Transmission

Electron Microscopy, TEM). These are small copper grids with 100µm holes and a thin (8

nm) carbon film lain over the grid (from Plano). We made air and N2 annealed perovskites

on these grids, and measured XPS on the bottom surface. SEM measurements were used

to confirm the correct deposition of the perovskite on the TEM grids, and these results are

shown in section B.5.1. The comparison of the bottom and top surface measurements are

shown in figure 2.22, along with measurements of the isolated TEM grids which were annealed

in parallel. We note here that a uniform shift in the XPS x-values (binding energy of the

measured electrons) can be caused by the sample charge. In the case of our measurement, the

top-surface measurement was grounded, and the bottom-surface measurement was charge

compensated with an electron beam to try and align the measures. This is imperfect however,

and the data are later aligned to the iodine 3d peak.

9This method irradiates the samples with photons from the extreme UV to soft X-ray ranges (1-1000 eV) which
then liberate electrons out of their orbitals near surface of the material, up to 10 nm deep. The electrons are
collected and their energy is measured, which distinguishes both the element and orbital that the electron came
from. This allows the identification of chemical states and bonds at the surface.
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The first thing to notice about these measurements is that all of the samples showed similar

quantities of oxygen. Despite being fully prepared in an N2 environment, all samples were

briefly exposed to air while being loaded into the measurement chamber. Though, since no

heat was applied to the N2 annealed samples while they were in air, it should avoid replicating

the chemical effects of annealing in air. The oxygen signal on the bottom surface is different

between the air and N2 samples, but these signals overlap with that contributed from the TEM

grid alone (seen in the graph below). Thus, there is no possibility of comparing the samples

based on the oxygen peak. For the nitrogen signal, the top-surface peaks are again similar, and

the difference in the bottom-surface peaks is most likely attributable to the TEM grid. Nitrogen

is present in the perovskite in the organic FA cation, to which we attribute the top-side peak at

401.1 eV. The bottom-side peaks are shifted to lower energy and the air annealed perovskite

has a secondary peak, but references from an XPS peak database [213] do not show any overlap

with nitrogen-oxygen species (nitrite (-NO2) has a peak at 403.9±0.7 eV, and nitrate (-NO3)

has a peak at 407.2±0.6 eV). There are multiple nitrogen-carbon species with peaks in this

area (amide, nitrile, xyanide, imine) which may be produced in our samples due to the TEM

grid or by a significant portion of the FA degrading. Though, we consider such FA degradation

to be unlikely given the functionality of air annealed perovskites.

The carbon, bromide, iodide, and lead signals see no significant difference on either side. The

bottom-side carbon signal is overpowered by the signal from the TEM grid, and the signals

from the heavy elements are too similar to differentiate in any case. All conditions show a

small shoulder of Pb0 or metallic lead. This is a defect type commonly associated with oxygen

passivation [118], [121], but for us is visible with or without air exposure. We also note the

bromide and iodide signals measured on the TEM grids annealed in N2. This indicates that

the N2 environment in which annealing took place was contaminated with these elements, if

not others. The hotplate used for this experiment is in the same glovebox system that houses

all spin-coating processes. Overall, across all the elements there is little to no discernible

difference between the surface chemical states of air and N2 annealed samples. Though, there

was evidence of oxygen contamination and significant overlap between the signal contributed

from the samples and substrates.

The second method used to measure XPS on the bottom interface was to perform a "lift-off"

of the perovskite, where an adhesive tape was applied and removed, taking the perovskite with

it to expose the bottom surface. This method had the benefit of directly exposing the bottom

interface without the interference of a substrate, but also required briefly exposing both top

and bottom interfaces to air in during the loading into the measurement chamber. Additionally,

in order for the lift-off method to work, the perovskite was deposited on a glass/ITO/MeO-

2PACz10 substrate. Both this and the organic glue used in the tape may have left a reside on

the bottom surface. The measured carbon signal on the bottom surface and significantly lower

10A SAM molecule for hole transport, [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic Acid.
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Figure 2.22 – XPS spectra for perovskites deposited on TEM grids, and of the grids. Standard hybrid
PVD/SP perovskite was deposited on TEM grids attached to glass substrates, with annealing in either
air or N2. Multiple grids were prepared per condition, and half were left as-deposited, while half
were flipped upside-down. Then XPS measurements were taken on both the top of the perovskite
and of the bottom through the grid. Likewise, plain TEM grids without perovskites were treated to
the same annealing and measurement, to identify what signal comes from the grids and how much
contamination is present from the processing environment. Samples were sealed in vials in an N2

environment before being sent for measurement. For the N2 annealed samples, their only exposure
to air was the transition of the measurement stage from N2 glovebox to the measurement chamber
(less than 1 minute). All curves aligned according to the iodide 3d low-energy peak. All samples used a
template with 12%vol CsBr.
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counts for all species on the bottom suggest that some amount of organics are present. For

the nitrogen, oxygen, and carbon measurements, the bottom-side signal is multiplied by 10

for the sake of readability on the same graph. The results are shown in figure 2.23.

We again start by addressing the fact that the same oxygen signal is measured for both condi-

tions. This likely comes from the brief air exposure during sample loading, and compromises

the validity of the measurement. Though since no heat was applied while they were in air,

it should avoid replicating the chemical effect of annealing in air. Regardless, there is no

meaningful difference in the oxygen, nitrogen, or carbon XPS signals between the air and

N2 annealed perovskites11. We do observe a difference between the top and bottom surface

signals for carbon. While the top-side measurement shows two nearly equal peaks, the bottom

side is dominated by the lower energy peak. From expected peak locations of certain bonds

(database at [213]), we attribute the higher energy peak to the carbon signal from the FA

molecule and the lower energy peak to C-C single bonds. These bonds are present in the

11We note here that this measurement on Cu tape did not mimic the lower-energy nitrogen peaks of the TEM
grid bottom-surface measurement. This further supports that the observed difference in nitrogen signal between
air/N2 was caused by the TEM grid.

Figure 2.23 – XPS spectra for perovskite top and bottom surfaces, as revealed by a "lift-off" proce-
dure. Perovskite was deposited as normally on glassITO/MeO-2PACz substrates, and annealed in either
air or N2. Then a piece of Cu tape was pressed into the perovskite and lifted off to reveal the perovskite
bottom surface. The XPS measurement was then performed on both surfaces. Other than the air
annealing, samples were fabricated, sealed in vials, and prepared on the measurement stage all within
an N2 environment. For the N2 annealed samples, their only exposure to air was the transition of the
measurement stage from N2 glovebox to the measurement chamber (less than 1 minute). All curves
aligned according to the iodide 3d low-energy peak. All samples used a template with 12%vol CsBr.
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SAM molecule [56] and the organic glue used in the tape, indicating signal from species other

than the perovskite. As for the top surface, there should only be FA (no C-C bonds). Possible

explanations are that the samples are contaminated or that the FA has decomposed into

different species. It is known that FA can decompose at temperatures already below 150°C [62],

[190], but this only results in compounds with C-N and C-H bonds as measured by nuclear

magnetic resonance [62] and mass spectroscopy [190]. Additionally, these compounds do

not allow the formation of a perovskite [62]. So, we are left to conclude that the top surface

has been contaminated by a foreign species during preparation or measurement. This could

have come during the annealing step, which is done in the same glovebox as used for the

spin-coating step, and is home to many different organic compounds in powder form. But

otherwise, the nitrogen, oxygen, and carbon signals from XPS do not show any difference in

the chemical surface states of air and N2 annealed perovskites.

Looking at the bromide, iodide, and lead peaks, we again do not see extreme differences

between the samples. There is a slight broadening of the top-side bromide peak in N2, but this

is likely because of sample charging. The iodide peaks are identical across conditions. The

lead peaks show one small but potentially important difference, in that there is a small Pb0

shoulder on the low-energy tail of the main peaks. This is a defect type commonly associated

with oxygen passivation [118], [121], but for us is only visible in samples with air exposure.

This disagrees with the results on TEM grids. In both cases, the top-side measurements were

taken off of the TEM grid or Cu tape, and thus are identical in preparation.

Overall, the XPS data do not reveal a clear culprit for the recombination losses of N2 annealed

perovskite. All of the samples were contaminated with oxygen during the sample loading,

which is unavoidable. The only sample that was fully protected from oxygen was the bottom

surface as measured through a TEM grid, which was then obfuscated by the signal from the

TEM grid itself. Otherwise, nearly every measurement was identical between top/bottom

and air/N2 annealing. This shows the level of sensitivity of perovskites to defects and surface

chemistry, in that undetectable populations can cause enough recombination to reduce device

current near zero.

Replicating Oxygen’s Effect

One goal of this research was to replace the effect of oxygen with a more controllable method.

To this end, we chose to use ethanethiol (ET). This molecule consists of two carbon groups and

a thiol group (CH3CH2SH). The sulfur moiety makes it a Lewis base, meaning that it readily

donates a pair of non-binding electrons (same as FBPA). This was expected to passivate under-

coordinated Pb2+ defects in the same way as oxygen [118], [121], and modify the crystallization

kinetics as observed for other Lewis bases [210]. Beyond its chemical nature, ET is of a similar

size to FA (NH2CHNH2). We expect this to allow ET to diffuse through the template in the

same way that FA does during the interdiffusion and reach the bottom interface where the

recombination appears to be most active.
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ET was included directly in the spin-coating solution of the hybrid PVD/SP method, and made

into cells. The results of this first test are shown in figures 2.24 and 2.25. First, a sweep was done

of ET molar percentage relative to FA, for PSC annealed in air. The optimum concentration

improved JSC and F F over the reference, shown in figure 2.24a, although with a loss to VOC . It

was observed that ET inclusion generally increased the JSC , until losses from parasitic PbI2

absorption reduced the gains (figures 2.24c, 2.25). F F similarly improved for all samples, while

VOC dropped quickly and plateaued. In the same batch of cells, the N2 annealing experiment

was repeated with and without ET. The JV results are shown in figure 2.24b. While the baseline

behaves as normally, the N2 annealed PSC with ET doping regain almost all of their JSC loss.

This confirms that the chemical role of oxygen can be at least partially replicated with ET, a

Lewis base.

(a) (b)

(c) (d)

Figure 2.24 – JV and EQE measurements for PSC fabricated with ET. (a) JV curves for a batch of PSC
with either 0% or 4%mol ET relative to FA. (b) JV curves for a batch of PSC annealed in air or N2 and
either no ET or 12%mol ET relative to FA. (c) EQE curves for increasing ET percentages. Note the
uniform shift in Eg for the ET-doped PSC, about 10 meV. (d) EQE curves for the champion cells of each
condition in (a). The cell stack was glass/ITO/NiOX /perovskite/LiF/C60/Ag.
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To discern the role of ET in the perovskite, we did PL measurements. The first of these is shown

in figure 2.26. Here, the PL is imaged for air annealed samples with different amounts of ET.

Two effects are visible, in that the PL gets brighter and more uniform. Since these samples are

annealed in air, the brightening tells us that ET has some passivation ability in addition to

that of oxygen. The uniformization of the PL supports the idea of ET slowing crystallization

due to formation of an adduct with PbI2, as has been observed for Lewis bases [210]. A better

converted bilayer also agrees with the improvement to JSC observed in cells (figure 2.25). The

best PL intensity at 4%mol and uniformity at 12%mol tells us that the mechanisms giving

better uniformity and brighter PL are not the same. PL data also allows for calculation of the

Urbach Energy, via the method of figure 2.11b. This was done with point PL spectra taken from

across the substrate area, and used to calculate values of 12.91±0.35 meV for the reference

perovskite, and 12.76±0.18 meV for perovskite with 6%mol ET. Thus, with ET there is negligible

change to bulk quality, slower crystallization makes the perovskite more homogeneous, and

a passivation effect separate to that of oxygen increases the PL output. For PL of ET in N2

annealed perovskite and comparison to the passivation role of oxygen, see section B.5.

Figure 2.25 – JV statistics for a sweep of ET doping rates. The percentage refers to the molar ratio
with respect to FA, measured in the spin-coating solution. To encourage ET adoption within the
crystal, the FA concentration was reduced in parallel with the ET increasing. The cell stack was
glass/ITO/NiOX /perovskite/LiF/C60/Ag.
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Alongside characterization efforts, we continued to fabricate PSC with and without ET, opti-

mizing production parameters and seeking to improve on the efficiencies obtained in figure

2.24a. Cells with NiOX as HTL were reliable, but rarely exceeded 13% efficiency (compared

to 16% upper limit for Spiro-TTB). Higher performing materials were tested, but the cells

reliably failed. An example is shown in figure 2.27. On NiOX , the cell with ET gives higher

efficiency (despite still low VOC ), while on Spiro-TTB the cell gets worse with ET (at this point

in time, TaTm and SAM materials were either not optimized in our lab or not yet discovered).

This s-shape is characteristic of poor charge transport, which we attributed to ET damaging

the organic HTL material. ET was thus considered incompatible with organic HTLs and was

restricted to the lower performance of NiOX .

Uniting the different themes of this section, we tried different HTL materials for N2 annealed

perovskites (figure 2.28). The motivation of this was the PL analysis and theorized recom-

bination mechanisms described in figures 2.20 and 2.21. From these, interfacial states with

the HTL appeared responsible for the recombination and JSC losses, and that therefore some

material may exist which does not form any damaging electronic states when interfaced

with the perovskite surface. Thus, we returned to the N2 annealing question over the years

when new HTL materials were demonstrated. This led to the discovery that MeO-2PACz (a

SAM molecule) does not experience the same JSC loss upon annealing in N2. It still does not

fully recover the lost JSC , but this is likely due to the absence of H2O which otherwise helps

Figure 2.26 – PL images for PSC based on perovskite films with varied ET doping rates. PSC were
exited with a red LED that was filtered to pass only below 670 nm. Their PL was imaged with a Nikon
camera through a 670-715 nm bandpass filter to only take the high-energy emission tail (Eg ≈ 740nm).
The images were taken through the glass of the PSC and within the cell area. The percentage refers to
the molar ratio with respect to FA, measured in the spin-coating solution. The top line of images have
their brightness scaled to the same level relative to eachother, and the bottom line of images are the
same but with brightness scaled for visibility.
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Figure 2.27 – JV curves for
PSC on different HTLs, with
or without ET doping. ET
was included at 10%mol rel-
ative to FA. All samples were
annealed in air, and the only
thing changed about the cells
was the HTL. The cell stack was
glass/ ITO/ HTL/ perovskite/
LiF/ C60/ Ag.

aid the bilayer conversion [193]–[195], as complete conversion has been linked to better JSC

previously (figures 2.5, 2.10d, and 2.25). But regardless, it does not experience close to the

same losses as NiOX or TaTm. We then conclude that this material does not form the same

type of damaging interfacial states that require oxygen to passivate.

Figure 2.28 – JV curves for
PSC on different HTLs, an-
nealed in air or N2. Due to the
different availability of materi-
als over time, these cells were
not produced in parallel. Thus
the template and spin coat-
ing may vary slightly, but the
same recipe was used for all
cases. FBPA was only used in
the TaTm cells, and not in any
other case. The SAM used was
MeO-2PACz. The cell stack was
glass/ ITO/ HTL/ perovskite/
C60/ Ag.
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2.3.3 Conclusion

This section looked at the various effects of surface and interfacial recombination in single

junction PSC formed with hybrid PVD/SP perovskite. We first addressed the CTLs, and devised

a method for direct comparison of different interfaces within the same sample. This showed

that fluorinated benzene phosphonic acid (FBPA) can passivate surfaces, and that TaTm and

SAM are better interface materials than Spiro-TTB. This was further verified in cells, which

improved in VOC and efficiency.

We also examined the role of processing conditions in material passivation, most notably

the exposure to O2 during the annealing. This was crucial to cell performance, giving a

significant JSC loss when annealing in N2. We attributed this to oxygen passivating both

surface and interfacial defects. FBPA was able to mimic this passivation, but only in the

absence of material-dependent interfaces. We partially rectified the losses from annealing

in N2 by adding a Lewis base molecule (ET) with a size intended to allow it to diffuse to the

bottom surface. Further characterization revealed that ET was passivating, but not by the same

mechanism as O2, while also modifying the crystallization to produce a more homogeneous

material. This additive interacted poorly with organic HTL materials, and thus was both not

viable in the highest efficiency cell designs. Finally, we discovered that a certain HTL material,

the SAM MeO-2PACz, did not form the same damaging interfacial states as other HTLs. This

succeed in making working cells without O2 exposure.
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2.4 Perovskite Morphology and Charge Transport

A high-performing perovskite material must not only have correct constituent ratios and low

bulk disorder, but also transfer charges efficiently. This behavior is linked to material quality,

and thus is governed by many of the same processing parameters as were optimized in the

previous sections. Annealing temperature in particular affects the morphology and chemical

makeup of the perovskite, and these in turn govern the material’s ability to transport excited

charges. This section discusses the trade-off between these properties and how the optimal

point is affected by the surface-binding FBPA molecule. We find that modification of the

perovskite surface can skew the balance and allow for a higher temperature limit before the

onset of limiting degradation, which benefits the material’s ability to transport charges and

achieve high F F .

2.4.1 Modifying Perovskite Crystallization

At the beginning of this chapter, we described the effects of annealing temperature on the

crystal uniformity, order, and chemical balance of hybrid PVD/SP perovskites (section 2.2).

As the temperature increased, the perovskite diffraction peak became taller and narrower;

the bulk disorder reduced; and the residual precursors dropped out of detection. These

benefits continued up until the annealing passed 150°C, where the perovskite started to have

excess PbI2 and increased bulk disorder. Thus, the trade-off point between the benefits and

detriments of annealing temperature was established at 150°C, which aligned with the best

PSC efficiency. But the annealing temperature is important beyond just the crystalline quality,

affecting also the morphology of the layer. As the annealing temperature is increased, the

features of the perovskite layer grow larger and more uniform. Figure 2.29 shows this with

top-down SEM images of perovskite layers formed over a range of temperatures, with and

without the FBPA additive. The same trend is observed in both cases, with minimal changes

when including the surface-passivating FBPA.

It is worth noting before the discussion that the features seen on the surface of these films are

not strictly uniform crystallites, and may contain internal discontinuities [214]. Nevertheless,

increasing the temperature of film formation reduces the density of boundaries between the

visible perovskite domains, which are certainly also lattice terminations regardless of if other

internal boundaries exist. This is beneficial to the perovskite quality, and is in line with the

results of section 2.2.1. But again, the previous results showed an unavoidable trade-off, and

cells produced above 150°C performed worse in VOC and F F . We linked this trend to perovskite

quality improving with annealing temperature, only to be limited by the evaporation of organic

FA from the layer above roughly 150°C and subsequent excess of the inorganic components.

The SEM images of figure 2.29 do not distinguish between films with or without FBPA. But

differences do appear when looking at the crystallographic compositionin XRD. The same

samples were measured, and a subset of the diffraction pattern cropped to the perovskite

and PbI2 peaks is shown in figure 2.30. While the perovskite peak (at 14.2°) does not change
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drastically with annealing temperature, the PbI2 peak (at 12.7°) increases from non-detection

to being nearly the same intensity as the perovskite. Importantly, the samples with FBPA

show a lower ratio of the PbI2 to perovskite peak intensity, and a higher temperature of onset

for the PbI2 peak. Figure 2.30c illustrates this by taking the ratio of the two peaks, for each

temperature and with/out FBPA. In both cases, the peak ratios follow an exponential trend

over the anneal temperature, but the layers with FBPA in them achieve the same proportion

of PbI2 relative to perovskite at roughly 20°C higher annealing temperature. We attribute

Figure 2.29 – SEM images of perovskite films annealed at different temperatures. Annealing took
place in air, with a controlled dew point between 10 and 15 °C. All layers were made from the same
PVD template and SP recipes, with or without 5 mM FBPA in the spin solution. The dark hazy mass in
the 100°C film with FBPA is likely residual bilayer components which were not well mixed due to low
annealing temperature.
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this difference to the FBPA acting as a sealant of the perovskite surfaces. Organics with a

phosphonic acid group have been observed in the literature to bind to metallic surface states

[108], [126], [128], [209], which could provide a barrier at the perovskite surface which prevents

the loss of ions such as FA+ and I− to evaporation [59], [107]. Achieving the right quantity of

PbI2 in the perovskite is important to achieve the highest efficiencies [64], [65], but too much

excess PbI2 is detrimental [59], [66], [67]. The limit of keeping PbI2 at a tolerable level is what

(a) (b)

(c)

Figure 2.30 – XRD patterns for perovskite layers annealed at different temperatures, with and with-
out FBPA. (a-b) show the XRD intensity patterns for the perovskite layers without (a) and with (b) 5
mM FBPA included in the spin-coating solution. (b) also includes an inset with the ITO diffraction
peak from each of the 12 measures, to demonstrate the peak asymmetry which uniformly affected this
measurement. (c) shows the ratio of the PbI2 to perovskite peak heights for each measurement in (a-b).
The lines are fitted y = a ∗ ebx + c curves. The samples measured here are the same as the samples
shown in figure 2.29. They were produced on glass/ITO, with the same PVD and SP steps, and annealed
in air at 10-15°C DP. We note that these measurements were taken on a different measurement system
(PANalytical Xpert Pro MPD) than the XRD patterns shown in section 2.2.
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prevents us from otherwise using higher temperature annealing (a brief analysis of excess PbI2

and material degradation is included in section B.9). However with FBPA included, the same

relative fraction can be achieved with a higher annealing temperature, unlocking the benefits

of the better morphology at these temperatures.

Looking to understand the role of FBPA in our films, we carried out in-situ GIWAXS measure-

ments during heating to 150°C. The main plots are shown in figure 2.31. These are the same

type of measurement as used to uncover the role of pre-annealing in section 2.2.2. Once again,

we analyze these data by radially integrating the diffraction patterns to obtain a plot similar

to the XRD measurements previously shown. This gives us a peak for perovskite (100) and

PbI2 over time, and from this extract information about the crystal growth12. The two main

distinctions between the with/out FBPA cases are the growth rate and the PbI2 level. The PbI2

peak heights at the end of annealing align with the 150°C samples from our in-house XRD

measurements (figure 2.30), but what the in-situ GIWAXS reveals is that the PbI2 follows a

non-linear path from start to finish. In all observed cases, the PbI2 starts out with a slight

decreasing trend, then at some point accelerates downward, before reaching a low-point and

rising for the rest of the measurement time. The better consumption of PbI2 and slower rise of

the perovskite peak with FBPA included (a Lewis base) aligns with the slowed crystallization

from adduct formation between Lewis base molecules and PbI2 shown in literature [210] and

previously attributed to ET (figure 2.26).

Next we focus on the different perovskite peak growth rate between the samples. The same

pattern of growth and difference with/out FBPA is observed along multiple crystalline axes,

showing that no particular growth axis is favored (figure 2.31b). Thus we performed our

analysis on the brightest (100) diffraction peak. Using this data, we applied the Avrami method

[215] to obtain information on the growth kinetics. This method allows for the computation of

the dimensionality of grain growth, assuming random points of nucleation and a crystalline

phase that expands outward from these points in 1 - 3 dimensions. The computation is based

of the volume fraction of the crystallized phase, defined as Y, and the time (t) spent at a

constant heating rate. These values are linked by the equation Y = 1−exp(−K t n) where K is

a value encompassing growth parameters of the material and n is the dimensionality of the

growth plus one (n = Di m +1) [215]. Y(t) and t are known from the GIWAXS data, and the

equation can be modified to l n(−ln(1−Y )) = ln(K )+n ∗ ln(t), enabling the determination

of n from a linear fit of ln(−ln(1−Y )) versus ln(t). This in turn gives the dimensionality of

growth, from n = Di m +1.

We applied this analysis to the data shown in figure 2.31a. Although, the peak evolution

happened on different time scales for the films with/out FBPA, and thus the fittings were done

over different ranges. These ranges are shown in figures 2.31c-d. Two regions were fit for each

case, corresponding to different behavior of the peaks. Period 1 was selected for the portion

12It is important to note here that the spin-coating took place in air, in a different facility than our own, and by an
external scientist (Julian Steele, from the Centre for Surface Chemistry and Catalysis, KU Leuven, Belgium). Thus,
the absolute values of the perovskite and PbI2 peaks might be affected, but comparisons between measurements
are still valid.
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of the conversion where the perovskite peak increased slowly and the PbI2 peak decreased

slowly. Period 2 was selected for the portions where both trends accelerate, up to the point

where the perovskite peak growth slows and the PbI2 peak trend reverses. Treating the data

as described above and performing a fit for n over the time periods shown gives different

values for the dimensionality of growth. For the baseline perovskite without FBPA, period 1

gave n = 4.01±0.27 and period 2 n = 4.24±0.20. For the perovskite with FBPA, period 1 gave

(a) (b)

(c) (d)

Figure 2.31 – GIWAXS peak heights over time for perovskites with or without FBPA. Samples were
spin-coated in air with/out 5 mM FBPA, placed on the measurement stage (also in air), and heated from
room temperature to 150°C at 100°C/minute. Measurement of diffraction patterns started simultaneous
to the start of heating, and completed every 2 seconds. (a) shows the main perovskite and PbI2 peak
heights over time, for films with and without FBPA. For the PbI2 peak with FBPA included, the peak
intensity briefly dropped below the noise limit for clearly discerning the peak, and thus was asigned a
value of 0 until it became resolvable again. (b) shows the perovskite peak heights for different diffraction
planes, taken from the same measurements. (c-d) show the temporal regions used for Avrami method
fitting, along with the dimensionality of growth extracted from this analysis.
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n = 3.98±0.17 and period 2 n = 2.27±0.08. Thus, the film without FBPA grew consistently in

three dimensions, while the film with FBPA started with three-dimensional growth, but then

continued with mostly one-dimensional growth.

All together, it is unclear what amount of material improvement comes from the Lewis base

chemical passivation of surface defects (section 2.3.1) and what amount comes from the

different crystallization kinetics resulting in a better material. We can quantify the overall

improvement using photoluminescence quantum yield (PLQY) measurements. The PLQY

of the films from figure 2.29 and 2.30 was measured, and are shown in figure 2.32. First, the

(a) (b)

(c)

Figure 2.32 – PLQY measurements for perovskite films annealed at different temperatures, with
and without FBPA. (a-b) show the photon flux spectra for the perovskite layers without (a) and with
(b) 5mM FBPA included in the spin-coating solution. (c) shows the quantum yield of the curves in
(a-b) relative to the absorbed photon flux (irradiated by laser at 1-sun intensity, 532 nm). Samples were
deposited on glass and annealed in air. Samples of the same temperature were annealed together, to
control for RH variations.

77



Chapter 2 Material and Interface Development in Single Junction PSC

spectra in 2.32a-b show that in both cases the emission intensity goes up steadily with anneal

temperature. These curves are quantified in figure 2.32c, which shows the calculated PLQY,

which aligns with the improved morphology shown in figure 2.29. Following the trend in this

graph, and including a 20°C increase in the annealing temperature (as established from the

trend in figure 2.30c), the PLQY could conceivably be increased by 3.75x, which corresponds

to 34 meV increase in QFLS.

2.4.2 Effect on Charge Transport

The higher temperature annealing enabled by FBPA affects more than just the QFLS of the

perovskite. We find that the charge transport within the cell is also affected, specifically

improving F F by 8.5% absolute. Figure 2.33a shows PSC made with a series of annealing

temperatures, with an optimum at 170°C in line with the 20°C prediction of the previous

section. The improvement in F F can be attributed to the ROC , which reduced by 2.1Ωcm2

between the best cell at 150°C and 170°C. The VOC behaves the same as in the previous

temperature sweep (negative trend, figure 2.10c) while the voltage at the maximum power

point (VMPP ) remains constant (figure 2.33e). Therefore the increase in efficiency follows

only the increase in JSC due to better conversion of the PVD/SP bilayer into perovskite (in

agreement with the previous results of figure 2.10d). We also note here, that the cells without

FBPA follow the same trend, albeit with slightly lower overall performance (due to lower VOC

without FBPA). The efficiency and F F are shown in figure 2.34. This stability is observed and

discussed briefly in figure B.33.

An important distinction should be made between the results presented here and the anneal-

ing temperature sweep presented in the previous section, specifically figures 2.4 and 2.10.

Previous attempts at the same experiment shown here in figure 2.34 were made with either

NiOX or Spiro-TTB as HTL. NiOX cells were consistently limited to lower performance than

organic HTLs, and Spiro-TTB has a glass transition temperature at 146°C [216] (observed to

dewet from rough ITO surfaces at 150°C: figure 4.13, and in literature [62], [149]). Thus previ-

ous attempts were likely affected by these materials, and thus consistently gave an optimal

annealing temperature of 150°C.

We next attempted to identify the source of this improved ROC and F F . Simple checks were

made to verify that the ITO and SAM were not responsible for the improved transport. The

details and results of these tests are discussed in section B.8. Briefly, the ITO does not con-

tribute meaningful improvement to the ROC . The SAM contributes some improvement, but

not enough to fully account for the F F gain in PSC. We therefore turned to the perovskite layer

to find the source of these gains. We compared the measured F F values against pseudo-F F

values obtained from reconstructed JV curves. The pseudo-JV curves were in turn created

from Suns-VOC and Suns-PL measurements [217]. The idea of each of these is to quantify the

potential cell voltage at a given illumination level. From that, the cell current can be implied

from the illumination, paired with the estimated voltage, and evaluated as JV data. This
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(a)

(b) (c)

(d) (e)

Figure 2.33 – JV statistics for PSC annealed at different temperatures, with FBPA. Cell efficiency
improved with temperature and peaked at 170°C, mostly driven by gains in F F and JSC . The F F gain
was in turn reliant on changes to ROC . The VOC dropped with annealing temperature, but the operating
voltage remained constant due to the improved ROC and F F . The cell stack was glass/ITO/MeO-
2PACz/Perovskite/LiF/C60/BCP/Cu.
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Figure 2.34 – JV statistics for PSC annealed at different temperatures, with no FBPA. The same gen-
eral trend was observed for PSC both with and without FBPA. The cell stack was glass/ITO/MeO-
2PACz/Perovskite/LiF/C60/BCP/Cu.

results in pseudo-JV curves, without certain sources of loss. The first, Suns-VOC , uses the

VOC and JSC values obtained from JV measurements at different illumination levels. Because

the series resistance of the cell is irrelevant (and dropped from the 2-diode model equation)

when no current is passed, the JV reconstruction from Suns-VOC gives the JV curve of a cell

without any resistance losses from the circuit. Second, the Suns-PL method uses the QFLS

as extracted from PLQY measurements of bare perovskite (QF LS = kB T ∗ ln(PLQY JG
J0,r ad

))13,

and the illumination level of the PLQY measurement as the V and J pseudo-data. Since there

is no cell measured, the JSC value of a full PSC with the same annealing is used and scaled

according to illumination. This approximation removes the losses due to interfacial recombi-

nation and series resistance, and therefore gives the JV values for the perovskite layer with

only surface/bulk recombination and optical losses. The measurements can be done on a

neat perovskite film on glass, or in our case we used glass/ITO/SAM substrates in order to

guarantee the same material growth as in cells. A comparison of the real or reconstructed JV

curves obtained from normal measurement, Suns-VOC , and Suns-PL are shown for a single

condition in figure 2.35, and for all conditions in figure 2.36.

The implied F F values were extracted from these curves and those of other cells annealed at

150°C and 170°C, and compared in figure 2.36. In contrast to the real F F which was different

according to the annealing temperature, the implied F F values are similar for both conditions

over both methods. From this data we conclude that it is indeed the charge transfer within

the perovskite which causes the improvement in F F for cells annealed at higher temperature.

This is reasoned from the similarity of implied F F values across both Suns-VOC and Suns-PL

methods, and across the two conditions. Had the same gap been seen between the 150°C and

170°C cases in either of these two measurement methods, then the cell-level performance gap

13kB is Boltzmann’s constant, T is the temperature, JG is the total free charge generation current density
(approximated by JSC ), and J0,r ad is the radiative thermal equilibrium recombination current density in the dark.
J0,r ad is obtained by integrating the cell EQE against the blackbody radiation at 300 K.
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Figure 2.35 – JV data compared with reconstructed pseudo-JV data obtained form Suns-VOC or
Suns-PL measurements. The JV and Suns-VOC data were obtained from the same JV measurement
system, with metallic mesh filters used to reduce the illumination intensity. The Suns-PL reconstruction
was formed from PLQY measurements of a perovskite layer on glass/ITO/MeO-2PACz, converted to
QFLS and combined with implied current values defined by the cell JSC multiplied by the PL illumina-
tion intensity. All measurements are for the standard perovskite composition, with FBPA, annealed at
170°C. The cell stack was glass/ITO/MeO-2PACz/Perovskite/LiF/C60/BCP/Cu.

Figure 2.36 – Measured and im-
plied FF values for perovskite
cells and layers annealed at dif-
ferent temperatures. PSC and
perovskite films were fabricated
at 150°C and 170°C. The F F
was extracted from the 1-sun JV
curve, the Suns-VOC reconstruc-
tion, and the Suns-PL reconstruc-
tion. For all curves, a fit was per-
formed around the MPP to ex-
trapolate the maximum F F from
that data. The Shockley-Queisser
theoretical limit for F F at this Eg

is 90.92% (dotted line).
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would be attributable to the effects probed by each of these methods. This is bulk, surface,

and interfacial recombination in the case of Suns-VOC ; and bulk and surface recombination

in the case of Suns-PL. But since neither of these show a meaningful difference, the cell-level

gap must be caused by an effect outside of these lists, namely the resistance of the full circuit.

Given that the layers outside the perovskite were identical, we attribute this fully to improved

charge transport within the perovskite. This is notable in that it differentiates the improvement

in F F from the improvement in PLQY. These are both enabled by a higher quality material,

but the charge carrier transport and charge carrier population separation are separate. We

link the transport gains to the change in morphology, which lowers the likelihood of excited

charges encountering a boundary between the time of excitation and extraction.
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2.5 Conclusion

This chapter focused on single junction PSC formed with the hybrid PVD/SP method. This

method was chosen due to its compatibility with fully textured perovskite/c-Si tandems, which

are a leading candidate for industrial-scale high efficiency PV with potentially low added cost.

It is based on separately depositing the organic and inorganic components of the perovskite,

then annealing them to crystallize the final perovskite material. We first looked at the chemical

balance and bulk quality of the film, then examined the material surface and interfaces that it

forms with other materials, and finally investigated the morphology of the film and its role in

charge transport.

For the bulk and chemical balance, much depended on the input parameters and balancing

the two steps against eachother. Including either constituent in excess led to poor performance

of the final material, but also the annealing which mixes the layers could be tuned to give

excess of either group. The annealing environment affected the perovskite formation, and

thus was done in a controlled humidity box. A pre-anneal step was also added in order to

remove the solvent from the layer before annealing, which led to a more robust process and

more repeatable results. The effect of annealing temperature was further investigated based

on its relationship to bulk crystalline disorder. It was found that the bulk disorder could be

improved and an optimal recipe was established: 180 nm PbI2 template with 18 nm CsBr,

spin-coating 100µL of 0.45 M solution of 1:2 FAI:FABr dynamically at 4000 rpm, annealing for

15 seconds at 80°C in N2, and finally annealing for 20 minutes at 150°C in 15% RH air.

For the surfaces and interfaces, we showed that different HTL materials give different interface

quality, and linked this to higher performance in cells. FBPA was used to passivate surfaces

and increase cell voltage. We also uncovered the importance of oxygen passivation in our

films, particularly to cell current. Parallel PL measurements attributed this to significant re-

combination losses for neat perovskite films annealed in N2. These losses could be eliminated

by passivating the neat perovskite surface with FBPA, but the losses returned when interfaced

with most HTL materials. Via PL measurements and comparison with other passivation strate-

gies, we proposed the most likely explanation to be Pb2+ defects on the bottom surface of

the perovskite, which are normally passivated by oxygen through a heat-activated process. A

Lewis base molecule (ET) was able to somewhat recover the losses, but was shown to do so

without truly replicating the behavior of oxygen. Finally, SAM HTL was found which did not

induce damaging interfacial states, and working cells were produced entirely in N2.

The morphology of the layer was found to depend on the annealing temperature. This im-

proved with higher temperatures, but the upper limit was set by component loss via evapora-

tion. We showed that FBPA, in addition to its passivating role, reduces the onset of degradation

products at high temperature and raises the viable processing window of our perovskite. This

gave improved PL quantum yield in the bare layers, but the cell JSC and F F were the main

drivers of improved efficiency. Overall, the ROC was reduced by 2.1Ωcm2 and the F F by 8.5%

absolute. We extracted implied F F values from cells and plain perovskite layers, which showed
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that the improved F F was caused by the series resistance of the full cell. Thus the gains were at-

tributed to a better quality perovskite and layer morphology achieved with higher-temperature

annealing.

All together, we have extensively examined the hybrid PVD/SP method as applied in single

junction flat PSC. We have optimized the bulk, surfaces, interfaces, and morphology. The input

parameters and processing steps have been thoroughly probed to find an ideal recipe, and the

physical reasons behind these improvements have been theorized based on measurement

results. Cell efficiencies were reliably above 16% for perovskite of 1.70 eV, with WOC below 0.5

V. Overall, the perovskite formation of the PVD/SP method is well understood, and ready to be

applied in more complicated and challenging situations, which is the subject of the following

chapters.
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3 ZnO Texture for Improved Optics in
Single Junction PSC

Abstract
In this chapter we take a step away from perovskite/c-Si tandems to introduce the concept

of textured absorbers for single junction PSC. Texturization of the absorber layer increases

the optical efficiency of solar cells, and is a common solution in other PV technologies that

has yet to become popular for perovskites. We therefore outline different methods available

for texturization of PSC and choose ZnO thin films as the most promising candidate due to

their versatility and past industrial success. First, we perform optical simulations to justify the

approach. We then develop and tune a ZnO layer based on high scattering and low absorption.

We move to PSC production, and adapt the hybrid PVD/SP method to give functioning layers

on these substrates. Champion cell efficiencies reached 11%, but failed to demonstrate better

absorption than the flat references. We discuss the challenges and limitations that caused this

result. We link many of the setbacks to incompatibility between the PVD/SP method and ZnO

substrates, and therefore switch to a one-step solution-processed perovskite deposition. This

succeeds to form a quality perovskite material on the textured ZnO substrates. Cell efficiencies

over 20% are achieved along with improved optics and 1.0 mA/cm2 gain over flat cells. This

validates ZnO as a method for improving PSC optically and gaining higher efficiency.
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3.1 Introduction

In order for any type of solar cell to reach it’s maximum realistic efficiency, all aspects of its

performance must be optimized. Up to this point, the work presented has centered around

the perovskite layer, its internal quality, surfaces, and the interfaces that it forms with the CTLs.

This serves to increase the VOC and F F , but the JSC will remain limited by the optics of the cell,

which encompasses the entire device architecture beyond the perovskite layer alone. Thus, it

became a goal of my thesis to improve our PSC in this manner as well.

Increasing the extracted current depends on two things: generating excited charges through

absorption of light, and extracting them from the absorber material. The first of these is

referred to as the photogenerated current density (Jph), which is defined by the total density of

photons absorbed. Of this quantity, a certain amount is extracted as the short-circuit current

density (JSC ). Absorption can be increased via larger layer thickness, but at a certain point the

layer thickness will surpass the charge diffusion length [129], [130] and carriers will no longer

be fully collected. In practice, perovskite layer thicknesses rarely exceed 1µm (discussion of

limits in section 1.2.2). Absorption coefficients1 for perovskites are in the range of 104 −105

/cm across the absorbed spectrum [48]. These values require 1 - 3µm thick layers to absorb

95% of light2. Thus, the layer thick enough for high Jph would give poor extraction and low

JSC , and vice versa. Resolving this problem therefore requires new approaches outside of the

perovskite layer.

Measured charge diffusion lengths in perovskites are usually in the range of 0.5 - 1µm [129],

[130], but have once been measured at 12µm [131]. This result is discussed in the Literature

Review (section 1.2.2), and is treated as an outlier that is not realistic for cell application.

Looking at PSC optics, Jph depends on the absorption coefficient, optical path length, and

light incoupling. The absorption coefficient is a fixed material property, and light incoupling

depends on the substrate materials and thicknesses. These are pre-chosen for a good balance

of electrical and optical properties, and again treated as a fixed quantity. The remaining

controllable variable is the optical path length. This depends on the layer thickness and the

direction of travel of light within the layer, meaning it can be increased via thicker perovskite

or light scattering. As the layer thickness again has an upper limit, we turn to light scattering

within a perovskite layer of fixed thickness as the most feasible option for increasing optical

path length and Jph of our cells. As long as we can incorporate light scattering in conjunction

with the same perovskite as used previously, which achieved JSC near its Jph due to thick-

1Measured from PDS, using the same data as shown in section 2.2.3. We generally choose to display the PDS
data as absorptance spectra, but this is not directly measured. Both absorptance and absorption coefficient are
calculated from the raw deflection and transmission data, as a function of wavelength. The absorptance is used for
easier comparison to other measurements such as EQE and T-R spectra.

2According to exponential decay of radiation in a medium: It = I0e−αt where α is the absorption coefficient at
the given wavelength, t is the thickness of the layer, and It and I0 are the intensity at the point t and the initial
intensity.
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Absorber

Front anti-re�ective foil Textured absorber interfacePlanar device
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Figure 3.1 – Schematics of different texturing options for thin film PV. Optical enhancement over
the planar case can be achieved via texturing at different interfaces. Texturing affects the reflection
losses and the optical path length within the absorber, and how the texture is incorporated affects the
scattering geometry.

ness below the charge diffusion length and the absence of resistive barriers within the cell

(evidenced by absorptance, EQE, and JV measurements aligning), the improved Jph from

scattering should translate into improved JSC in full cells.

Absorber interface texturing is a fitting solution for this role, sketched in figure 3.1. Adding

a texture either at the front of the cell or at the absorber interface causes both scattering

and multiple reflections (in addition to improving the angular response of the cell, which is

a known advantage of textured designs [135]–[137]). Multiple reflections reduces the total

front surface reflection, and scattering increases the optical path length within the absorber.

However, scattering light before it passes through the substrate can lead to optical losses due

to light being scattered out of the cell area. Thus, a textured absorber interface is the ideal

case, assuming the same perovskite can be realized on that surface.

Transitioning from flat to textured architectures has helped improve optical performance in

technologies similar to PSC, such as thin film Si [138]–[140]. Naturally, various methods have

already been used to introduce textured interfaces to perovskites in both single junction and

tandem designs, with varied success [127], [137], [142]–[146], [149], [155]. The details of these

methods were discussed in section 1.2.2, but in summary, there is no reported method which

combines large area scalable methods, efficient broadband scattering, and cheap materials.

Lacking such an option, it became a goal of my thesis to develop a method with this potential.

87



Chapter 3 ZnO Texture for Improved Optics in Single Junction PSC

3.2 Zinc Oxide as a Source of Texture

This chapter is based almost entirely on zinc oxide (ZnO) and our development of it as a

source of surface texture for single junction PSC. Before outlining the research done on this

material, we will briefly justify its role. This section outlines the historical context and optical

simulations that together motivated our choice to work with ZnO as our source of texture.

3.2.1 History of Textured ZnO Use for Thin Film Photovoltaics

ZnO is a semiconductor material within the TCO class. It has an array of properties that

make it attractive for the role of providing texture to PSC, and has already been proposed

(but not demonstrated) for this role in the literature [218]. ZnO has a history in thin film

solar such as CdTe [219] but also amorphous and multicrystalline Si [138]–[140]. It earned

this role due to its naturally formed texture, the ease of depositing over large areas, high

uniformity on these scales, and low material cost. These properties led it even to be brought

to industrial scale production [220]. The simple fact that ZnO has already demonstrated this

level of technological readiness makes it attractive for application in PSC, and preferable to

technologies that require further development. Examples of a ZnO layer’s micro-texture and

optical scattering ability are shown in figure 3.2.

Other advantages of ZnO come from its versatility. For example, it has been used as an

electrical contact at the same time as providing optical benefits [138]–[140]. Normally the

role of electrical contact would be served by a "flat" TCO such as the common tin-doped

indium oxide (ITO). But combining their roles into just the ZnO layer has the dual advantage of

reducing the number of layers in the cell stack by one, and reducing or eliminating the usage

of scarce indium [148]. Further, the ZnO texture can be controlled to scatter into the infrared

(a) (b)

Figure 3.2 – Examples of ZnO texture and light scattering. (a) Side-view SEM image of a typical
textured ZnO film, deposited by LP-CVD. (b) A camera image of a textured ZnO film on glass.
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or only the visible [221]. The randomness of ZnO texture ensures broadband scattering [222].

Its direct Eg at 3.18 eV filters out damaging UV light [221]. ZnO is compatible with flexible

substrates, and is deposited below 200°C [223], [224]. All together, ZnO is more appealing due

to its diverse benefits beyond optical scattering.

One of the keys to ZnO’s usefulness is its deposition method. Tuning and optimization of

ZnO deposition has been heavily researched in the past, which was an invaluable foundation

for the work presented here [225], [226]. The deposition method of choice was low-pressure

chemical vapor deposition (LP-CVD). This process is based on entering precursor gasses

into a fixed-pressure chamber, where they react to form ZnO on the substrate. The details

of this method are discussed in section 3.3.1. In brief, the gas phase deposition allows for

large substrates to be used, and the controllable gas fluxes, chamber pressure, and reaction

temperature allow for fine tuning of the end optical, electrical, and morphological parameters

[224], [227].

3.2.2 Optical Simulations

We next sought to justify research into ZnO-textured PSC by performing optical simulations as

to see what was realistic in terms of PSC improvement. In addition, simulations could be used

for initial trouble-shooting without building full devices. In order to correctly simulate our

devices, which combine 1-D thin film stacks and 3-D interfaces, we used a trial of Fluxim AG’s

Setfos package [228] was granted to the group. This package allows for combined wave and

ray optical simulations, where wave optics are used for interfacial reflection and transmission,

while ray optics are used to calculate scattering through rough interfaces. Additionally, this

package allows for the import of surface profiles taken from AFM measurements. This enabled

direct simulation of the layers we produce in-house. Two example results are shown in figure

3.3. A special thank you to Dr. Jérémie Werner for performing these simulations and sharing

the results.

First, we used these simulations to validate the efficacy of ZnO texturing3. A step-by-step

transfer from standard flat PSC to theoretical ideal architecture is shown in figure 3.3a. The

starting point is a flat PSC on ITO with opaque Ag rear contact. The end point is textured ZnO

with a transparent rear contact4. Between these two designs, we add flat ZnO as a layer, switch

from an opaque to transparent rear-side contact, and from flat to textured absorber interface.

The first step, going from gray to blue, shows the parasitic absorption caused by the ZnO Eg at

390 nm. This is not so serious, as the solar spectrum at earth’s surface is relatively weak in this

range (1.19 mA/cm2 available from 320-400 nm, 5.40 mA/cm2 from 520-600 nm). Still, just

adding the ZnO layer loses 0.7 mA/cm2 compared to without. The second step (green line)

3The n and k data used for these simulations, which determines their spectral transmission, is the same as that
which was measured by Werner, Nogay, et al. in [192].

4Semi-transparent cells are not necessarily a design goal. They would be necessary for multi-junction solar or
certain building-integrated designs. But in the scope of this work, they are used to illustrate the gains of texturing,
as compared to back reflection from an Ag electrode.
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(a) (b)

Figure 3.3 – Simulated EQE curves for various flat and textured PSC architectures. (a) Simulations
comparing opaque and semi-transparent device structures, with or without ZnO and rear reflective
layers. (b) Simulated EQE curves for ZnO textured PSC, with the ZnO layer thickness varied. Surface
morphology and scattering ability increase for thicker layers, but so do losses in the UV range. For all
simulations, the main device stack was air/glass/ZnO/ITO/NiOX /perovskite/C60/top-contact. The
top contact was either Ag for opaque devices, or SnO2/IZO/air for semi-transparent. The perovskite
thickness was 500 nm.

was to remove the opaque Ag rear contact and replace it with a TCO, referred to as a semi-

transparent cell (ST). This loses 1.5 mA/cm2 in the red part of the spectrum. Normally the Ag

contact reflects un-absorbed light back into the perovskite, effectively doubling the optical

path length. The removal of this layer both highlights the transmissivity of the perovskite at

this thickness (500 nm), and the effect of doubling the perovskite layer thickness. The third

and final step (red line) was to make the ZnO surface textured, and all interfaces above it be

conformal to that texture. This immediately rectifies the red-spectrum losses of the ST design,

flattens the interference pattern (due to non-parallel interfaces), and raises the EQE across

the spectrum. Additionally, it pushes out the curve just above the perovskite Eg , due to the

increased optical path length and the removal of an interference minimum. This gives a gain

of 3.5 mA/cm2 over the previous case, and 1.3 mA/cm2 over the flat baseline.

There are multiple takeaways form these simulations. The first and most important, is that

ZnO texturing is a worthwhile research effort. Increasing Jph by 1.3 mA/cm2 is a 6.7% increase,

and corresponds to more than 1% absolute efficiency (for cells producing 1.1 V at open-circuit

and 75% F F ). Beyond that, texturing alone is more effective than an Ag back reflector. Having

a back reflector doubles the optical path length. Texturing can only do this for light refracted

60° or more. This therefore implies that multiple reflections at the textured perovskite interface

also play a role in our simulations, justifying a textured absorber design over a flat PSC with

a front anti-reflection layer. To further differentiate these roles, simulations were done with

and without texturing of the absorber interface. For the same ST cell stack as used previously,

without ZnO, and using a 1000 nm perovskite; we simulated having no texture, texture at the
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front of the glass (as an anti-reflection film used on a flat PSC), texture at the rear of the glass

(making the absorber interface textured), and a fully-flat stack with rear Ag. The comparison

shows us the difference between the three cases sketched in figure 3.1, and a standard Ag

rear reflector. From the baseline of a flat ST PSC with 20.6 mA/cm2, the front-side texturing

with flat PSC gained the least, up to 21.3 mA/cm2. The opaque rear Ag was next best with

21.6 mA/cm2, and the fully-textured ST cell was best overall with 22.2 mA/cm2. Thus, having

a textured absorber interface is superior to a front anti-reflective foil, confirming our previous

simulation.

Secondarily, we used the simulations to screen wide experimental spaces. An example of this

is shown in figure 3.3b. ZnO has the property that the size of its surface features increases with

increasing layer thickness (discussed in section 3.3.1). As the features get bigger, they become

more efficient at scattering longer wavelengths, but also the UV absorption loss increases.

To determine the trade-off between these to effects, we fabricated ZnO layers of different

thicknesses and simulated them in full PSC. The four ZnO layers used in figure 3.3b had

layer thicknesses of 600, 750, 1830, and 2870 nm, and root mean squared roughness (RMS)

values of 12.4, 42.7, 96.4, and 134 nm. We observed the trade-off described above, in that the

EQE above ZnO’s Eg (395 nm) dropped off sharply when layer thickness passed 1µm, but the

thinnest layers did not fully exploit the red part of the spectrum. Thus, we concluded that a

layer thickness around 750 nm was ideal. This gave us a target for designing the ZnO layer,

discussed in the following section.
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3.3 Zinc Oxide Layer Development

Before ZnO layers are ready to be applied in solar cells, the optical performance must first be

optimized. ZnO has been heavily researched in the past [225], [226], but never for use with

perovskite absorbers. The various deposition parameters during the ZnO LP-CVD process

allow for wide control over the transparency, thickness, and surface morphology. In order

to fine tune these aspects for PSC application, we must first be able to control them. Thus

we ran initial tests of our deposition instrument to determine relationships between input

parameters and layer output, and applied this knowledge to optimize a recipe for transparency

and scattering.

3.3.1 Controlling ZnO Morphology and Optical Performance

Starting from the fundamentals of ZnO, previous research [229] establishes ZnO as a hexagonal

crystal defined by an a-axis and a c-axis (figure 3.4). ZnO crystallites can grow along either

of these axes according to the deposition parameters, and in turn this affects the end layer’s

morphological and optical properties[224], [227]. From this basis, we test the capabilities of

our deposition system to identify the relationships which control the dominant axis of growth,

and characterize these domains to understand what type of ZnO layer will be best for our PSC.

Initial System Testing and Characterization

Our first tests of the system were simple "from the book" recipes. These were not part of

development towards use in PSC, but we show the results to introduce both the general

characteristics of ZnO layers and the methods used to quantify film performance. We obtained

recipes for flat and textured ZnO layers from literature [225], [226], and deposited on glass. We

measured their optical and morphological properties, and the results are shown in figure 3.5.

First, the total and diffuse transmission of the flat and textured ZnO recipes are compared to a

stock ITO substrate (from Kintec) in 3.5a. The ZnO is transmissive on the same scale as the ITO

Figure 3.4 – Illustrations of
the ZnO Wurtzite structure.
ZnO follows a Wurtzite lattice
defined by the a- and c- axes.
The a-axis is radially symmet-
ric, and the vertical c-axis is
longer. The a-axis planes are of
uniform atomic composition,
and atoms are stacked along
the c-axis.

Zinc atom

Oxygen atom

a-axis

a-axis

3.25 Å

c-axis 

5.21 Å

Not to scale
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(this plot does not account for reflection), and both flat and textured ZnO films transmit similar

amounts to eachother. The diffuse transmission, however, is distinctly different for the textured

ZnO. Both the stock ITO and the flat ZnO layer have near-zero diffuse transmission, while

the textured ZnO rises to nearly 30%. The diffuse transmission measurement can therefore

distinguish optical scattering, but also should not be mistaken for an absolute measurement

of the total scattered light. This measurement depends largely on the setup geometry and the

(a) (b)

(c) (d)

Figure 3.5 – General properties of ZnO observed from test depositions. ZnO layers were deposited
according to recipes from the literature. The "flat" layer was measured at 5µm thickness and 17.2 nm
RMS, and the textured layer at 2µm thickness and 69.5 nm RMS. A 100 nm ITO layer was deposited on
the ZnO for the optical measurements. (a) Total and diffuse transmittance measurements for the two
ZnO layers, compared to a stock ITO substrate (from Kintec). Measurements were taken from the glass
side. (b) Description of the measurement setup which defines diffuse transmission. The light arriving
at the sample is collimated, and unless scattered, will pass out of the chamber without being detected.
When a broadband reflector is used to block the rear window, all transmitted light contributes to the
measurement. (c) An AFM surface profile of the textured film measured in (a). (d) Cleaved side-view
SEM image of a textured ZnO film on glass.
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wavelength-dependent scattering angle, which is diagrammed in figure 3.5b. The spectral

dependence is therefore not absolute, but the relative intensity of the curve between different

samples is relevant.

The spectral variation of the diffuse transmission shows the film’s ability to scatter short-

wavelength light better than long-wavelength. This is expected, since the size of ZnO surface

features is on the order of a few hundred nanometers (see figure 3.5c-d), and will thus become

effectively flat as the light wavelength increases far past this length scale. Beyond the optical

performance which distinguishes the two ZnO recipes, the morphological properties do so as

well. Example AFM and SEM measurements are shown here for the textured ZnO case. The

AFM surface profile shows a peak-to-valley distance of nearly 500 nm for the textured ZnO and

an RMS value of 69.5 nm. The flat counterpart had only 123 nm peak-to-valley and 17.2 nm

RMS. The side-view SEM likewise shows the 300 - 500 nm surface features of a typical textured

ZnO film. Overall, these depositions and measurements confirmed the functionality of our

tool, and the fact that we could distinguish the optical and morphological effects of these films

with the measurement techniques available to us. We therefore moved on to more specific

tuning of the layer based on the relationship between deposition parameters and layer growth

modes, discussed below.

ZnO Growth Regimes and Their Morphologies

In the LP-CVD process, precursor gasses are introduced to a chamber at fixed flow rates. The

chamber is held at a certain pressure, and the substrates in the chamber are held at a certain

temperature. The gasses then react with eachother to form ZnO on the heated surface of

the substrates. From previous research, we directly took the chamber pressure and relative

flow rates of the precursor gasses, diethyl-zinc (DEZ) and H2O, to be fixed at pre-determined

optima (350µbar and 1:1.3 DEZ:H2O) [226]. These parameters affect the electrical properties

and seed-layer grain orientation [224], [227], [229], [230], which are in turn important for layer

properties, but were not varied within this work. Conversely, the deposition temperature and

total flow rate would need to be optimized as they are the most relevant to the growth axis of

the film [225].

A matrix of conditions was thus tested (with fixed chamber pressure, gas flux ratios, and

deposition time), and the results can be seen in figures 3.6 and 3.7. The low-temperature side

of the matrix is dominated by c-axis growth. This is characterized by small grains and low

surface roughness, as well as thinner layers. As the temperature increases, the growth regime

transitions through a mixed-phase range before arriving at the a-axis growth regime. a-axis

films are characterized by larger grains and pyramidal surface features, and thicker layers.

Whether a film was c-axis or a-axis could be discerned by eye, based on the haziness. This was

shown for an a-axis film earlier in figure 3.2b, while c-axis films were clear like glass. Finally, at

low flow rates and high temperatures, a third regime appears (top right in figure 3.6), defined
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Figure 3.6 – SEM images of ZnO films grown under varied deposition parameters. The DEZ flow
rates were 60, 120, and 180 sccm, and the temperatures were 150, 165, 180, and 195°C. The chamber
pressure and relative DEZ:H2O flow rates were fixed at 350µbar and 1:1.3 DEZ:H2O, and the deposition
time was 8 minutes. Scale bar is 500 nm.

Figure 3.7 – Thickness measure-
ments of ZnO films grown un-
der varied deposition parame-
ters. Thickness was measured by
profilometer for all films in fig-
ure 3.6. All depositions were 8
minutes. Measurement was ob-
tained from a chemical lift-off
of ZnO, in which a felt-tip pen
line is drawn on the substrate be-
fore deposition (visible in figure
3.9), and removed afterward with
a few seconds soak in acetone.
This leaves the ZnO around the
line unchanged while removing
all layers on top of the line.

by growth with no preferential direction. These layers is have steep cliffs and deep valleys

between grains. This is not viable for thin film processing, and this deposition regime was not

investigated further.
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These surfaces and layer thicknesses are a consequence of the films’ growth dynamics [229],

[230]. Particular to a-axis growth, grains expand laterally as they grow vertically. This leads

to a competitive growth mode, with fewer and larger grains surviving over time, and forming

a V-shape when viewed from the side (see the TEM crystal orientation mapping and growth

simulation results of [230]). This imparts the property that feature size scales with deposition

time. This means one temperature and flow rate combination can be used, and just the

reaction time varied in order to get different surface morphologies. For figures 3.6 and 3.7, the

same deposition time was used for all.

The first characterization performed was AFM and SEM of the different growth regimes. These

results are shown in figure 3.8. The SEM images are accompanied with the surface morphology

metrics from AFM, in order to give scale to the top-down images. Not only do the pyramids

grow laterally, but their vertical height grows substantially. The a-axis ZnO has much larger

grains both laterally and vertically. For these specific samples, the c-axis film was 1.32µm

thick and the a-axis film 1.53µm thick. For comparison, plain ITO substrates were measured

with and RMS roughness of 3.5 nm, compared to 8.0 and 81.0 nm for the a-axis and c-axis ZnO.

These differences in surface texture present themselves in the layers’ optical properties as well,

which we will now discuss.

Figure 3.8 – Surface charac-
terization of different growth
regimes of ZnO. SEM images
of c-axis, mixed, and a-axis LP-
CVD ZnO films. RMS rough-
ness and peak-to-valley dis-
tances are measured by AFM.
The scale bar is 500 nm.
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ZnO Growth Regimes and Their Optical Properties

The optics of all ZnO films in figure 3.6 were characterized in the same manner, and four

illustrative cases were selected for the plots below. They are the films labled A-D in figure

3.6. From here forward, they are referred to as c-axis, mixed, a-axis, and "high temp/flow",

respectively. The c-axis, mixed, and a-axis films are of the same recipes as figure 3.8, and

illustrate the general behavior of films made in these growth regimes. The high temp/flow

sample is included to show the variation within a-axis dominated films. Already this recipe

showed a much faster deposition rate, evidenced by the thicker layer from the same deposition

time (figure 3.7). But also these films were visibly different. For example, images of the four

conditions from immediately after deposition are shown in figure 3.9. The coloration of the

high temp/flow case is clearly visible in the picture. This coloration likely comes from faster

and less ordered growth allowing more defects to enter the layer.

The non-yellow films appear similar in the images, but are different when observed with

spectrographic measurements. Looking first at the absorption of the films (figure 3.10a),

calculated from taking 1-reflectance-transmittance, the high temp/flow sample stands out

distinctly as having significant low-wavelength absorption. This corresponds directly to the

color in figure 3.9. The non-yellow films are distinct as well, which is highlighted in the zoomed

view of the same data (figure 3.10b). From 500 nm to 1500 nm, the a-axis film averages 130%

more absorptance relative to the c-axis film, and the mixed film is between these two. Next,

figure 3.10c shows the transmittance of each film. What is notable in this plot is the presence

or lack of interference fringes. These oscillations are produced by the interference of the waves

reflecting off of the front and back of the ZnO layer, and can only be produced by parallel

surfaces. This indicates that the c-axis and mixed films have a significant amount of flat area

Figure 3.9 – Images of different growth domains of ZnO on glass, taken immediately after deposi-
tion. The films at high temperature and flow rate produce a strong yellow/brown color. This is easily
identified and to be avoided due to parasitic absorption.
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on their top surface relative to the a-axis and high temp/flow films. Though, the a-axis film

does develop oscillations towards the longer wavelengths within the measured spectrum,

indicating that the surface is "flat" relative to the length scales of these photons.

Next, figure 3.10d shows the diffuse transmittance, or scattering, of the films. This is defined

by the system geometry, as described in figure 3.5b. It is not an absolute measurement, but the

relative values of the four samples verify that the films with larger features scatter more light,

and do so at longer wavelengths. The c-axis film has almost no scattering, and the mixed film

has some scattering. Between the a-axis and the high temp/flow films, we find the limiting

trade-off of ZnO optical scatterers. Clearly the high temp/flow film scatters more, even despite

its higher absorption losses (recall that this is a transmission measurement), but those losses

still prohibit its use in cells. The a-axis film is a good compromise, but the presence of the high

temp/flow film shows that the a-axis is not as good of a scatterer as ZnO films can be.

This optical characterization matches well with the SEM and AFM measurements, in that

the surface roughness scales with the scattering. But overall, this experiment established

which deposition regimes are available to us, how we can control our deposition to c- or a-axis

growth, and what optical performance each of these types of films will give. But the important

question is how much scattering can be obtained with minimal absorption. To quantify this,

we looked at the haze and average absorptance for all 12 samples from figure 3.6, which are

shown in figure 3.10e-f. The c-axis films with low surface roughness showed low haze and low

absorptance. As the deposition temperature rose and surface features began to appear, haze

increased, but so did absorptance. High temperature and high flow rate layers had very high

absorptance, which reduces the appeal of their high scattering. The highest temperature and

lowest flow rate is an outlier in this graph, as it was in the SEM images, which was discussed

briefly above. Overall, we decided that the best balance was the low flow rate sample deposited

at 180°C. This was the same sample as was used for the a-axis data in (a-d) of the same figure.

This sample gave both good scattering (relative to c-axis) and low absorptance (relative to high

temp/flow), but still both are not the best. So, we progressed to doing a detailed optimization

based off of this condition.

3.3.2 Fine Tuning the ZnO Recipe for Cell Application

Continuing from the widely spaced matrix of conditions in the previous section, we iterated off

the best condition with smaller variations. As stated, the chamber pressure, constituent flow

ratios, and deposition time were kept constant, and we only varied the deposition temperature

and the overall constituent gas flow rate. The chosen conditions are shown in figure 3.11. The

"reference" condition was repeated, along with four small perturbations in each direction.

Additionally, one condition was performed to try and mimic the "high temp/flow" condition

of the previous section, for the sake of comparison with a high-scattering ZnO film. This

condition was slightly modified based on trends observed in previous research [225] to try and

get a layer in the same deposition regime but with less severe coloring.
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(a) (b)

(c) (d)

(e) (f )

Figure 3.10 – Optical measurements of the main growth domains of LP-CVD ZnO films. The same
measurements were performed for all of the samples in figure 3.6, of ZnO deposited on glass with the
same deposition time. (a-d) show just the four illustrative cases. (a) and (b) are the absorptance, with
different y-scales. (c) is the transmittance. (d) is the diffuse transmittance of each film, as measured
with the setup detailed in figure 3.5b. (e) shows the ratio of (d) to (c), integrated from 400 nm to 800 nm.
This is referred to as the film "haze", and is shown for all samples. (f) shows the average absorptance
values for the same films, this time integrated from 500 nm to 1500 nm.
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The pertinent optical spectra are shown in figure 3.12, with the letters corresponding to the

conditions labeled in figure 3.11. As expected, the sample "X" has the higher low-wavelength

absorptance characteristic of its deposition range. The rest of the spectra are rather similar

in absorptance, with A and B being about the same as the reference, and C and D slightly

lower. The scattering differentiates the films more. C and D, while less absorptive, were also

less scattering than the reference. B was about the same, and A was significantly better. As

expected, X scattered much more than the reference. Comparatively, sample A combined

the low absorptance of the reference film with the high scattering of the X film, and thus was

chosen as the optimal recipe to be used for the tests to follow. The details for this finalized

recipe are: DEZ - 70 sccm, H2O - 91 sccm, temperature - 175°C, time - 15 minutes.

Figure 3.11 – Parameters selected
for fine-tuning of ZnO optics.
Black squares represent the param-
eters used in the initial experiment,
shown in figure 3.6. Orange stars
represent the new tests, with let-
ters to indicate their spectra in fig-
ure 3.12. The chamber pressure
and relative DEZ:H2O flow rates
were fixed at 350µbar and 1:1.3
DEZ:H2O, and the deposition time
was 11 minutes (aiming for 2µm).

Figure 3.12 – Optical characterization for ZnO recipe fine tuning. Absorptance and scattering (diffuse
transmittance) values for the films shown in figure 3.11 (with corresponding labels). The reference con-
dition was re-deposited at the same time as all the films for this test. The samples average absorptance
(integrated from 500 nm to 1500 nm) was: Ref-5.2, A-6.0, B-5.5, C-4.5, D-3.8, X-7.4 %.
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An XRD diffractogram of this layer is shown in figure 3.13. This measurement detects diffrac-

tion off of both the a- and c- axes. This does not mean that the film is a mix of the two types,

since all ZnO by definition contains both axes. Rather, the crystal grains within the layer are

not uniformly oriented relative to the axis of diffraction (normal to the substrate). This is

expected from the diverse orientations of crystallites that form the initial seeding layer [230].

The full layer thickness can also contain a mix of orientations, but the observed surface texture

is evidence of a-axis growth being favored through much of the layer volume.

We must also briefly comment on the ZnO layer thickness. The layers presented here are all

well in excess of the goal established from the optical simulations of the previous section, and

particularly figure 3.3b. We initially attempted to find a texture recipe with a total thickness

of less than 1µm to minimize parasitic absorption losses. However, as we developed the

ZnO layer we frequently made cells in parallel, to control that the optical effects were in line

with expectations. In this process, we found that the simulations did not predict the correct

trade-off point between reduced parasitic absorption and increased feature size. However, as

these results came on full cells, they are presented and discussed in the appropriate section

(3.4.1). For now, layers over 1µm were the target of ZnO optimization efforts, despite the

previous simulation results.

The final step of ZnO layer development for PSC use was testing the addition of an argon

plasma etching step, simply called an Ar-Etch. This has been used in the past for modifying

ZnO layers [221]. Ar-Etching (after the ZnO deposition and before the ITO) was found to be

beneficial to the ZnO layer’s absorptance, but detrimental to its scattering ability, shown in

figure 3.14. Integrating the absorption of the un-etched and 15 minute etched samples against

the AM1.5G spectrum showed that the etching reduced parasitic absorption by 0.9 mA/cm2.

However, the total scattering also drops by 25%. Optimization of this parameter was done

via full PSC fabrication, due to its influence on perovskite layer formation. The results are

Figure 3.13 – XRD measurement
of the final ZnO film used in cells.
Diffraction is measured from both
a- and c- axes. The sample was
oriented horizontally and rotated
during measurement, with 0° as
parallel to the substrate. Peak
identification from [224].
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discussed along with other PSC on ZnO in section 3.4.1. AFM scans of the layers are also

presented in figure 3.15. As expected, over time the etching reduces pyramid height and

overall surface roughness.

(a) (b)

Figure 3.14 – Optical characterization for ZnO with Ar-Etch. (a) absorptance and (b) scattering (dif-
fuse transmittance) values for the same ZnO film on glass with varied Ar-Etch times. Scattering is
measured according to the method in figure 3.5b. ITO/glass absorption is included for reference.

Figure 3.15 – AFM surface profiles of ZnO layers with Ar-Etch. All ZnO layers came from the same
deposition, and were etched separately. RMS roughness values were calculated from these data and
displayed below the corresponding map. The height scale for all is the same.

102



Perovskite Solar Cells with ZnO-Textured Active Layer

3.4 Perovskite Solar Cells with ZnO-Textured Active Layer

Finally, we directly applied the hybrid PVD/SP method as described in chapter 2. The recipe

had to be modified to account for the different challenges of textured substrates, mainly with

regard to the thickness of the perovskite and the probability of shunting. In parallel, we found

the preparation of the ZnO layer to affect perovskite formation, which led to changes in the

ZnO layer design. The resulting cells did not benefit enough from the optical enhancement

to overcome the material quality losses associated with forming PVD/SP perovskite on an

irregularly textured surface. The processing difficulties and material limitations of the PVD/SP

method on ZnO are discussed. Finally, a pure SP perovskite deposition was used to avoid these

challenges, which resulted in superior optical performance and efficiencies up to 20%.

3.4.1 Cells Made with the Hybrid PVD/SP Method

PSC were deposited on the ZnO substrates in the same layer stack as on flat substrates at the

time: glass/ITO/NiOX /perovskite/LiF/C60/Ag, and shown in figure 3.16. The only difference

with the ZnO cells was the insertion of the ZnO layer between the glass and ITO, and the change

to a home-made ITO rather than the purchased substrates (the home-made ITO was sputtered

in the MRC-II, 100 nm and roughly 80Ω/�). The ZnO substrates were made from 4 x 8 cm2

glasses which were first washed, then stored in N2 until the ZnO deposition. Once the ZnO was

deposited, the glasses were cut to 2.5 x 2.5 cm2 squares. These were rinsed with IPA and blown

dry to eliminate dust, before being masked and having ITO sputtered on as the front electrical

contact. Masking of the ITO was important for avoiding direct parallel shunting between the

front and rear electrodes when pins are used to electrically contact the opaque rear electrode.

Then, a kapton-tape shadow mask was applied to block all subsequent layers from coating

Glass

ITO

ZnO

NiO

Perovskite

LiF/C60

Ag

(-) contact

(+) contact
Figure 3.16 – Diagram of typical
PSC on ZnO. Layer thickness not to
scale. Layers that do not cover the
full device area were masked with
Kapton tape during their deposition,
other than Ag which was evaporated
through a shadow mask.
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the area that would be used for contacting the front ITO (below the perovskite), and the PSC

deposition preceded as normal. The HTL of NiOX was sputtered in a custom chamber, and

was 20 nm thick. The PbI2 template was evaporated at 1.0 Å/s with a co-evaporation of CsBr

at 0.12 Å/s. The spin coating was done at 4000 rpm, with 1:2 FAI:FABr dissolved in 100µL of

ethanol. The concentration was regularly changed, and therefore will be noted each time. The

LiF/C60 ETL was 1/19 nm thick, and evaporated in a custom chamber at 0.2 Å/s. Before the Ag

electrode evaporation, the kapton-tape mask was removed to expose the ITO. The silver was

the evaporated in the same custom chamber, through a shadow mask, and was 120 nm thick.

Cell area was 0.3 cm2, and masked to 0.25 cm2 for measurement.

Tuning of Perovskite Deposition Parameters

As stated, the first attempts at PSC fabrication on ZnO substrates involved the direct transposi-

tion of the same recipe for flat cells onto the ZnO substrates. The results of this first test was

near complete shunting, shown in figure 3.17. Still, the cells were able to produce some voltage,

which indicates that the overall layer structure still forms a diode. The lack of a difference

between the three spin-coating concentrations indicates that a change in material quality

is not the controlling variable. Past that, the likely explanation is mechanical shunts, which

could form due to the ZnO layer piercing through the perovskite.

We checked how well the perovskite covered the ZnO texture by cleaving samples and viewing

the cross-section in SEM. This is not a full-proof method, as we cannot examine the whole

cell area, but it can give an indication of the severity of the problem. Some example SEM

images are shown in figure 3.18. (a) and (b) show cells following the same recipe as those

Figure 3.17 – Cell VOC and F F from the first attempt at PSC on ZnO. This batch suffered from an error
in the front ITO deposition, leading to a high series resistance and low F F . Regardless, the F F and
VOC of the cells on ZnO drop in ways that are not attributable to this. The group names refer to the
concentration of the spin-coating solution, which should result in different perovskite material quality
and performance. The flat cells used 0.446 M.
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measured in the heavily shunted figure 3.17. Despite this, the perovskite appears to fully cover

the ZnO surface. This was not always the case, as in 3.18c, where the perovskite is very thin

or missing on the peak of a pyramid (indicated by red arrow). The variations in perovskite

thickness over the ZnO peaks and valleys suggest that the PVD and SP steps do not deposit

uniformly over the texture. Beyond layer thickness, this would give excessive or deficient

FA:Pb ratios. Spatial variation of perovskite material quality could then lead to areas with poor

diode behavior and facile shunting. In theory, both pinholes and thin points are addressed

with a thicker perovskite. Figure 3.18d shows an example of this, where 250 nm PbI2 is used in

the template, and the perovskite appears to wrap uniformly around the peaks. As a reminder,

the perovskite thickness is typically measured by the thickness of the PbI2 measured during

template evaporation (full details in section 2.1.1). In reality, the actual perovskite layer is

roughly double this thickness.

Figure 3.18 – SEM images of PSC on ZnO substrates. All images are at the same scale. ZnO thickness,
template thickness, and spin-coating concentration are given in each image. (a) and (b) are from the
same batch, to show general uniformity of the layer thickness across the textured surface and from
sample to sample. (c) shows an uncovered portion of the ZnO substrate. While uncommon, regions
with thin or no perovskite covering the ZnO peaks were occasionally found in SEM. Note that this
sample uses the same perovskite recipe on a ZnO layer with larger layer thickness and surface features.
(d) is from a later deposition, with 39% thicker perovskite.
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(a) (b)

Figure 3.19 – JV curves from PSC on ZnO substrates with varied perovskite layer thickness. (a) Full-
sun illumination JV curves of perovskites with three different template thicknesses. (b) JV curve taken
at 1.6% solar illumination, for PSC with 180 nm and 250 nm template thickness. The spin-coating
concentration is given for each case.

In cells, the thicker template layers required re-optimization of the SP concentration. This

was done for templates of 240 nm5 and 400 nm. Comparing these three layers, the cell results

match that the thicker layer reduces shunting (figure 3.19). The 180 nm devices shunted

as normal, but already at 240 nm the JV behavior was much improved. Looking at low-

illumination JV curves for a cell with 250 nm template (figure 3.19b), they retain a VOC of

786 mV, and the short-circuit resistance is as high as 936Ωcm2. Moving to thicker, however,

introduced new problems. As is the case with the hybrid PVD/SP method used throughout this

thesis, there is an upper limit to how thick of a layer can be produced. Eventually, it becomes

impossible for the solution-processed organohalide layer to diffuse all of the way through

the PbI2 template. This manifests as unreacted PbI2 remaining below the perovskite. PbI2 is

non-conductive, and a compact layer between the perovskite and HTL would manifest as an

S-shape in the JV curve, as seen in figure 3.19a. Therefore we chose this medium thickness as

the ideal recipe to move forward with, and continue to optimize the other aspects of the cell

design.

ZnO Processing and its Effect in Cells

Using the same 240 nm template thickness as determined above, we tuned the thickness of the

ZnO layer to observe the trade-off between UV transmission and long-wavelength scattering.

As discussed in section 3.2.2, optical simulations showed that thicker ZnO layers would scatter

light better and enhance long-wavelength absorption, and thinner ZnO layers would suffer

5Both 240 nm and 250 nm were used, due to a processing error with the evaporation tool used for the template.
The mistake was realized in time to tune the SP step in response. But the 240 nm template cells of figure 3.19 are
not the same as the 250 nm template cells of figure 3.18d.
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less from parasitic absorption above the ZnO Eg . The simulations indicated that there was a

trade-off point in the middle that could benefit from both, which we wanted to experimentally

verify.

Textured ZnO layers were made with 0.45µm and 1.9µm thicknesses. Recall that scatter-

ing increases with surface feature size, which in turn depends on layer thickness (due to

ZnO’s competitive growth along the a-axis, section 3.3.1). Thus these layers were chosen

based on being the thickest that still transmitted some UV light (thus rather thin), and a very

thick layer with high scattering and no UV transmission. JV and EQE measurements for

the champion cells of each condition are shown in figure 3.20. The thin ZnO PSC generated

0.22 mA/cm2 above the ZnO Eg (integrated from 320-395 nm) while the thick ZnO PSC gained

only 0.09 mA/cm2. This increase is fully offset by the efficiency in the red part of the spectrum,

enough to equalize the total current of both at 17.7 mA/cm2. Thus, the thin ZnO does indeed

reduce parasitic absorption, but the better scattering of thicker ZnO fully makes up for these

losses.

With the two curves coming out to be equal in the end, we looked to the JV performance

to further distinguish the cases (figure 3.20b). The F F is worse for the PSC on thin ZnO,

indicating a substrate-dependent change in the perovskite material quality or external circuit.

We observed the thin ZnO layer morphology under SEM, and attributed the F F change to both

CTL and perovskite layer quality loss. This is caused by the many gaps between the surface

features of the thin ZnO film (figure 3.21). These steep vertical valleys between pyramids

prevent conformal coating of the subsequent ITO and NiOX . Evaporated PbI2 would fill the

crevasses and trap itself from accessing the SP organo-halide layer, giving an unbalanced

perovskite. In either case the F F would suffer. Looking at the JV curves, the ROC values for

(a) (b)

Figure 3.20 – JV and EQE measurements of PSC on ZnO textures of different thicknesses. (a) EQE
curves for the same PSC deposited on two different ZnO textures. The template was 240 nm thick and
the spin-coating solution was 465 mM. (b) JV curves for the same cells. Average JSC values for the thick
and thin ZnO PSCs were 17.7 mA/cm2 and 17.2 mA/cm2, respectively.
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Figure 3.21 – Top-down SEM image of a
thin ZnO/ITO substrate. This ZnO layer
was produced with the same recipe as the
"thin ZnO" in figure 3.20. It was coated
with 50 nm ITO before taking this mea-
surement.

the thin ZnO (18.3Ωcm2) are much higher than those foe the thick ZnO (12.7Ωcm2). Thus,

despite the equal total current generation in the EQE curves, we can distinguish the thicker

ZnO layers as being better suited for PSC based on the JV performance. Additionally, the thick

ZnO produces a flat-topped EQE curve, absent of interference fringes seen with thin ZnO.

Next, we discuss the Ar-Etch step first introduced in section 3.3.2. As shown, this plasma

etching step reduces both parasitic absorption and scattering efficiency. Full PSC were fab-

ricated to find trade-off between these two effects, as optical measurements do not capture

the perovskite material quality. The main gain from this step, however, turned out to be cell

reliability. Figure 3.22 shows the VOC measured for a batch of cells with three different etching

times. The samples with only 3 minutes of etching were all fully shunted, samples with 5

minutes were mostly shunted but a few worked, and cells with 7 minutes mostly were not

shunted.

To understand this trend, we looked at the effect of the Ar-Etch on the ZnO layer alone. In

past research, argon plasma had been used to smoothen ZnO pyramids into large bowl-like

structures which were better for infrared scattering [221]. This smoothing and reduction

of features is in line with the optical and AFM measurements discussed in section 3.3.2.

We confirmed this with top-down SEM, which showed the sharp pyramid edges and peaks

becoming smooth and rounded after four minutes (figure 3.23). After a longer time, entire

pyramids begin to disappear and much of the area in between the cells appears flat. This

lines up with etched films shunting their cells less, which could be due to any of: sharp

edges being difficult for perovskites to form on, shorter/rounder ZnO peaks that less likely to

pierce through the perovskite thickness, or lower density of large features which reduces the

probability of a single feature poking through to the opposite side. Regardless, the perovskite

formed with less shunts on Ar-Etched layers.
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Figure 3.22 – VOC measure-
ments for PSC on ZnO layers
with different Ar-Etch times.
ZnO layers were deposited ac-
cording to the "thick ZnO"
recipe of figure 3.20 and Ar-
Etched for 3, 5, or 7 minutes.
They were deposited with the
same perovskite, using a 250
nm template and 445 - 448
mM spin-coating solution (all
conditions plotted together).

We further investigate how the perovskite quality is affected by the ZnO substrate by returning

to the PDS "absorptance slope width" method previously used in section 2.2.3. This quantifies

bulk disorder based on the absorption spectrum of a perovskite layer, and a lower number

indicates less bulk disorder. Results are shown in figure 3.24. The data displays an opposite

trend depending on if the ZnO received an Ar-Etch or not, confirming that the benefit of

etching comes partially from substrate-dependent perovskite layer quality. For the sample

with a 10 minute Ar-Etch, the perovskites progressively got better as they were annealed,

which is well in line with films on flat substrates (figure 2.12b). The non-etched films however,

quickly got worse as time went on. Since this metric only depends the absorbing layer, we

can conclude that the perovskite formation is happening differently on these two different

substrates, and that the recipe for an ideal perovskite material will be different for each case.

Figure 3.23 – SEM images of a ZnO layer with different Ar-Etch times. ZnO films were deposited
according to the "thick ZnO" recipe of figure 3.20 and etched in an argon plasma for 0, 4, or 10 minutes.
RMS roughness values for these three samples were in order: 92, 88, and 78 nm.
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Figure 3.24 – Absorptance slope
width measured for varied per-
ovskite layers. The slope width
was extracted from absorption co-
efficient plots, which are mea-
sured via PDS. Perovskite was de-
posited on glass/ZnO/ITO sub-
strates. Samples used a 180 nm
PbI2 template with 10%vol CsBr
and a 500 mM spin-coating solu-
tion.

With this lesson learned, we directly applied it in cells, in combination with the best ZnO

recipe (the "thick ZnO" from figure 3.20). Cells were made in parallel on flat ITO and textured

ZnO substrates, and the ZnO was either etched for 10 minutes or not at all. The etched samples

were annealed for 18 minutes and the un-etched samples for 4 minutes, to match the optimal

condition of figure 3.24. The full batch results are shown in figure 3.25. In line with previous

results, the un-etched samples experienced significant shunting while the samples with a

10 minute Ar-Etch are not significantly affected. The average RSC values for flat ITO, etched

ZnO, and un-etched ZnO cells were: 1681, 1362, and 155Ωcm2. The EQE response of the

etched samples shows slightly larger interference fringes and a worse response in the red

(losing 0.44 mA/cm2 total), which we attribute to the ZnO morphology being flattened and

giving less scattering. Still, both types of ZnO-textured PSC gained EQE in the middle of the

spectrum against the flat ITO. From 450 to 650 nm, the flat ITO, Ar-Etched ZnO, and un-etched

ZnO samples averaged 83.9, 85.5, and 85.6 % EQE. The optical improvement in the middle

of the spectrum was not enough to compensate for the parasitic absorption of the ZnO, and

full-spectrum integrated EQE values dropped for all ZnO textured cells relative to the baseline

flat PSC. We note that in eventual application, UV-blocking polymers are used as part of cell

encapsulation in most c-Si modules, reducing the severity of parasitic absorption in the ZnO.

Beyond JSC , the F F of all textured cells dropped. This partially comes from the increased ROC

values (average values: 9.5, 15.5, and 67.9Ωcm2). All samples used the same ITO layer, but the

effective thickness is less on the ZnO textured samples due to geometrical effects of a flat layer

covering a textured surface. The rest of the F F loss likely comes from worse material quality

of performing the PVD/SP method on a non-flat substrate, and the material quality loss on

un-etched ZnO. We recall that the absorption slope width from PDS reached as low as 30 meV

for perovskite on flat ITO, but is nearly 40 meV in the best case on ZnO.
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(a) (b)

(c) (d)

(e) (f )

Figure 3.25 – JV and EQE measurements of optimized PSC on ZnO from the hybrid PVD/SP method.
(a) JV curves for a full batch of cells produced on flat ITO, as-deposited ZnO with ITO, or Ar-etched ZnO
with ITO. (b) EQE for champion cells of each condition. (c-f) JV statistics for the full batch. All condi-
tions used the same 180 nm PbI2 template with 10%vol CsBr and 500 mM spin-coating solution. Flat
cells were annealed for 20 minutes, ZnO-textured cells without etching for 4 minutes, and ZnO-textured
cells with Ar-Etch for 18 minutes. The cell stack was glass/ZnO/ITO/NiOX /perovskite/LiF/C60/Ag.
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Limitations and Challenges

The PSC results of PVD/SP method perovskite on ZnO speak for themselves, but it is important

for anyone looking to recreate or further develop these results to understand the limitations

and challenges involved. Here we outline some of these challenges, and demonstrate solutions

that were found. Full details and extended testing can be found in section B.7.1.

One of the main barriers to performance was the lower material quality of PVD/SP perovskites

on ZnO textures relative to flat ITO substrates (from PDS in figure 3.24 and lower F F in

figure 3.25e). We attribute this to the irregularity of the PVD and SP steps when deposited on

non-flat substrates. ZnO textures are unlike flat surfaces, where the thickness of evaporated

and spun films is essentially constant over the area of deposition; and unlike KOH-etched

c-Si textures, which are regular, repetitive, and large enough that PVD films are essentially a

uniform thickness at an angle (see figure B.1). We performed SEM cross-section measurements

of PbI2 templates on textured ZnO and flat c-Si, shown in figure 3.26. The template on c-Si is

compact, and the top surface is parallel to the substrate. The template on ZnO is irregular, with

gaps visible below and a top surface that somewhat planarizes the texture below. This means

an inconsistent template thickness and perovskite with spatially inhomogeneous component

Figure 3.26 – SEM image of a PbI2-CsBr template on ZnO and flat c-Si. This template was deposited
by PVD following the baseline recipe. 180.0 nm was measured for the PbI2 thickness and 18.0 nm
for the CsBr thickness, via quartz crystal monitors during deposition. The top image is on a typical
glass/ZnO/ITO substrate, and the bottom image is on a flat c-Si wafer. The horizontal lines in the
bottom image are overlayed on the image for measuring vertical distance.
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balance. As we know from PVD/SP layers on flat substrates, an imbalance in either direction

can ruin cells (figure 2.3). This puts ZnO-textured PSC in the difficult position of at best having

inconsistent perovskite quality, and at worst being forcibly over/under converted. In practice,

it necessitated frequent sweeps of SP concentration, which occupied significant experimental

space and slowed development.

Another consequence of the PVD/SP method on ZnO was substrate-dependent progression of

the annealing (recall figure 3.24). As established in section 2.2.1 and figure 2.4, the annealing

step can push the perovskite component balance between inorganic and organic components

in either direction. An example of this effect in ZnO-textured PSC is shown in figure 3.27. Here,

we tried to form PVD/SP perovskite on seven different texture recipes in order to compare their

scattering ability. Each horizontal pair is one condition, and each shows different formation

dynamics after just a few minutes of annealing. Some turn dark slowly, some not at all,

some immediately and then degrade into yellow. This amount of variance required a re-

optimization of the annealing time for each new batch of ZnO substrates, which occupied

significant experimental space and slowed development.

The second major problem with this cell design is that ZnO is a conductor, and is deposited full

area on the substrates. Thus, when physically contacting the top and bottom cell electrodes

for measurement, accidental shunting could occur if the probes pierce through the cell stack

and connect both terminals to the conductive ZnO (in the range of 60 S/m or 50Ω/�). This

would inevitably produce a shunted measurement, even if the cell area was fine. A solution

was eventually found, which was to deposit an AlOX layer directly on the ZnO (by ALD, 10

nm). This isolated the ZnO from the cell, eliminating the problem of contacting the ZnO with

Figure 3.27 – Images of PSC on various ZnO textures during annealing. This experiment sought to
compare different thicknesses of perovskite on various ZnO textures. The template used 100 nm PbI2,
and each set of two from the top down is: flat ITO, flat ZnO, "thin" textured ZnO, "thin" textured
ZnO with 10 minute Ar-Etch, "thick" textured ZnO, "thick" textured ZnO with 10 minute Ar-Etch, and
UV-cured polymer replicas of c-Si pyramids. It can be seen that after only a few minutes of annealing at
150°C, some perovskite films crystallize quickly then degrade over time, while others take minutes to
crystallize but then are stable.
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the measurement probes. It also meant the ITO layer had to be made more conductive and

that the cells no longer had the possibility of eliminating indium use. But the reduction in

shunting was preferable to these benefits, at least at the proof-of-concept level.

To observe shunting of ZnO textured PSC directly, we took lock-in thermographic images of

cells under voltage bias. This test puts the perovskite under -1 V of stress, which promotes the

formation of shunts paths in order to pass negative current [77], [78]. These electrical conduits

then heat up due to their resistance, and we are able to image that heat via an infrared camera.

The measurement is left to run until shunts form, at which point it evolves little more and

the measurement is stopped. Shorter measurements therefore indicate shunt-prone films,

and fewer/brighter hot-spots indicate more efficient current pathways. An initial infrared

image is taken, then overlayed with the measured in-phase heating. This allows for spatial

identification of shunts, along with analysis of shunt population and severity. An example is

shown in figure 3.28, where the initial image, lock-in measurement, and overlay are shown

together for a single cell. Overlay images for cells with and without ZnO texture, Ar-Etch, and

AlOX buffer layer are shown in figure 3.29.

From these measurements, we see that all the ZnO-textured PSC shunt roughly 20x faster than

flat films, regardless of Ar-Etching. In a matter of 5 - 10 seconds, all the ZnO-textured PSC had

formed 2 - 3 hot-spots, and these shunt paths passed all the induced current. In contrast, none

of the shunt paths in the flat cells were conductive enough to pass all of the current, which

caused more small shunt paths to form. The observation that shunts appeared in the cell area

and not at the probe locations indicates that even without piercing through the layer with

probes, ZnO cells shunt faster than flat cells. Next, the film without AlOX heated uniformly all

over the cell. We attribute this to a high density of small and quickly-formed shunting paths.

(a) Infrared image of a cell being
measured

(b) Image of in-phase heating,
showing two hot-spots

(c) Overlay of (a) and (b)

Figure 3.28 – Example components and overlay of a lock-in thermography measurement of PSC
under reverse-bias stress. This test pulses a negative voltage (-1 V) on the cell at 25.0 Hz and takes
thermal images at the same frequency. An initial image is taken before the bias is applied, and then
the two images are overlayed to see where the hot-spots are located. In these images, the cell area is
outlined in green for clarity. The cell is a ZnO-textured PSC with an AlOX buffer layer and no Ar-Etch.
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(a) ZnO PSC without Ar-Etch, with AlOX buffer (b) ZnO PSC with 5 minute Ar-Etch, with AlOX
buffer

(c) ZnO PSC with 10 minute Ar-Etch, with AlOX
buffer

(d) ZnO PSC with 10 minute Ar-Etch and no AlOX
buffer

(e) Flat PSC (f ) Flat PSC

Figure 3.29 – Lock-in thermography images of varied flat and ZnO-textured PSC under reverse-bias
stress. Each image (a-f) is an overlay of a normal image and the lock-in amplitude heating image. The
cell area is outlined in green for clarity. Cells were stressed until hot-spots started to appear, then the
measurement was stopped, and the duration is shown in the upper right corner. All of the cells here
used the HCl method for removing the ZnO from the area of the top-contact.
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Figure 3.30 – Efficiency for each ZnO PSC in each batch over time. Most batches were dominated by
shunting or low F F . Thus optimization was difficult and many experiments had to be repeated. Long
breaks were taken to focus on other work, but we occasionally returned to try again.

The difference in shunting behavior between ZnO-textured cells with and without an AlOX

buffer is likely due to the chemical protection afforded by the AlOX , without which Zn ions

could enter the perovskite, lower material quality [231], and permit shunts in more locations.

Overall, there were many production problems that stood in the way of this cell design working

well. Some were related to cell architecture and accidental shunting (full-area conductive

ZnO, inability to disconnect the areas probed during JV measurement) and some were related

to reduced material quality from PVD/SP perovskite (varied annealing times, inconsistent

template/perovskite thickness, Zn contamination, residual PbI2 in ZnO valleys). Combining

these struggles, the cell results were low yield. Figure 3.30 shows the efficiencies of most ZnO-

textured PSC batches over time. Not all are shown, as some had reasonable external factors

for being poor quality. But for nearly every batch the median cell efficiency was below 3%.

Furthermore, the champion cells in figure 3.25c were the only instance where a ZnO-textured

PSC achieved a JSC as high as that of flat cells. We attribute this to the various issues related

to the PVD/SP process which were discussed above. However, with the development of the

AlOX buffer layer and new materials such as SAM, it was conceivable for these problems to

be resolved, so long as the hybrid PVD/SP method could be replaced with a method which is

more compatible with ZnO textured substrates.

3.4.2 Cells Made with Solution-Processed Perovskite

For comparison with the hybrid PVD/SP method, we fabricate ZnO textured PSC with a fully

solution-processed perovskite deposition. The ZnO recipe was the same as was used in figure

3.25, and did not include and Ar-Etch. The feature size of this ZnO layer was on the order of

500 nm, similar to the perovskite layer. The relative scale can be seen in figure 3.31. Certain

research groups have reported successful attempts to put solution-processed perovskite on

various textured surfaces, so long as the surface morphology is sufficiently small [142], [149],

[155]. Thus we applied the same recipe on flat and ZnO-textured substrates. For these tests,

we used an updated cell stack, adding the AlOX buffer layer, replacing the NiOX HTL with
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a SAM molecule (MeO-2PACz), and adding an SnO2 layer between the C60 and the Ag. The

solution-processed perovskite films had little issue covering the ZnO surface (figure 3.31). As

the ZnO conductivity was removed by the AlOX layer, the ITO layer was modified by reducing

O2 content and increasing the layer thickness (120 nm, 30Ω/�). Thank you to Dr. Christian

M. Wolff, who fabricated all the samples shown in this section.

This was successful, with cells reaching over 20% efficiency and showing significant optical

improvement in the EQE measurement (figure 3.32). The average EQE in the 500 – 700

nm range increases from 90.9% to 95.9%. This translates to an average gain of 1 mA/cm2

in the measured JV curves, and an efficiency boost of 1.1% on average compared to cells

without ZnO texture. Compared to notable literature results, particularly the textured PSC of

Tockhorn et al. [142] and a record reported PSC from Jeong et al. [232], our results show similar

JSC values relative to the Shockley-Queisser limit for that bandgap (compared in table 3.1).

Notably, our cell reaches this JSC value despite the ZnO parasitic absorption below 395 nm.

This corresponds to roughly 0.5 mA/cm2 of current lost, and 2.0% of the Shockley-Queisser

limit. This current would likely be blocked for all cases in any realistic application, as most

module encapsulants absorb UV light in order to protect the cells (such as ethylene-vinyl

acetate [233]). For the sake of high-current device demonstration, the ZnO could be replaced

with a highly transparent molded polymer. Though this would forgo the possibility to reduce

or eliminate indium use.

Figure 3.31 – SEM image of PSC
based on solution-processed per-
ovskite on ZnO textured substrate.
SP perovskite layers were deposited
on ZnO textures with the same
recipe as on flat substrates. This was
able to fully cover ZnO pyramids
of a limited size, but which were
still large enough for beneficial
optical scattering. The cell stack
was glass/ZnO/AlOX /ITO/MeO-
2PACz/perovskite/C60/SnO2/Ag
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(a) (b)

(c) (d)

Figure 3.32 – JV and EQE measurements of solution-processed PSC on ZnO. (a) JV curves and met-
rics of champion cells on flat and ZnO-textured substrates. (b) EQE measurements for champion cells
of each condition. (c) and (d) JSC and efficiency statistics for the full batch. The cell area was 0.1 cm2.
Cells fabricated by Dr. Christian M. Wolff.

Group Structure Perovskite Reported % of S.-Q.
Eg [eV] JSC [mA/cm2] Limit [%]

This work (flat) p-i-n 1.61 21.6 85.98
This work (ZnO) p-i-n 1.61 22.8 90.76

Tockhorn et al. [142] p-i-n 1.62 23.1 93.07
Jeong et al. [232] n-i-p 1.53 26.7 94.11

Table 3.1 – Performance of our champion JSC and other notable literature results against the
Schockley-Queisser Limit. JSC and Eg values were extracted from published EQE data. The device
structure is notable, as the n-i-p device benefits from the optical effects of a mesoporous TiO2 layer
which induces anti-reflection due to a gradient interface.
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3.5 Conclusion

In this chapter, we sought to improve the optical performance of our PSC by incorporating a

textured absorber interface. Specifically, we looked at ZnO as a source of texture. This material

is transparent and forms nanometer to micrometer sized pyramids on its surface depending

on how it is grown. It uses cheap and abundant materials, can be deposited over large area,

and has already been applied on an industrial scale for thin film Si PV. Inserting this layer

below the perovskite absorber could bring optical enhancement from scattering and multiple

reflections, improve the angular dependent response of the cell, and potentially replace ITO to

reduce the consumption of indium in PV. Thus, we considered it the most promising candidate

for bringing optical scattering to PSC.

Growing ZnO via LP-CVD allowed control of the favored crystalline axis of growth, the c-axis

or a-axis. c-axis ZnO films are relatively smooth (RMS = 8.0 nm for a film of 1.32µm) and

exhibit no optical scattering. a-axis ZnO films experience competitive growth, where the

crystallites expand laterally while growing vertically, causing them to overtake eachother. This

manifests as large pyramidal surface features (RMS = 81.0 nm for a film of 1.53µm) and high

optical scattering. Test depositions were characterized and their data used to carry out optical

simulations. These simulations confirmed the potential JSC benefits of a textured absorber

interface and provided rough guidance to the design of the ZnO layers. We then tuned the

deposition parameters of our LP-CVD instrument to identify the a- and c- axis deposition

regimes. From these, a recipe that balanced high scattering and low parasitic absorption was

chosen and transferred to use in PSC.

Parallel testing of PSC deposition on ZnO-textured substrates allowed for confirmation of

designs, and uncovered effects of the substrate on perovskite film quality. Both the perovskite

deposition and the ZnO layer had to be modified to best work together. The perovskite was

made thicker, and the ZnO layer was etched with an argon plasma. The plasma etching step

was particularly influential on the bulk quality of the perovskite, and drastically reduced the

probability of shunting. This led to a better recipe and a "champion" batch of PSC, where

the ZnO-textured cells showed optical improvement in the EQE spectrum. However, due to

persistent losses in material quality and the parasitic absorption above the ZnO Eg , the overall

cell F F and JSC dropped compared to flat references.

We discuss reasons for the loss in material quality and general difficulty in producing this

type of cell, and conclude that it is largely related to the hybrid PVD/SP method which has

been used exclusively so far in this work. We thus compare to a full SP perovskite deposition,

and find that this resolves the problems of material quality. Cells with over 20% efficiency are

produced, with a 5% enhancement in the EQE (500 - 700 nm), on average 1 mA/cm2 gain at

short-circuit in JV measurement, and an overall efficiency boost of 1.1% relative to flat cells.

This shows that using ZnO layers for creating textured absorber interfaces is a viable strategy

for improving the optical performance of PSC, and maximizes efficiency in a way that cannot

be achieved through improvements to perovskite material quality.
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Abstract
The culmination of this thesis work was to apply the understanding gained from research

on single junction PSC to the practical case of monolithic perovskite/c-Si tandem solar cells.

From the established basis of the 25.2% efficient cells produced by previous students, we

looked at each aspect of the cells to find how they could be further improved. The first goal

was to increase the thickness and Eg of the perovskite layer. Achieving this would allow for a

more equal split of the solar spectrum and increased cell voltage from a higher top-cell Eg .

This was realized via optimization of all of the processing parameters that were first studied in

single junction PSC and detailed in section 2.2, and resulted in JSC values over 20.0 mA/cm2.

The next goal was to increase the extracted voltage of the solar cells. This was done via direct

application of the processes and layers described in section 2.3.1, and resulted in VOC values

over 1.9 V. Finally, the last aspect of the cell performance that was left to improve was the

F F . For this we separated the two sub-cells, and improved them separately. The bottom-cell

performance was improved with annealing and a mechanical protection layer. The top-cell

F F was improved via the same method as detailed in section 2.4, using FBPA and higher-

temperature annealing to give better morphology and charge transport. This overall resulted

in a champion perovskite/c-Si tandem with 20.26 mA/cm2 of JSC , 1.81 V of VOC , 75.7% F F ,

and stabilized efficiency of 27.3%.
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4.1 Tandem Cell Architecture

Perovskite/c-Si tandem solar cells were deposited via the following process flow, forming the

cell stack shown in figure 4.1. Production started with the bottom-cell, which was handled

by the SHJ research group of PV-Lab. The baseline process is outlined in figure 4.2. First,

a 100 mm diameter, 200µm thick, 2Ωcm n-type float-zone mono-crystalline wafer is used.

Wafers are etched in an alkaline-based solution to achieve a double-side random pyramid

texture. They are then cleaned in an HF solution for 1 minute before being loaded into a

KAI-M plasma enhanced chemical vapor deposition (PE-CVD) system, from Oerlikon Solar.

There, the deposition of passivating and selective layers takes place at 200°C. On the rear side,

the passivating layer is intrinsic amorphous Si (a-Si:H(i)) and the charge-selective layer is

boron-doped amorphous Si (a-Si:H(p)). On the front side, the passivating layer is the samea-

Si:H(i) and the charge-selective layer is phosphorus-doped amorphous Si (a-Si:H(n)). Details

on the contact layers can be found in: [234], [235]. These are followed immediately by an

ultra-thin SiOX layer via CO2 treatment and hydrogenated n- and p-doped nanocrystalline Si

layers (nc-Si:H(n) and nc-Si:H(p), also at 200°C) to obtain a tunnel junction stack as in: [162].

Following this, the cell rear contact of ITO/Ag is deposited by sputtering in an MRC chamber.

This is done through a shadow mask to match the eventual metalization geometry of the front

electrode. As the sample is still a 100 mm diameter wafer, it is laser scribed to define nine

squares with 25 mm edges. This is done with a Trumpf TruMark 1000 system, which uses a

pulsed 1064 nm laser. The wafer is cleaved along these lines, and the resulting samples are

ready for top-cell deposition. All bottom cells were produced by Vincent Paratte and Deniz

Türkay.

For the sake of top-cell development, we also occasionally used a test structure based on a

nearly identical layer stack. In this case, we simply deposited the same a-Si:H(n) selective

layer on the rear of the cell as we did on the front. This way, there was no junction in the

silicon, and it did not function as a solar cell. Instead, it was simply a conductive substrate

that mimicked perfectly the surface and morphology that we would otherwise have on a SHJ

bottom-cell. This way, we could characterize the top cell individually, without confounding

effects of varied bottom cell quality. This enabled accelerated development, and some of the

top-cell optimization results which are presented below were performed on such a structure.

In this case, it is denoted as using a "symmetric SHJ" bottom-cell.

We note here that in this chapter we will report thicknesses of the layers in the top-cell as they

are measured along a line normal to the c-Si pyramid surface, rather than their equivalent

thickness on a flat substrate. This imparts a factor of 1.7 due to the geometrical effects of

depositing over a larger surface area. This difference is relevant for the perovskite deposition

parameters, and the measurement orientation will be repeated regularly for clarity.
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Figure 4.1 – Cell architecture for a typi-
cal perovskite/c-Si tandem. Layers are
not to scale. Typical thicknesses are 100
nm for the rear ITO, 5 nm for the a-Si:H(i)
layers, 20 nm for the a-Si:H selective con-
tacts, 50 nm total for the nc-Si recombi-
nation junction, 7 nm for the ITO used
to anchor the SAM, 700 nm for the per-
ovskite, 5 nm for the C60, 10 nm for the
SnO2, 80 nm for the IZO, 250 nm for the
front Ag grid, and 55 nm for the LiF anti-
reflective coating.
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Figure 4.2 – Process flow for the production of SHJ for use as tandem bottom-cells. Wafers are etched
and cleaned before they can be brought into the PE-CVD chamber. In the case of bottom-cells being
used as single junctions, the front electrode is deposited after cleaving.
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The top-cell process starts differently depending on if the top-cell will use a SAM or bulk

polymer HTL. For SAM-based cells, a thin1 ITO layer was sputtered on top of the nc-Si recom-

bination junction, so that the SAM would have the correct surface to bind to. This surface was

then modified via a 15 minute treatment of combined UV light and ozone gas (machine from

UVOCS Inc.). From there, the samples were brought into a N2 filled glovebox and the SAM

(typically MeO-2PACz from TCI or Me-4PACz from Sikémia [111]) was spin-coated statically

from a 2 mM solution in ethanol. The samples sat for 10 seconds with the solution, before

accelerating 100 rpm/s to 3000 rpm. The samples are then annealed for 10 minutes at 100°C.

For cells with a bulk polymer HTL (Spiro-TTB or TaTm, from Lumtec), usually 5 nm of the

material was evaporated in a home-made evaporation system, at about 0.1 Å/s and below

1x10−5 mbar.

Next, we deposit the perovskite layer via the hybrid PVD/SP method. A step-by-step SEM

view of the final top-cell perovskite deposition process can be found in section B.1. This starts

in a thermal evaporator (Lesker Mini-Spectros), where the template layer of PbI2 and CsBr

are evaporated at a 10:1 volume ratio (measured as mass via quartz crystal microbalance), at

rates of 1.0 and 0.1 Å/s. The template layer thickness is optimized in the following section,

and thus not specified here. The samples are then dynamically spin-coated with a solution of

FA-halide salts (GreatCell Solar, or Dyenamo) in ethanol. They are then removed from the N2

environment and annealed in air with a fixed dew point, to control the water exposure of the

perovskite.

Finally, the samples return to the home-made evaporation system for deposition of the C60

ETL (from Nano-C, again 5 nm at about 0.1 Å/s and below 1x10−5 mbar). Next the samples are

transferred to an atomic layer deposition system (Picosun), which deposits 80-150 cycles of

H2O and tetrakis-dimethyl-amine tin pulses under vacuum (10 hPa). This serves as a buffer

layer to protect the underlying layers from damage that might otherwise occur during the

following step, which is deposition of the front TCO via sputtering. In our case, we use indium

zinc oxide (IZO), which is deposited by radio frequency (RF) sputtering in a home-made

system, and masked to the area of the front metalization. Again, the thickness of this layer

is varied in the following section, and will be specified at this point. Finally, the front metal

(Ag) is deposited by thermal evaporation through a shadow mask to form the busbars and

fingers, typically 200 to 260 nm in thickness. Two cell designs are used, either 1.43 cm2 or

1.02 cm2, shown in figure 4.3. Both have similar series resistance, and which design was used

is noted alongside any results. Optionally, an anti-reflective film of MgF2 or LiF is deposited

via evaporation as well, at 35 and 55 nm, respectfully. All thicknesses are measured normal to

the c-Si pyramid face, and thus are 1.7x larger if measured on a flat surface.

1ITO thickness is defined by the speed of the sample plate as it passes in front of the sputtering target. Assuming
linearity of sample speed, we can estimate the thickness based on measurements of thicker layers. This deposition
used 300 cm/s sample speed, which implies a 12 nm ITO layer as measured on a flat surface. This corresponds to 7
nm on textured c-Si.
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(a) Tandem cell designs (b) SHJ cell design

Figure 4.3 – Cell designs used regularly for tandems and SHJ. (a) Two grid designs were used regularly
for tandem cells. This image shows the shadow masks used for evaporation of the Ag fingers and
busbars. The left design is a 1.02 cm2 and the right design is 1.43 cm2. For the smaller design, typically
the two side fingers are masked, leaving one finger in the middle. Finger width (of the mask) is 200µm
and thickness is 0.3µm. (b) Standard design for single junction SHJ cells. Five cells are made on each
wafer, each 4.0 cm2. Ten fingers cross the cell area, and are roughly 10µm tall 40µm wide. In both cases
a ruler with centimeter markings is included at the top of the image. Images not to scale.
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4.2 Increasing Tandem JSC via Top-Cell Design

At the outset of this thesis work, one of the limitations of our perovskite/c-Si tandems was

that of the generated photocurrent. We had achieved tandems with 19.7 mA/cm2 of JSC

using a 450 nm / 1.64 eV perovskite layer, but this was more than a full mA/cm2 short of the

realistic potential for this type of solar cell, which we will establish here. As we are committed

to developing monolithic tandems, we accept the constraint of current-matching between

our sub-cells. Meeting this requirement depends primarily on the Eg and thickness of the

perovskite. The c-Si bottom-cell can be assumed to absorb nearly all of the light transmitted

by the perovskite, up to its absorption onset2. Besides the absorptive ability of the two active

layers, current-matching is affected by losses that come from front reflection and parasitic

absorption [134]. These losses are not equal across the solar spectrum, and thus they affect

each sub-cell differently. Taken together, the optics of the full tandem stack is considered in

figure 4.4.

This analysis estimates the maximum possible Jph by calculating the spectral magnitude

of each source of optical losses for a theoretical monolithic perovskite/c-Si tandem. In the

idealized case, there is still some reflection off of the front and each of the layers in the front

electrical contact will parasitically absorb some light. We start from the front reflective losses

(measured on a real device), and calculate the minimum practical parasitic absorption loss

of each layer (using data obtained on PV-Lighthouse [233]). We can approximate the ideal

case by assuming the front reflection touches to 0 at its minimum, and using the minimum

reasonable thicknesses of the front TCO (80 nm IZO, enough to give < 100Ω/�), buffer layer

(10 nm SnO2), and selective contact (5 nm C60). What remains after passing these losses is the

light usable to the solar cell, equal to Jph = 42.36mA/cm2. From this, we find that 1.714 eV is

the ideal top-cell Eg , assuming each cell absorbs 100% of light on either side of that point. In

practice, high-efficiency literature results on both flat and textured surfaces have used top-cell

Eg values in the range of 1.65 - 1.68 eV [111], [127], [149], [155].

This use of lower-than-ideal Eg values is due to incomplete absorption and thus transmission

of photons through the perovskite and into the c-Si, particularly in the 200 nm wavelength

range above the perovskite’s Eg . The consequence of this is that the bottom-cell receives

more than half of the usable photons, the top-cell Eg has to be lowered to maintain current-

matching, and the cell voltage drops in turn. The solution to this loss is therefore to increase

absorption in the perovskite layer, enabling current-matching with a higher Eg top-cell. This

is a limited solution however. We recall the calculations of section 1.2.2, in which realistic

perovskite materials would require thicknesses (3µm) greater than their average charge diffu-

sion length (usually 0.5 - 1µm, [129], [130]) in order to absorb 95% of light across their whole

spectrum. Thus we should attempt to make thicker perovskite layers to increase absorption,

2The steepness and absorbed volume in the range of the absorption onset (1050 nm - 1180 nm) in turn depends
on the thickness of the c-Si wafer, but in our case we restrict ourselves to using an industrially-realistic 200µm
wafer thickness. This is justified by the high material cost of purified c-Si relative to other materials in the cell, and
the industrial trend of consistently reducing c-Si usage [6].
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Figure 4.4 – Practical optical limitations for perovskite/c-Si tandems. 1-R is measured from a real
cell with an anti-reflective coating, and shifted to give R = 0 at its peak, to capture the idealized case.
IZO absorption is measured in-house from the same layer as used in cells. The SnO2, C60, and c-Si
absorption is calculated from optical data available on PV-Lighthouse [233], and attributed to literature
sources: [236], [237]. The thickness for SnO2 was 10 nm and for C60 5 nm. Since this did not account for
the effects of texturing, the c-Si thickness was scaled to match typical EQE data, and is thus simulated
as 5 mm.

but there is an upper limit set by the material properties. This limit further values the use

of a textured absorber interface, which increases the optical path length within an absorber

without thickening the layer [134]. Applied to our cells, the 19.5 mA/cm2 JSC result of the

previous theses [62], [63] used a perovskite with 450 nm thickness normal to the c-Si pyramid

face. So there is still room to improve before arriving to the limit set by charge diffusion.

Before discussing how we pursued this goal, it is necessary to discuss the current-matching

condition and its effect on tandem performance. The relationship between sub-cell perfor-

mance parameters and those of the full tandem are straight forward for voltage and current.

The F F , however, is not so direct [152]. First, the electrons extracted at the top of the c-Si

cell and the holes extracted at the bottom of the perovskite cell do not need to be conducted

laterally into an external circuit. This removes the resistive losses to the F F associated with

lateral transport of charges at the front of the c-Si and rear of the perovskite sub-cells. Secondly,

and what is relevant to the present discussion, is that having a mismatch of current generation

leads to whichever sub-cell produces less current (dubbed the "limiting cell") to be more

influential in determining the overall tandem F F [152]. If one sub-cell has higher F F , then

the overall tandem F F can be raised by making it the limiting sub-cell. This can improve

the F F enough to offset the JSC loss and give a higher efficiency [152]. In short, the sub-cell

with higher isolated F F should be made slightly current-limiting. In practice, this mismatch

can be experimentally realized from a matched baseline by slightly shifting the halide ratio
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in the SP step, or by changing the thickness of the anti-reflective layer. Either option will

shift how much current goes into each sub-cell, and thus the current-matching condition

of individual tandems can be varied within the same batch. Thus, we primarily develop our

recipe towards the goal of a current-matched tandem, knowing that we can convert to an ideal

mis-match when so desired without re-optimizing the recipe. For now, we will focus on the

development of perovskite layers increased thickness using the hybrid PVD/SP method, and

general optimization of tandem optics to maximize total current.

4.2.1 Manufacturing Thicker Perovskite Layers

Achieving the goal of increasing the perovskite layer thickness required revisiting the PVD/SP

parameters discussed in section 2.2. The parameter that defines layer thickness in this method

is the thickness of PbI2 measured in the evaporated template layer, and the Eg is controlled

by the halide ratio in the spin-coating solution3. In the previously optimized tandem recipe,

they used a template with 400 nm PbI2 (measured flat on the quartz microbalance) and a

spin solution with 3:1 iodide:bromide. This gave a 450 nm perovskite (measured normal to

c-Si pyramids) with Eg of 1.64 eV, and incomplete absorption near the perovskite Eg (visible

in figure 4.9b). In order to increase this absorption to 95%, we estimated to need about 50%

thicker perovskite (which would in turn allow a Eg near 1.70 eV). This estimate was based

on the exponential decay of radiation in a medium: It = I0e−αt where α is the absorption

coefficient at the given wavelength, t is the thickness of the layer, and It and I0 are the intensity

at the point t and the initial intensity. This would mean a 600 nm (measured flat) template

layer, which we thus sought to experimentally realize.

We proceeded by evaporating a 600 nm (measured flat) template, and increased the SP solution

concentration to try and convert it completely. Figure 4.5 shows the results of initial tuning.

JSC is used as a metric to determine how well converted the template is into perovskite, and

F F to determine the material quality. Both are maximized at 0.7 M. Above and below the

correct concentration, either excess template below the perovskite or excess organics above

can reduce both of these values. Residual template can act as blocking layer to charge transfer,

and excess organics can create an overpopulation of mobile ions which migrate and screen

the electric field over the cell [75]. As for the optical performance, the EQE measured for

these top-cells (figure 4.6) showed that in the ideally converted case, the long-wavelength

absorption of the perovskite maintains a flat plateau from its usual peak at 560 nm up to the

band edge. This confirmed that 600 nm is indeed a sufficient template thickness to fully split

the spectrum and not transmit above-Eg photons to the bottom-cell.

Still, the best result displayed less JSC and less F F than would be necessary for ideal top-cells,

so we continued to tune other variables. We specifically adapted the spin speed, pre-anneal

time, and dew point (DP) during the main annealing. This process was a direct optimization

3This is assuming a fixed template chemistry. But the ratio of PbI2:CsBr in the template is well controlled by the
PVD process with less than 1% noise in the evaporation rate.
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Figure 4.5 – Cell performance for perovskite on c-Si made with varied SP solution concentrations.
Single junction PSC were fabricated on symmetric SHJ using the 1.43 cm2 design, and no anti-reflective
coating. The template thickness was 600 nm (measured flat) and the spin speed was 2000 rpm. An-
nealing took place in air at a fixed DP near 12°C. Cells and measurements courtesy of Dr. Xin-Yu
Chin.

based on SEM cross-section images of the perovskite layer to evaluate if the template was

fully consumed, and cell results of JSC and F F . The experimental process and some results

are shown in section B.10. This resulted in a final recipe for a 1.70 eV perovskite that absorbs

fully above its Eg : 600 nm PbI2 (measured flat) with 10%vol CsBr evaporated template, 0.72 M

solution concentration, 2200 rpm spin speed, 90 second at 80°C pre-anneal in N2, 20 minute

at 150°C main anneal in air, and 11°C DP water content during annealing.

Figure 4.6 – EQE measurements
for perovskite on c-Si made with
varied SP solution concentra-
tions. Cells were made on sym-
metric SHJ with the 1.43 cm2 de-
sign, and no anti-reflective coat-
ing. The loss in the 400-550 nm
range is attributed to C60 absorp-
tion, as these cells were made with
a 20.4 nm layer. Cells and mea-
surements courtesy of Dr. Xin-Yu
Chin.

129



Chapter 4 Development of Monolithic Perovskite/c-Si Tandem Solar Cells

4.2.2 Tuning of the IZO Front Contact

Another aspect of the tandem fabrication that was developed during this thesis was the IZO

front contact. This is most relevant to the JSC of the cell, and therefore is included with the rest

of the JSC optimization discussion. This layer is deposited by radio-frequency (RF) sputtering

in a gaseous environment (Ar and O2). The thickness can be tuned by the deposition power

and time, which in turn affects the absorption and sheet resistance. Additionally, the O2

content of the gas mixture can be controlled, with more O2 leading to more transparent and

resistive layers. This material is attractive for tandems, as IZO can be made with excellent

transparency in the infrared [167]. However, the previously optimized recipe was found to be

non-ideal in terms of the balance between absorptive and resistive losses. We instead found

that removing the O2 entirely was preferable for a number of reasons.

The first change due to O2 removal was the observed shift in the layer’s absorptance (figure 4.7).

The absorptance decreased in the 300-500 nm range, and increased in the 500-1200 nm range.

This did not majorly change the total absorption, but it did shift the "usable light" spectrum

(as defined in figure 4.4). With fewer photons available in the c-Si absorption range and more

in the perovskite range, the top-cell receives more Jph and can achieve current-matching with

a still higher Eg , or promote bottom-limited conditions with the same Eg . Upon inserting

both cases into the analysis presented in figure 4.4, the Eg which perfectly splits the spectrum

increases by 10 meV in the case of IZO without O2, relative to the "old" recipe (the figure shows

the "optimized" recipe).

The second effect of O2 removal was that the sheet resistance of the layer improves signif-

icantly (table 4.1). The trade-off between absorptive and resistive losses is complex, and

depends on the front metal grid design, operating resistance, current-matching conditions,

and the surface texture. Another doctoral student, Deniz Türkay, performed simulations of

Figure 4.7 – Absorptance curves
measured for varied IZO layers
deposited on glass. The "old"
recipe refers to that which was
used in previous theses [62], [63].
The other recipes were based off
of this, modified by changing the
RF sputtering power and time,
and the O2 gas content. Absorp-
tance data was obtained from
measuring the transmitted and
reflected intensity of IZO layers
on glass, measured from the layer
side.
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IZO Abs. loss in Abs. loss in Total Sheet
recipe perovskite range c-Si range abs. loss resistance

[mA/cm2] [mA/cm2] [mA/cm2] [Ω/�]
Old + O2 0.56 0.00 0.56 345
Old - O2 0.49 0.40 0.89 47

Optimized 0.35 0.31 0.66 67

Table 4.1 – Absorptive and resistive performance of different IZO layers. Absorption loss determined
by integrating the curves shown in figure 4.7, minus the glass curve, against the AM1.5G spectrum,
either from 320-760 nm (perovskite range) or from 760-1200 nm (c-Si range). Sheet resistance measured
via four-point probe method.

the front IZO/Ag grid using the Griddler software from PV-Tech [238], which directed us to

choosing low-absorption high-resistance layers and developing an optimum. Between the

"Old recipe with O2" and the same without O2, the parasitic absorption increases by 60%

while the sheet resistance decreases by 86%. Sheet resistance depends inversely on layer thick-

ness (Rsheet ∝ 1
T hi ck. ), while absorption follows thickness according to a negative exponent

(Abs. ∝ e−α∗T hi ck.). Thus increasing the layer thickness of the old IZO layer with O2 enough

to match the sheet resistance without O2 would also increase the absorption by nearly 500%,

to the point that it is significantly more than the IZO layer without O2. Thus, we chose to

follow the path of low-absorption high-resistance layers, in agreement with the simulations.

We further developed the IZO recipe based on sputtering power and time, all without O2. This

led to an optimized recipe (10 minutes at 70 W, 10 minutes at 50 W RF power, roughly 80 nm

on texture) that was used in our tandems, and is described in figure 4.7 and table 4.1.

Results - Increasing Tandem JSC

In this section we detailed the efforts made towards maximizing the Jph of our tandem stack.

This included increasing the perovskite thickness, increasing the Eg , and improving the front

IZO layer. We were able to fabricate a 50% thicker perovskite layer through tuning of the

various deposition parameters of the hybrid PVD/SP method, including template thickness,

spin concentration, spin speed, a pre-anneal, and the annealing DP. The resulting perovskite

layers are shown in figure 4.8. The old recipe gave a 450 nm perovskite (measured normal

to the c-Si pyramid face) which was tuned to 1.64 eV to achieve current-matching, and the

new recipe gives a 700 nm perovskite which is tuned to 1.70 eV to achieve current-matching.

Outside of the perovskite, we removed O2 gas from the IZO sputtering chamber and further

tuned the deposition power and time to reduce this layer’s parasitic absorption in the top-cell

spectrum by 35%. Together these improvements increased the top-cell Jph of our tandems,

and enabled us to meet the current-matching requirement of monolithic tandem architectures

with a higher Eg perovskite. The cell results of this optimization can be seen in figure 4.9a. The

cell shown here had a JSC of 20.0 mA/cm2 and a VOC of 1.83 V when measuring a full JV curve

under 1-sun illumination. We compare this same result to the best tandem EQE obtained

prior to this thesis work, which used the old perovskite recipe and un-optimized IZO, in figure
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4.9b. The cell in question had a JSC of 19.7 mA/cm2 and a VOC of 1.76 V when measured under

the same conditions. Specifically, figure 4.9b shows how the absorption in the c-Si above the

perovskite bandgap is reduced from the old to new recipes, and the corresponding Eg increase

of the top-cell. From this baseline, we were then able to investigate and improve other aspects

of the tandem cells, towards reaching higher efficiencies.

Figure 4.8 – SEM side-view images of perovskite top-cells made with the old and new recipes. The
old recipe used a template with 400 nm PbI2 (measured flat), a 513 mM solution of 1:3 FAI:FABr, and
was spun at 3000 rpm. This gave a 450 nm perovskite layer with Eg = 1.64 eV. The new recipe used a
template with 600 nm PbI2 (measured flat), a 720 mM solution of 1:2 FAI:FABr, was spun at 2200 rpm,
and had a 90 second pre-anneal at 80°C in N2. This gave a 700 nm perovskite layer with Eg = 1.70 eV. In
both cases, the template included 10%vol CsBr, the solvent was ethanol, and the main annealing was
20 minutes at 150°C in air. Images are to the same scale.
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(a)

(b)

Figure 4.9 – EQE measurement for a perovskite/c-Si tandem with optimized high-Eg top-cell. (a)
shows the highest EQE measured for an optimized tandem cell, along with their integrated JSC . (b)
shows the comparison of this EQE to that of a champion tandem cell from prior to this thesis work.
The point where the two curves cross eachother was shifted 50 meV higher, while keeping the same
current-matching condition. The loss in the "new recipe" bottom-cell comes from increased parasitic
absorption in the IZO (table 4.1) and reduction of the c-Si wafer thickness from 240µm to 180µm.
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4.3 Increasing Tandem VOC via Interface Tuning

As discussed previously in section 2.3.1, the HTL used below the perovskite (in p-i-n polarity

cells) can affect PSC performance, most notably the device voltage. In this section, we examine

the same parameters and how they apply to tandem cell operation. We primarily worked with

TaTm and SAMs, which are upgrades to Spiro-TTB in terms of performance. Recalling the PL

results shown in figure 2.15, both TaTm and SAM (Me-4PACz for this particular measurement)

improved the QFLS slightly over that of the bare perovskite. The difference between the

samples was below the variance in the measurement, however. So determining which material

was better for cells had to be performed as such, in cells. Further measurements of SAMs and a

comparison of different SAM options are shown in section B.8. We found that the differences in

performance were minimal, and thus will refer to them collectively as SAM, specifying where

necessary. As SAM materials require an oxide layer to bind to [56], tandems with SAM require

an extra deposition of a thin sputtered ITO layer on top of the nc-Si recombination junction

(roughly 7 nm, as described in section 4.1), while the TaTm (5 nm) is thermally evaporated

directly on the recombination junction. The resulting cell performance is shown in figure 4.10.

The results show that TaTm has a slight improvement in VOC over SAM, with the difference

in average values (37 mV) corresponding to a 0.47% absolute gain in efficiency. This is far

more than the gain predicted from the previous PL measurements (2.4 meV, figure 2.15). We

attribute this difference to the fact that the PL measurement used a microscope objective

to focus the illumination and collect from a larger étendue. Light has a multitude of effects

on perovskites, but the act of focusing 1-sun intensity on a small spot while the surrounding

(a) (b)

Figure 4.10 – Cell performance for perovskite/c-Si tandems made with bulk polymer or molecular
monolayer HTLs. Samples were prepared in parallel with the same perovskite and bottom-cells from
the same wafers. In either case, the noted HTL stack was deposited directly on the nc-Si recombination
junction, and immediately followed by the PVD/SP perovskite process. The TaTm layer was 5 nm, the
SAM used was Me-4PACz, and the 1.43 cm2 front electrode design was used. Cells and measurements
courtesy of Dr. Xin-Yu Chin.
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perovskite is not illuminated is known to cause significant local modification to the perovskite

[202], [203]. Ions diffuse away over micrometer scales, the material is put under non-uniform

stress, and overall the perovskite in the illumination spot is not the same physical system as

when it is uniformly illuminated [202], [203]. Thus, it is reasonable that the perovskite does

not behave the same in the case of locally-illuminated PL measurement and the full-area

illuminated PLQY and VOC measurements. Inversely to the VOC , the F F is higher in the cells

with SAM, with the difference in average values (6.4%) corresponding to a 2.36% absolute gain

in efficiency.

This change likely comes from the transport properties of TaTm versus SAM. Current state-

of-the-art bulk polymer transport layers are known to be just on the edge of limiting cell

efficiency due to low mobility [168], [169]. For example, PTAA4 is commonly used in flat single

junction PSC due to high performance. When deposited above 10 nm thickness, it sharply

reduces cell F F unless alloyed with a p-type additive5 [169]. Even at these thicknesses, fitting

measured JV data to simulations estimates the best mobility values for the PTAA layer to be

102 lower than that of pure C60 (1.5×10−4 cm2/(Vs) and 1.0×10−2 cm2/(Vs)), and simulated

F F dropped nearly 10% absolute when lowering another 101 [168]. Specifically to the TaTm

that we used (claimed 4×10−3 cm2/(Vs) from a supplier website, Dyenamo [239]), it has been

shown to require alloying, which improved conductivity 30x and F F by nearly 20% absolute

upon increasing p-type additive concentration from 3% weight to 11% weight (no 0% reference

reported) [163]. This is compared to SAMs, which do not have reported mobility values, as

the molecular monolayer is so thin that it does not truly "transport" the charges rather than

selectively pass charges to the TCO [56]. Typical mobility values for ITO films are in the range

of 30 - 50 cm2/(Vs). Thus, we conclude that the difference in F F between tandems with TaTm

and SAM comes from this difference in the two materials’ relative abilities to conduct charges

through the device. As evidence for this, the ROC of the TaTm cells was 26.5Ωcm2 compared

to 9.2Ωcm2 for the SAM cells6.

We note here that we choose to minimize transport losses by using thin layers of TaTm rather

than trying to alloy it. Alloying has been successful in the studies cited above [163], [168],

[169], but in each case required layers with sufficient thickness as to correctly control the

HTL:additive ratio (50 nm in the case of TaTm). A cost forecast for each of these layers was done

in section 1.2.3, and determined that 50 nm layers would totally consume the cost increase

justified by the higher efficiency of tandems. Thus we choose to continue with thin CTL layers

and SAMs.

4Chemical name: poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
5The term alloying is used instead of doping, due to the quantity of new material being high enough that it is

more a mix of two materials than an addition. Doping generally refers to quantities on the order of 10−3 molar
concentration or less.

6This is unusually high, which we attribute to an un-optimized SnO2 layer at the time of experiment. We discuss
the ROC of our cells in the following section (4.4)
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Overall, we conclude that TaTm is slightly better than SAM for reducing interfacial recombina-

tion, but that ultimately SAM is better for cells due to better charge transport and the resulting

higher F F . One of the primary distinctions between the two HTLs is the thickness of the

layer. Thinner layers of TaTm would reduce their transport losses, but evaporated materials

do not form a continuous layer when deposited below a certain thickness [240]. Before this,

the surface coverage is less than 100% and the layer is shunted. Specifically to our machines

and materials, many trials were run to determine the minimum necessary thickness of C60

in order to reduce its parasitic absorption. We found that JSC does improve directly with C60

thickness reduction, but that VOC drops as well when going below 5 nm. We attribute this to

the C60 being shunted, and thus treat 5 nm as the processing limit for layer thickness (which

becomes 8.5 nm when depositing on c-Si pyramids due to the 1.7 geometrical factor). This

therefore disallows deposition of TaTm with thickness similar to molecular monolayers.

This limit still leaves another possibility. Having a < 5 nm TaTm layer on top of SAM would

bypass the losses due to HTL shunting, since the gaps in the TaTm would only expose another

HTL instead of the recombination junction. This way, the areas with TaTm can improve

interface quality over SAM to raise the cell VOC , while the thickness can remain low enough

that its mobility is not a hindrance to F F . Thus we created cells with the structures shown in

figure 4.11. These compared the previous conditions of SAM and 5 nm TaTm against a bilayer

of SAM and 1 nm TaTm (thus 8.5 nm and 1.7 nm TaTm, measured flat). JV results are shown

in figure 4.12. The main hypothesis of this experiment proved to be true, but not by a big
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Perovskite

ITO
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Figure 4.11 – Diagram of hybrid recombination junction / HTL stacks which were tested. The front
contact of the bottom-cell used an a-Si:H(i) layer that was deposited for either 50 or 70 seconds.
The thicker layer is used to protect the c-Si from damages from the nc-Si:H recombination junction
deposition. The TaTm layer thickness was 5 nm measured normal to the c-Si pyramid face when
deposited alone, and 1 nm for the SAM/TaTm bilayer.

136



Increasing Tandem VOC via Interface Tuning

enough margin to improve the overall efficiency. The plain SAM and TaTm cells preserved the

VOC - F F trend that was previously observed. When combined into a bilayer, there was much

overlap between the SAM and SAM/TaTm conditions, but the average VOC improved over SAM

alone while the average F F dropped. We rationalize this as The TaTm reducing recombination

losses relative to SAM at the perovskite/HTL interface, but also increasing transport losses

(despite the minimal thickness). But overall, this produced three conditions with comparable

efficiency spreads, and no solution to combine the best of both materials with regards to F F

and VOC .

(a) (b)

(c) (d)

Figure 4.12 – Cell performance of perovskite/c-Si tandems prepared with varied HTL stacks.
Bottom-cells were prepared with or without the nc-Si recombination junction. In the case without the
junction, a thin ITO was deposited (7 nm). TaTm (5 nm) was evaporated onto some bottom-cells of
both conditions, and MeO-2PACz was deposited on the remaining cells with ITO. Some of the SAM
cells then received a TaTm evaporation (1 nm), before all cells were finished in parallel with the same
perovskite and top contact stack. The 1.43 cm2 front electrode design was used.
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This left us with three seemingly equal options, depending on which JV parameter we wanted

to maximize. Still, the two materials are different enough that their behavior is not identical

when viewed from a wider perspective. In the previous experiment, we also included a sample

of TaTm directly on the same ITO recombination junction as the SAM. It performed worse

in every category, despite only including layers that were successful in the other conditions.

In the end, the problem of the ITO/TaTm cells was not of recombination or transport, but

rather of material compatibility. We know from experience that bulk HTL molecules (in this

case Spiro-TTB [62], [149]) have glass transition temperatures around 150°C [216] and dewet

from ITO surfaces to "melt" down the sides of c-Si pyramids, resulting in concentrations

in the valleys and uncovered surfaces above. This problem was reduced by using a nc-Si

recombination junction, which is less prone to dewetting with bulk polymer HTLs [62], [149].

To observe the dewetting directly, we do SEM on TaTm layers coated onto different surfaces, on

c-Si pyramids. This was done for ITO and the nc-Si recombination junction, and the samples

were either left as-deposited or annealed for the standard 20 minutes at 150°C (in N2), then

observed top-down in SEM. The resulting images are shown in figure 4.13. The dewetting

on ITO is clearly observed in the exposed ITO (light areas) and "melted" TaTm in the valleys

(dark areas). The effect is still present, albeit less severely, on the nc-Si layer. Thick dark areas

fill all of the valleys, and the pyramid surfaces are not uniformly covered. Despite this effect,

Figure 4.13 – TaTm temperature stability on c-Si pyramids as viewed in SEM. 12 nm of TaTm was
evaporated onto textured c-Si substrates either with the nc-Si recombination junction or a standard
ITO on the top surface. They were then annealed at 150°C in N2 for 20 minutes. Top-down SEM was
performed on annealed and un-annealed samples of each layer stack. The thick black lines in the
valleys between pyramids is attributed to accumulation of the TaTm which dewetted from the pyramid
faces. Samples courtesy of Dr. Xin-Yu Chin, measurements courtesy of Dr. Quentin Jeangros.
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the nc-Si/TaTm tandems still perform as well as observed. But still, the incomplete surface

coverage and non-uniform thickness of TaTm on nc-Si could add some explanation to the

lower F F in such cells.

Results - Increasing Tandem VOC

We have demonstrated multiple cell designs with similar efficiency, but different specific

performance. Tandems made with ITO/SAM as HTL have better F F due to their charge

mobility, relative to TaTm. But TaTm reliably gives higher VOC , meaning that SAM materials

do not form an ideal interface. The observed gains in F F with SAM translated to a larger

efficiency gain than the VOC gains of TaTm, but still less voltage than we knew possible from

our perovskite. We thus tried to combine the two into a bilayer, expecting a sufficiently thin

TaTm layer to provide an improved interface while still capitalizing on the complete surface

coverage and efficient extraction of the SAM. This did improve the SAM cells’ VOC , but at the

expense of F F , giving the same overall efficiency. Thus, there was no cell design that displayed

the best VOC and F F simultaneously, but still we succeeded to make cells with VOC values

above 1.9 V. The JV curve with the in-house record for highest voltage is shown in figure 4.14,

along with another high-voltage cell that is less hysteric.

(a) (b)

Figure 4.14 – JV curves for perovskite/c-Si tandem cells with high VOC. (a) The cell with the best VOC

value obtained, but with significant hysteresis. (b) Another cell with high VOC but less hysteresis. The
cells were produced in parallel, with a nc-Si recombination junction, 5 nm of TaTm as HTL, the same
perovskite, and the 1.43 cm2 front electrode design. The measured VOC and JSC values are marked,
along with the MPP obtained during tracking. The curve in the bottom right represents the threshold
of operating points which would give >30% efficiency.
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4.4 Improving Tandem Fill-Factors Through Sub-Cell Optimization

From the final results shown in the previous sections (figures 4.9 and 4.14), the JSC and VOC

achievable in cells means that 30% cells would require a F F of only 78%. This has been

demonstrated in single junction PVD/SP cells already (section 2.4.2), and of course in SHJ, so

it should certainly be possible in tandems. We can even expect tandem F F values to be higher

than those of the individual sub-cells due to the fact that the recombination junction releases

the need for lateral current transport and the series resistance that comes with it. But still, the

determining factors of tandem F F are numerous, and depend on multiple aspects of each

sub-cell [152]. Thus the task of understanding the source of losses in our cells and addressing

them can be complex.

The first step is to understand where the problem is coming from. As stated above, either

sub-cell can cause reductions to the overall F F , but there are many relevant factors. Due to

SHJ commonly achieving F F of 83 - 84% and thin/flat single junction perovskites only barely

getting to 80%, we expect the better sub-cell in our tandems to be the bottom-cell. One way to

probe the source of F F loss is to exploit the effect of sub-cell mismatch. If the operating current

of the two cells is not equal, then the sub-cell which outputs more current over-saturates the

recombination junction with its charge type, meaning the overall charge flow is set by how

well the limiting sub-cell can extract. This effect can be exploited to determine the relative

performance of the two sub-cells. In practice, we can induce such mismatch by shifting the

amount of light entering each sub-cell. Then we observe the change in tandem F F with each

in limiting condition to show the relative performance of the sub-cells.

(a) (b)

Figure 4.15 – Performance of perovskite/c-Si tandem cells with varied iodide:bromide ratios in the
perovskite absorber. Cells were made on bottom cells from the same wafers, and all other details of
fabrication were held constant. The bandgaps extracted from EQE were 1.68, 1.70, and 1.72 eV (in order
of appearance in these graphs). The 1.43 cm2 front electrode design was used. Cells and measurements
by Dr. Xin-Yu Chin.
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First, we varied the Eg of the perovskite by changing the halide ratio in the perovskite spin-

coating solution. Increasing the perovskite Eg reduces Jph and makes the top-cell limiting,

and the inverse for lowering the Eg . The results are shown in figure 4.15. We have current

matching with a 1:2 I:Br ratio (1.70 eV), as this was the case in the champion EQE of figure 4.9.

Therefore, the 1:3 ratio (1.72 eV) makes the top-cell limiting and the 1:1 ratio (1.68 eV) gives

the c-Si Eg larger influence. We see from the F F results in 4.15a that the F F changes negligibly

in either case, other than one high outlier. Generally, there is so much overlap between the

conditions that the changes in average value are not statistically significant. Thus neither

sub-cell stands out as being significantly superior. We therefore move on to changing the

illumination spectrum to favor either sub-cell in current-matched tandems, as this gives a

larger possible range of induced mismatch. This method also avoids the potential confounding

effects of using different halide ratios, which give different materials and thus may modify

top-cell performance.

We varied the sub-cell current mismatch by switching to another illumination setup from the

halogen/Xe double lamp setup used throughout this work, to a homemade system based on

multiple smaller halogen lamps (providing infrared and long-wavelength visible) and many

light emitting diodes (providing visible and ultraviolet). The spectral intensity was tuned

based on the measured tandem EQE, which allowed us to determine how much current was

being produced in each sub-cell according to the voltage sent to each illumination source.

We then illuminated with a series of different spectra, each totaling the same 1-sun intensity,

and measured a JV curve under each. The F F values extracted from the reverse sweeps are

shown in figure 4.16. These data display a downward trend when shifting the current from

the bottom-cell to the top-cell. This means the tandem had higher F F when the perovskite

sub-cell was limiting, and lower F F when the c-Si cell was limiting. Thus in this case the

top-cell was contributing more F F than the bottom-cell, and the overall tandem F F was

limited by the c-Si performance.

Figure 4.16 – FF measurements
from a single tandem cell mea-
sured with spectral bias of current
to one sub-cell or the other. Points
show the F F extracted from the
reverse-direction JV sweep. Mea-
surements were made in sequence
from red to blue with one balanced
spectrum taken at the beginning
and end. The tandem cell was mea-
sured to be in the current-matching
condition from EQE, and the spec-
trum was shifted via a mix of halo-
gen bulbs and LEDs. The 1.43 cm2

front electrode design was used.
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4.4.1 Eliminating Processing Damages in c-Si Bottom-Cells

Before discussing the scientific results obtained, we must address the progression and distribu-

tion of work towards this goal. This is the first period of the thesis with c-Si as the focus. A Ph.D.

student (Deniz Türkay) was hired around this time with the specific goal of developing SHJ for

use in tandems. Thus after about three months of my work, the responsibility of this project

was passed to him. Being uniquely occupied with the task outlined here, Deniz performed

many experiments and was successful in improving performance. The entirety of his work will

not be shown here, but rather all of my work will be shown, and his further advancements will

be summarized at the end.

The first check made in order to understand bottom-cell F F losses was to compare them to

standard SHJ cells produced for single junction use. This is not a perfect comparison however,

since the production of their cells and our bottom-cells differ in a few key ways which affect F F .

For reference, the process flow for our bottom-cells is given in figure 4.2. Most notably, they do

not cut their wafers, they use a different cell size, they use a different metallization geometry,

and their front Ag fingers are screen printed. Images of the cell and metallization designs are

shown in figure 4.3. Their different metallization design and screen printed Ag fingers (several

µm thickness) are important for single junction SHJ, since they must extract twice the current

at a quarter of the operating resistance, compared to tandems. The tandem front grid design

uses thinner (0.3 - 0.4µm, as measured on flat) evaporated Ag fingers which are spaced further

apart. A side effect of this is that we artificially lower the F F of our bottom-cells when we

(a) Bottom-cells measured as single junctions (b) Standard single junction SHJ

Figure 4.17 – Comparison of SHJ cells which were processed as bottom-cells and those completed
without extra processing, over time. (a) JV of SHJ cells that were processed as if to use as bottom-cells
in tandems. (b) JV of SHJ cells designed for single junction use. Each batch was processed separately,
from the same stock of c-Si wafers. The bottom-cells used the 1.43 cm2 cell design and were each on a
unique 25 mm x 25 mm cleaved square. The SHJ were processed without a recombination junction,
used a 4 cm2 cell area, and were all five on the same unbroken wafer. The certain groups with notably
higher JSC are explained by the use of a single- or double-layer anti-reflective coating.
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put the tandem front grid directly on the bottom cells to measure them as single junctions.

Thus overall, the direct comparison of SHJ designed to be bottom-cells and SHJ designed to be

single junctions is not 1:1. But still we can juxtapose the two cases and evaluate the differences

with these effects in mind.

This was done for cells produced through the end of summer - early fall of 2020, and the

results are shown in figure 4.17. The most pronounced difference between the two cases is

the overall variance. In order to explain the variance, we will sort the sources of loss into two

groups. First, there is the resistive losses due to the different front grids, and second there is

the recombination losses due to material damage and edge effects. For the front grid effect,

this includes the changed TCO, finger geometry, and finger thickness between the designs

(figure 4.3). The collective effect of these elements can be summarized in the series resistance

(or open-circuit resistance, ROC ). Series resistance affects the operational F F according to

F Fr eal = F F0(1− ROC
RC

), where RC is the characteristic (operating) resistance and F F0 is the

"innate F F " before resistive losses. The ROC measured from the single junction SHJ of figure

4.17b was in the range of 1 - 1.5Ωcm2, while the ROC of the bottom-cells in figure 4.17a was

typically 2 - 3Ωcm2. From this we can calculate that the standard SHJ lose 6 - 10% relative F F

and the bottom-cells lose 12 - 18% relative7, based on an operating resistance of 16 - 17Ωm2.

This partially explains the lower F F values of the bottom-cells overall, but not the variance

between samples nor the variance of VOC and JSC in figure 4.17a.

We therefore look to material damage and edge effects to try and explain the variance. Specifi-

cally we investigated the additional processing steps which the SHJ go through in preparation

for use as bottom-cells (figure 4.2). These steps include the laser scribe and cleaving discussed

above, but also the processing of samples with perovskite deposition equipment, samples slid-

ing on the hotplate during annealing, and the additional manipulation during this processing.

Any process in which the c-Si wafers are touched could be a source of mechanical damages

to the c-Si. These damages could reduce material quality and increase recombination in the

bottom-cell, potentially leading to lower and varied performance of cells as was observed

relative to normal SHJ.

The first process step to be examined was the laser scribe and cleave (steps 7 - 8 in figure 4.2).

Here, the round 100 mm wafer is laser-scribed with lines that enable facile cleaving by hand

into 25mm x 25 mm squares. We theorized that the dopant type of the c-Si wafer would be

relevant at this point, as it determines if the lasering is on the side of the cell with the p-n

junction. Due to the dust created with the laser scribe, we always laser on the rear of the wafer

to avoid dust particles causing shunting of the top-cell, and we always perform the scribing

after the PE-CVD processing of the a-Si:H layers, due to the dust not being compatible with

the cleanliness requirements of the PE-CVD machine. Thus, the lasering always happens

on a complete SHJ, and always on the rear side. Further, this is always the p-doped contact

7This is a significant source of loss for bottom-cells when measured alone, but rather insignificant as a ROC
value for tandems. Tandems produce half the current at more than double the voltage, leading to operating
resistances in the range of 75 - 80Ω. Thus the same ROC values in tandems would only produce 2.5 - 4% relative
loss.
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since the bottom-cell orientation is fixed to match that of the top-cell. Thus n-type wafers

would have the main p-n junction at the rear of the cell where the lasering occurs, while p-type

wafers would have their junction "protected" at the front.

We tested this by measuring the charge lifetime of a p-type and n-type wafer at each stage in

the process. These data are shown in figure 4.18a. We see that indeed the n-type wafer (with

junction at rear) is more damaged by the laser than the p-type. Upon cleaving, the lifetime

of the nine small square pieces varied more for the n-type than p-type. Overall, the n-type

wafer suffered more, indicating that the laser scribe does indeed damage the junction, but

the higher initial lifetime of n-type wafers versus p-type meant that the final lifetime was

higher for rear-junction bottom-cells regardless of greater laser damages. This lower lifetime

is a consequence of the boron-oxygen defects that are endemic to p-type wafers due to their

dopant [241], and is thus realistically unavoidable.

In order to examine the edge effects of the 25 mm x 25 mm cleaved wafers, we further processed

the small squares of figure 4.18a into single junction cells with differently shaped active areas.

The cell area was kept the same at 1.02 cm2, but the dimensions were changed from a 1:1

square to a 3:1 rectangle. This tests if proximity to the wafer edge affects performance. The

results of this test are shown in figure 4.18b, for both the p-type and n-type wafer pieces. The

n-type wafers produce slightly higher F F in line with their higher lifetime, but overall both

the active area dimensions and wafer doping type produce changes well within the spread

observed in figure 4.17. Thus we concluded that proximity to the wafer edge was not the

dominant loss mechanism.

(a) (b)

Figure 4.18 – Lifetime measurements and JV curves for p- and n-type wafers processed as bottom-
cells for tandems. Two wafers of opposite doping types were co-processed according to the recipe for
tandems, and finished as bottom-cells without a perovskite. (a) shows the lifetime measurements of the
wafers initially, after laser scribing, after cleaving the four edges, and of each resulting 25 mm x 25 mm
sub-wafer. (b) shows the JV curves for p- and n- type cells processed with square (1:1) or rectangular
(3:1) front electrode designs, with the same 1.02 cm2 cell area.
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To isolate the effect of the laser damage from other damages which confound cell data, we

took PL intensity images of an n-type SHJ cell before and after the standard laser scribe. These

results are shown in figure 4.19. Excitation was scaled to 7% of 1-sun intensity, to mimic the

carrier concentration at MPP. The PL loss along the laser lines is clear, but upon relating the

two images to find relative loss, we see that the damage does not extend far into the active area.

For reference, outlines of the cell area defined by our two top-cell metallization designs (1.02

and 1.43 cm2) are included as black squares in figure 4.19c. The PL loss in these areas is nearly

zero, and only reaches close to 20% at the very edges of the larger cell design. Given that cell

VOC varies with the logarithm of PL intensity, this is a negligible loss. Thus, we conclude that

the laser damage and edge effects are not significant sources of the overall F F losses observed.

This leaves general damage from sample manipulation as the suspect for causing the losses.

We cannot change the fact that samples must be moved from one machine to the other for

different depositions, but we can characterize the damages to identify the most significant

sources. We again quantified the damage via charge lifetime measurement, and the data are

shown in figure 4.20. Over the remaining top-cell process steps there is no clear dominant

source of loss. The C60 step has slightly more than the others, but is less than half the overall

loss. We do note that the SnO2 and IZO/metal depositions both improve the lifetime. The

SnO2 deposition holds the samples at 100°C and the IZO/Ag PVD also heats the substrates,

both of which could induce a mild annealing to repair some damages. Also the ALD SnO2

can form on all surfaces within the chamber and potentially forms a passivating oxide on the

damaged rear surface. But overall, there is not one clear source of damages, and in any case

we cannot remove any of these steps.

Following these results on lasering and manipulation damages, we chose to instead focus

on treating the damages afterward. Some attempts at this are demonstrated in figure 4.21.

First, we did the laser and cleave on a bare wafer before adding the heterojunciton passivating

contacts (moving the laser scribe in after step 3 as shown in figure 4.2). This required an

additional HF washing step to clean off the dust produced by lasering, before putting the

wafers in a clean environment for PE-CVD. This did not produce a significant difference in F F

(figure 4.21a). We attribute this to the weak binding/passivating of hydrogen, the directionality

of the PE-CVD proceess, and the increased manipulation of the small 25 mm x 25 mm squares

relative to full wafers during PE-CVD. Next, we treated finished bottom-cells with both an

annealing and an ALD AlOX layer. The F F values after each step are shown in figure 4.21b.

Annealing is known to help recover the plasma-induced damage to the c-Si/a-Si interface

while also diffusing some hydrogen ions from the a-Si:H into the ITO [242]. With the correctly

tuned temperature and time of annealing, this diffusion can improve carrier density and

contact resistance without too much increase in free-carrier absorption [243]–[245]. The ALD

AlOX layer was similarly inspired by past literature results showing its ability to passivate c-Si

surfaces [246]. In our own tests on normally-prepared bottom-cells, the annealing (20 minutes

at 200°C) did help, but the ALD AlOX layer did not (figure 4.21b). This could be because the
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(a) Before Laser Scribe (b) After Laser Scribe

(c) Relative Loss

Figure 4.19 – PL images of c-Si wafer before and after laser scribe. (a-b) show the PL intensity for the
same c-Si wafer, before and after laser scribing. Both images are scaled to the same brightness. The
illumination intensity was 7% of 1-sun to approximate carrier concentrations at MPP. The rectangles
visible in the image are from the rear ITO/Ag contact (1.43 cm2 design), which alters PL emission due to
modified surface recombination and optical reflection. It was included to clearly indicate the cell active
area location. (c) shows the relative loss between the two images, which was obtained by subtracting
the pixel values of "after" from "before" and dividing by "before". The 1.43 and 1.02 cm2 cell design
areas are shown by black rectangles in (c). Measurements by Dr. Gabriel Christmann.
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Figure 4.20 – Lifetime measure-
ments taken for c-Si wafers as they
are passed through each top-cell
processing step. Starting from two
100 mm c-Si wafers, they were either
cleaved by hand or with the aid of
a laser scribe. Then they were car-
ried along with a top-cell batch and
remeasured after each step, to quan-
tify manipulation damages. Mea-
surements by Deniz Türkay.

AlOX only treats defects on the exposed edges, while the annealing can treat damages closer to

the active area and within the material. This would be in line with the previous understanding

that the edges do not affect the cell area.

At this point in the progression of work on the bottom-cell, the Ph.D. student Deniz Türkay

arrived and took over the project. He continued to develop the annealing step and further

devised new methods for protecting and passivating our bottom-cells. Specifically, the an-

(a) (b)

Figure 4.21 – Effect on FF of various passivation treatments in single junction bottom-cells. SHJ
were processed as if to use for bottom-cells in tandems, but rather finished with a front electrode and
no top-cell. (a) shows the effect on F F of cleaving the wafer into sub-samples either before or after
the PE-CVD deposited a-Si:H(i) passivation layers. (b) shows SHJ bottom-cells that were processed
normally and measured, then treated with a 20 minute anneal at 200°Cand remeasured, then treated
again with an ALD coating of AlOX and measured a final time. All cells used the 1.43 cm2 front electrode
design.
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Figure 4.22 – Implied and mea-
sured FF values for bottom-cells
with or without rear SiOX passi-
vation. Bottom-cells were pro-
duced as normal or with a 300 nm
SiOX layer deposited on the rear
side. Their implied F F was mea-
sured in the active area via intensity-
dependent PL, after the laser scribe.
Then, the front contact (1.02 cm2 de-
sign) was deposited and normal JV
measurements taken. Cells, devel-
opment, and measurements all by
Deniz Türkay.

nealing step was optimized and the rear surface made more durable with a PE-CVD SiOX

layer. This served as a mechanical barrier to scratches and other processing damages normally

incurred via manipulation. As evidence, he measured both the resulting F F of cells and the

implied F F obtained from intensity dependent PL. These data are shown in figure 4.22. Both

values improve upon the addition of the SiOX , and the variance between samples reduces.

This gave the best performance to date in bottom-cells alone. The final process we then

arrived at was: texturing and cleaning of wafers, PE-CVD of passivating contacts, PE-CVD of

the recombination junction, sputtering of the rear ITO/Ag electrode, PE-CVD of SiOX rear

protection, 210°C anneal for 20 minutes, laser scribe, and cleaving into sub-samples ready for

top-cell deposition. This recipe was then used in tandems and the champion cell is shown in

figure 4.23.

Figure 4.23 – JV curve of the
best tandem cell produced on
improved bottom-cells. This
cell was produced according to
the optimized top-cell recipe de-
tailed in the previous sections,
and with a bottom-cell passi-
vated with a 210°C annealing and
SiOX rear protective layer. A
reference bottom-cell from the
same wafer was finished as a sin-
gle junction, and had 651 mV
VOC . This cell used the 1.02 cm2

front electrode design.
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4.4.2 Applying Single Junction Improvements to Tandem Top-Cells

Finally, the last phase of this thesis work was to improve the perovskite top-cell F F to match

the improvements of the bottom. We demonstrated F F around 80% in flat single junction

cells in section 2.4, so we expected similar values to be possible in top-cell configuration. But

still, our tandems were in the range of 70%, even with bottom-cells over 75%. In theory, two

sub-cells at 75% each would give a tandem with nearly 80% F F [152], so our results implicate

the top-cell severely.

To improve the top-cell F F , we first tested the most simple explanations. One of these was

that of a band mis-alignment causing an extraction barrier. The difference between the front

stack of perovskite/C60/Ag in single junction and perovskite/C60/SnO2/IZO/Ag in tandems

raised this possibility. If indeed there is an extraction barrier due to band alignment, it could

be surpassed by heating the cell, so that thermal carriers could provide the energy needed to

overcome the barrier. This was tested, and quickly ruled out as a problem in our cells. Figure

4.24 shows F F and VOC measurements taken as a tandem cell was heated and cooled from

room temperature (25°C) up to 65°C. The F F drops, rather than increases, and the VOC falls by

10% as well. Not only does the heating not improve the F F , but it seems to damage the cell.

The VOC recovers immediately with cooling, but the F F remains low and even decreases more.

The cell was left for 2 - 3 minutes at each temperature to stabilize before measuring, and the

VOC values during cooling justify that the cell had returned to the same external condition as

experienced during heating. But the F F did not behave the same when put back to the same

temperature during cooling, which gives evidence of degradation to the transport layers.

Figure 4.24 – FF and VOC measurements for a single tandem cell, measured at different tempera-
tures. The same cell was left on a temperature-controlled measurement chuck and heated from 25°C
to 65°C. It was held 2 - 3 minutes at each temperature for measurement, and the same was repeated
while descending back to 25°C. This cell used the 1.43 cm2 front electrode design.
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The second quick test was to evaluate the severity of shunting on our top-cell, which were

found to be negligible (figure 4.25). Shunts in the perovskite stack will lead to F F losses in the

top-cell, which then correspond to greater than 1:1 losses in the overall tandem F F [152]. To

examine the effect of shunting in our top-cell specifically, we measure JV curves at reduced

illumination, using the "symmetric SHJ" cell architecture described in section 4.1. This isolates

the top-cell as a single junction while maintaining the same cell stack and fabrication as for

tandem top-cells. The results confirm that shunting is not an issue, shown in figure 4.25.

The effect of shunting is seen in the slope of the JV curve at short-circuit. Flat curves mean

negligible shunting and any slope indicates low parallel resistance and reduces the operating

current. This slope holds constant regardless of Jph , and thus is more visible at low Jph . From

the flat curves at all illumination levels in figure 4.25, we conclude that there is negligible

shunting in a typical top-cell stack.

From these results, we believe that the top-cell F F is not limited by an energetic barrier or

shunts, and now look to the charge transport and recombination properties of the perovskite

and CTLs. For the CTLs, we already know that we are near optimal transport with SAM and

C60 [168]. As for the nc-Si, SnO2, and IZO, we can conclude from the ROC of bottom-cells

which include the nc-Si junction and the ROC of tandems in general that there is not a major

problem of conductivity (although the ROC of tandems is higher than ideal, which is discussed

in section 4.6). These layers accounted for, the perovskite remains as the most likely cause of

the F F losses.

To address the perovskite F F , we look to the results of section 2.4. Here, we included the addi-

tive FBPA in the perovskite, which both passivates the surfaces and increases the temperature

stability of our material. This temperature stability enabled a higher annealing temperature

and the better layer morphology, PLQY, charge transport, and F F which came with it (figures

2.29, 2.32, 2.36, and 2.33a). We thus applied the same 170°C annealing to tandem cells. First,

Figure 4.25 – Single junction per-
ovskite top-cell on symmetric SHJ,
measured at low illumination inten-
sities. A perovskite top-cell was fab-
ricated according to the established
recipe, on a symmetric SHJ. Metal
mesh filters were used to reduce the
intensity of the light from a solar sim-
ulator, and JV curves were measured
at each intensity. This data was used
to calculate and ideality factor of 1.79
and an implied F F of 86.2%. For this
graph, the sign of the current density
measurement is flipped and plotted
on a semi-log scale. This cell used the
1.02 cm2 front electrode design.
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we checked to see that the morphological improvements translated to the textured c-Si surface

and thicker perovskite. SEM of perovskites with both 150°C and 170°C anneal steps are shown

in figure 4.26. These perovskites were deposited on c-Si wafers with larger pyramids than

typically used in bottom-cells, for the sake of visibly distinguishing pyramid facets, valleys, and

peaks. In these images, the grain size as viewed from the top of the layer is larger for the 170°C

annealed samples. Likewise, some horizontal features are visible in the cross-section of the

150°C samples, while the 170°C counterparts have predominantly vertical domain boundaries.

This confirms that the same morphological benefits translate to tandem fabrication, but we

must also verify the improvement to charge transport.

Figure 4.26 – SEM images of perovskite layers on textured c-Si, annealed at different temperatures.
Perovskite layers were produced in parallel, with the same PVD/SP steps (600 nm PbI2 with 10%vol.
CsBr, 720 mM with 5 mM FBPA). The only difference was the temperature of the annealing step. These
c-Si wafers have a larger pyramid size than what is used in bottom-cells. We chose this larger size
to improve perovskite visibility. Residual FBPA is responsible for the black formations on top of the
perovskite layer. All images are the same scale.
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In single junction flat PSC, we confirmed the improved charge transport in 170°C annealed

perovskites by comparing the measured JV curves against those reconstructed via Suns-VOC

and Suns-PL (figure 2.35). We cannot repeat this for tandem top-cells, as Suns-VOC will probe

the sample-to-sample variation in bottom-cell shunting and F F , and in Suns-PL the c-Si will

absorb perovskite luminescence. In the place of these measures, we can perform voltage-

dependent EQE to quantify relative bulk transport issues. This technique relies on spectral

variations in average absorption depth in conjunction with the cell architecture. From the p-i-

n cell design, electrons are collected at the top of the perovskite layer and holes at the bottom.

Likewise, we know from the PDS measures of section 2.2.3 that the absorption coefficient of

our perovskite varies across the absorbed spectrum. This means that the average blue photon

will be absorbed closer to the top of the perovskite layer (α = 2x105 at 450 nm, 50% absorbed

after 35 nm) than the average red photon (α = 3x104 at 700 nm, 50% absorbed at 231 nm).

Combining these two, blue photons will create electron-hole pairs closer to the ETL while red

photons will create electron-hole pairs closer to the HTL. Carriers generated closer to their

respective CTL have a higher probability of being collected, and any bulk transport losses

will mean less current is produced by carriers that have to travel across the layer thickness.

Thus, we can observe losses due to charge transport by measuring the relative ability to

extract current induced by blue or red light (after controlling for optical effects). In short, the

measurement described here is a standard EQE spectra. However, to control for cell optics and

enhance the spectral effect, we apply a voltage bias and compare to the zero-bias case. As the

bias is increased, the cell approaches flat-band conditions and charge drift is reduced. This

enhances transport losses to make them more easily detected. We then use the short-circuit

measurement to account for the cell optics, and observe how the blue- and red-generated

currents relatively respond to the increased extraction difficulty.

To verify this method, we used SCAPS simulations. SCAPS (Solar cell CAPacitance Simulator) is

a one dimensional solar cell simulation program developed at the Department of Electronics

and Information Systems of the University of Gent, Belgium [247]. Using this program we

simulated a tandem top-cell as a single junction (parameters given in section B.11). We

controlled the charge transport in the layer by specifying the electron and hole mobilities and

the bulk defect density. Results of these simulations showed that indeed the EQE will tilt in

one direction or the other depending on which carrier is more limiting (figure 4.27a). Next, we

show in 4.27b how an initially flat EQE curve will lower and tilt to one side as bias is applied.

We can then extract the average values in the red and blue regions and compare them, to

quantify how much the curve is tilted. This was done for perovskites with different values for

the bulk defect population. The red and blue average values are subtracted from eachother, so

that a cell stronger in the red will give a positive value, which then becomes negative when

the curve tilts past flat. This analysis is visualized in figure 4.27c. At 0 V bias, the EQEs start

out slightly stronger in the red. As the bias is increased, all eventually tilt towards the blue,

but the bias required for this inversion lowers as the bulk defect population is increased. This

correlates with device F F as well, fully linking this analysis back to its original goal.
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We performed this measurement for tandems manufactured with 150°C and 170°C annealing

temperatures, and the results are shown in figure 4.28. We observed variations to the blue-

and red-light induced current for both samples, in that the EQE tilted towards the blue with

added bias. The direction of tilt means that electrons are the limiting carrier, as confirmed by

the simulation in figure 4.27a. To quantify these results we plotted the average value of the

EQE for both the 400 - 500 nm range and the 600 - 700 nm range (figure 4.28c). From these

data, we can see that in both cases the red range starts with higher EQE, but that it dips below

(a) (b)

(c)

Figure 4.27 – SCAPS simulations of EQE under voltage bias. Simulations were designed to mimic
perovskite top-cells. (a) EQE curves simulated at 0.9 V bias and 3x1013cm−3 bulk defects, with varied
mobility (µ) values for electrons and holes. All other simulations used 5.0 cm2/(Vs) for both carriers. (b)
simulated EQE curves over a range of bias voltages, for a perovskite with 1x1013cm−3 bulk defects. (c)
the difference between EQE values in the red (600 - 650 nm) and blue (400 - 450 nm) over a sweep of bias
voltages. The same simulation was carried out for different bulk defect populations. The legend shows
the populations in cm−3 along with the F F value from a JV curve simulated for the same perovskite.
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the blue range average value once 1.7 V of bias is reached. However, the 170°C tandem resists

this switch for longer, remaining stronger in the red as high as 1.6 V. This gives the conclusions

that in both cases there are bulk transport losses, but the 170°C perovskite is less vulnerable

than the former baseline of 150°C.

(a) (b)

(c)

Figure 4.28 – Voltage-biased EQE measurements of tandem top-cells made with different per-
ovskite annealing temperatures. (a) measurements for 150°C annealed perovskite, and (b) for 170°C
annealed perovskite. Measurements are taken with a saturated bottom-cell, via a halogen lamp and
830 nm long-pass filter. The average value of the EQE is taken from 400-500 nm and 600-700 nm for
each spectrum, the blue subtracted from the red, and the values plotted on (c). Due to the low light
intensity of the measure, values are more susceptible to shunting, which is the likely cause for the rapid
decline in EQE at moderate bias voltages.
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So, with the confirmation that the morphology and bulk transport in top-cells are improved

with higher-temperature annealing, we now show the full tandem-level results for verification

of F F improvements (figure 4.29). For comparison, results of 170°C annealed tandems with

TaTm as HTL are shown in section B.12. These fail due to the dewetting of TaTm above

150°C. SAM materials have no compliance issues at 170°C, and thus we produced tandems

specifically with Me-4PACz. We see the same F F trend as with single junction PSC, which

translates to a better efficiency. The champion cell8 displayed a stabilized efficiency of 27.3%

during five minutes of MPP tracking. We attribute these gains to the same mechanisms as

discussed in sections 2.2.3 and 2.4, where a higher temperature anneal created a perovskite

with lower material disorder, better morphology, and improved charge transport. The gain

in F F can again be linked to improved charge transport via the voltage-dependent EQE

measurements shown above. The champion cell had a forward sweep JV measurement

with JSC = 20.26 mA/cm2, VOC = 1.808 V, F F = 75.8%, and efficiency = 27.8%. The stabilized

efficiency and F F obtained from MPP tracking were slightly lower than this; these data are

written/plotted alongside the champion cell JV curves in figure 4.29.

8We note that an error in the measurement setup was discovered about five months after cell production. Stray
light from the illumination was not fully accounted for, contributing 0.60 - 0.70 mA/cm2 extra current. Thus the
data here has been modified from its original values to reflect the expected true values.
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Figure 4.29 – JV performance statistics for the champion tandems made with different perovskite
annealing temperatures. Eight tandems were made in each condition. JV curves are shown for the
champion 170°C cell, before and after MPP tracking, along with the MPP attained after five minutes
of tracking. The power output over time during MPP tracking is shown for the champion cell of each
condition. All statistics are from JV measurements done before MPP tracking took place, as this was
not performed on each cell. These cells used the 1.02 cm2 front electrode design. The bottom-cells for
this batch were measured at 650 - 670 mV VOC .
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4.5 Conclusion

This chapter amassed the developments of the previous chapters and applied the collective

knowledge of this thesis work towards perovskite/c-Si tandem solar cells. First, we increased

the perovskite layer thickness by 50%. This added Jph in the top-cell, thereby enabling a 60 meV

higher Eg perovskite to be used. This was realized by tuning the spin-coating concentration

and speed, the pre-anneal, and main anneal dew point for the perovskite formation, which

overall gave a perovskite with roughly 700 nm thickness as measured normal to the c-Si

pyramid face (opposed to 450 nm previously). We further improved the cell JSC by tuning the

front IZO deposition parameters, and found a better balance of transmission and resistance.

With this, we reliably achieved over 20.0 mA/cm2 in our tandems, with a champion over

20.2 mA/cm2. This represents 90.2% of the radiative limit for a top-cell of 1.70 eV Eg [10], and

a significant improvement over the highest reported JSC values for tandems with a polished

front-surface (19.3 mA/cm2, [111]) and partially textured front-surface (19.6 mA/cm2, [156]).

Next we moved on to improving the VOC of our cells. We applied the advancements from

single junction PSC to tandems, such as surface passivation with FBPA and choice of HTL. We

found that TaTm performed better in cells than SAM materials in terms of VOC , but that the

SAM cells always had higher F F due to superior charge mobility. Between these two effects,

the efficiency gain on SAM was larger. We were able to improve the VOC of SAM cells with a

thin 1 nm layer of evaporated TaTm, but this simultaneously reduced the F F and gave the

same end efficiency. TaTm likewise was observed to dewet from the c-Si pyramidal surface

at 150°C, further jeopardizing its feasibility in cells. Still, perovskite/c-Si tandem cells were

realized with over 1.9 V of VOC using TaTm as HTL.

Finally, the last aspect of our cells to improve was the F F . We started this process by varying

the current-matching condition in order to detect which sub-cell was limiting the overall

tandem. This revealed that the c-Si bottom-cell was contributing less F F than the top-cell,

and much less than would e expected for a SHJ. We compared the processing steps of tandem

bottom-cells to those used for single junction SHJ, and found that mechanical damages to the

c-Si were responsible for the lower performance. Particularly, the laser scribe step caused the

largest drop in charge lifetime, but these losses were localized far enough from the cell area to

cause meaningful loss to performance. Thus, we focused on reducing and repairing damages

to the c-Si incurred from the extra manipulation inherent to top-cell processing. Thanks to the

work of colleague Deniz Türkay, a SiOX rear layer for passivation/protection and an annealing

step for defect repair were developed, and bottom-cell F F surpassed 75%. For the top-cell,

we applied the same advancement of FBPA and higher-temperature annealing to tandems

as was previously successful in single junction PSC. This was incompatible with the bulk

polymer HTL TaTm, but did work with SAM materials. This improved the morphology and

bulk transport properties of our layer, and gave higher F F in tandems. Overall, this produced

tandem cells with stabilized F F of 74.6% and efficiency of 27.3%.
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4.6 Remaining Losses and Oulook

What improvements remain to build on these results and gain another 5%abs. of F F or 100

mV of VOC ? To investigate this, we return to the Suns-VOC method of quantifying cell potential

which was previously used in section 2.4.2, and tells us the implied F F that a cell would have

without the effects of series resistance. Examples of the reconstructed JV are shown in figure

4.30. For the best tandems at both 150°C and 170°C, the implied F F was roughly 80% over

multiple samples. Already this demonstrates two paths to tandem F F improvement.

First, these implied F F values are more than 10% absolute below the Schockley-Queisser limit.

Single junction PSC were measured at 86 - 88% of implied F F . We attribute this difference

to the bulk transport losses which were still present in the best cells, evidenced by voltage-

dependent EQE (figure 4.28). This problem can be avoided by using a thinner perovskite (as in

single junction) or by improving the bulk material quality. Reducing the thickness is restricted

by the current matching requirement of monolithic tandems, unless some other optical

solution can be found for selectively reflecting some light at the recombination junction.

Otherwise, it will be necessary to further improve the bulk charge transport, whether that

is a consequence of recombination in the bulk crystal or surface recombination at internal

crystallite surfaces.

Second, the implied F F values of these cells line up with the measured F F and ROC , of which

the ROC is unexpectedly high. Certain bottom-cells of this batch were finished into single

junction SHJ using the same front and rear electrical connections, and contained the same

recombination junction. These reference cells had ROC values between 2.5 - 2.7Ωcm2, much

(a) (b)

Figure 4.30 – Implied JV curves and measured ROC values for tandems made with different per-
ovskite annealing temperatures. (a) Implied JV curves are reconstructed from the Suns-VOC method
of a tandem cell measured at different illumination intensities. The implied F F values for the 150°C
and 170°C curves are 79.5% and 81.1%, respectively. (b) ROC values measured for the same cells as in
figure 4.29.
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lower than the 7 - 11Ωcm2 values measured in the tandems. The additional resistance in the

tandems must then come from something within the perovskite top-cell stack, such as the

SnO2. Finding and repairing this source of resistance, and achieving the same ROC in tandems

as in the bottom-cells, would already improve F F by 4 - 5% absolute. Thus another project that

should be undertaken is that of identifying resistive losses, particularly in the C60/SnO2/IZO

stack, which is the only segment of the full stack that hasn’t been verified externally.

The final loss mechanism that is still present in our devices relates to the JSC and VOC , not

F F . The C60 layer brings both parasitic absorption (figure 4.4) and interfacial recombination

(figure 2.15), while also being expensive. These are significant loss mechanisms that have so far

avoided being addressed due to the high carrier mobility, ease of processing, and few quality

replacements for C60. PSC of the n-i-p orientation have frequently used an SnO2/perovskite

interface with success, but this has yet to translate to p-i-n configurations due to deposition

methods that are incompatible with perovskite. Large-area deposition of SnO2 by ALD is

feasible, as we already use it in our cells, but work remains towards developing new growth

mechanisms, seeding layers, or a non-C60 interlayer which would allow SnO2 to be grown

on perovskite with the same quality of interface and charge selective transport. Together, if

realized, these improvements could lead to tandems with potentially over 21.0 mA/cm2 of JSC ,

2.0 V of VOC , 80% F F , and a total efficiency over 33%.
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Concluding Remarks

This thesis sought to improve the performance of perovskite/c-Si tandem solar cells via

characterization and understanding of the underlying material. We specifically focused on

perovskites fabricated via a hybrid evaporation/spin-coating technique, as this enables the

deposition of perovskite layers on pyramidal c-Si surfaces with features an order of magnitude

taller than the perovskite layer thickness. We chose to constrain the thesis work to perovskites

as deposited from this method, as the ability to deposit on such surfaces makes the full tandem

architecture potentially compatible with industrial standards for c-Si PV.

The first segment of research focused on single junction PSC, to develop material and interface

quality within this structure. We examined each of the individual steps in the hybrid deposi-

tion process and determined how they affected the end material. Many steps had overlapping

effects, which we were able to unify by measuring the bulk material quality. This was mini-

mized, giving an optimum recipe. Next, we showed the effect of different charge-transport

materials on interfacial recombination, via relative PL measurements. A molecule (fluorinated

benzene phosphonic acid, FBPA) was introduced and resulted higher cell voltages, which we

attributed to surface passivation and reduced of interfacial losses with the charge transport

layers. We further linked interface recombination and the annealing environment, finding that

oxygen passivation via a heat-activated process is crucial to cell performance. The losses could

be recovered via a Lewis base additive (ethanethiol), but ultimately its chemical role was not

identical to that of oxygen. A new hole-transporting layer was applied, which formed a non-

damaging interface and functional cells without reliance on oxygen. The final research on the

isolated perovskite material pertained to the morphology and charge-transport ability of the

layer. Both improved with annealing temperature, but an upper limit was set by heat-induced

formation of damaging PbI2. The onset threshold of this degradation pushed to higher tem-

peratures with the addition of FBPA. This enabled better morphology and charge-transport,

resulting in lower series resistance and higher fill-factor.
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The second part of this thesis centered on optical improvements of the cell stack via texturing

the absorber layer. We chose to use ZnO as the source of texture due to its multifunctionality

and industrially-viability. We started by performing simulations which confirmed the possibil-

ity of optical enhancement. ZnO layers were then deposited by low-pressure chemical vapor

deposition, and parameters were tuned to balance the scattering and absorption. Perovskite

cells were fabricated on these scattering substrates using the hybrid method previously opti-

mized. There was a relationship between the substrate morphology and how the perovskite

layer formed, causing the recipes for both to be modified. This led to an optimized recipe, but

still with lower current output than the flat reference. We thus pivoted to a solution-processed

perovskite layer, with a recipe thick enough to cover the ZnO texture. This resulted in better

optics, current gain, and an overall improvement of device efficiency of 1.1% absolute.

The third and final subject of this thesis was that of full perovskite/silicon tandem cells. We

started from the results attained in previous thesis, which reached 25.1% stabilized efficiencies.

From that baseline, we separately approached the current, voltage, and fill-factor of our

tandems. First, we increased the top-cell thickness by 50% and tuned the front transparent

contact. This in turn raised the perovskite absorption and allowed a higher bandgap to be

used in the top-cell. Tandems with these developments reached over 20.2 mA/cm2 in short-

circuit current. This result is 90.2% of the radiative limit, and 0.6 mA/cm2 higher than any

other reported perovskite/c-Si tandem JSC reported to date. For the voltage, we applied

the same advancements as in single junction cells. FBPA and better hole-transport layers

were introduced, and tandem cell voltages surpassed 1.9 V. Finally, we improved the fill-

factor by separately optimizing each sub-cell. The silicon bottom-cells were found to suffer

from mechanical damages during processing. These were resolved with a robust rear SiOX

protection layer, and bottom-cells surpassed 75% fill-factor. The top-cells were improved via

the same FBPA-enabled higher temperature annealing as in single junctions. Together with

the improved bottom-cells, this resulted in tandems with stabilized efficiency of 27.3%. This is

higher than any single junction silicon cell, and shows the viability of high efficiencies using

hybrid deposited perovskite/silicon tandems.
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Outlook for Perovskite/Silicon Tan-
dem Photovoltaics

The central goal of this thesis was develop technologies that could someday bring higher

efficiency PV systems to industry. I hope that the work presented here did meaningfully

contribute to this effort, but the overall goal is far bigger than any one person or lab could

accomplish. Perovskite/silicon tandems are not commercially available as of writing, and

do not look to enter the market in a significant way for still some years. So, I conclude this

thesis by looking forward to how that might happen, and giving my personal interpretation,

opinions, and expectations for this technology.

The remaining barriers between perovskite/c-Si tandems and industrial relevance come

from both science and engineering. On the engineering side, it is rather simple questions of

upscaling both cell size and production volume. It is reasonable to expect some sort of slot-die

coating method will produce sufficiently large area and uniform perovskites. This could be

deposited from solvents which dissolve Pb, but the volatility of such solvents is off-putting for

industrial safety reasons. An option which I expect to be more successful, though I admit I

am biased, would be to sputter a Pb or Pb-halide template and subsequently deposit organo-

halide salts (similar to our in-house method). Sputtering is advantageous over evaporation

due to the small vacuum-chamber volume, and is already an industrial method. The second

deposition could be from a gentler solvent via slot-die coating, or via vapor-phase close

space sublimation methods. But whatever the process, I expect the remaining engineering

problems to be solvable with extant methods, and producing large volumes of wafer-scale

perovskite/c-Si tandems to be feasible.

The scientific challenges that remain are more difficult. The main question is on the long-term

stability of perovskites, both intrinsically and in the presence of external factors. The instability

of perovskites is well documented, and they will have to show improved durability in order

to be a viable product. Much of this development will depend on fundamental research into

perovskite materials and the atomic-level dynamics that make up the degradation processes.

Perhaps this will solve the problems, but it is highly uncertain. Many sources of degradation

can simply be avoided by good encapsulation. But this would rely on using an edge sealant
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in modules, which is generally taboo for c-Si manufacturers due to an added process step

(though perhaps feasible when adding all the other top-cell steps). Regardless, this does not

solve the problem, but only prevents it. Still it might be sufficient (to end customers) to just

have a robust encapsulation scheme, which is a likely solvable engineering problem.

As for the intrinsic degradation of perovskite materials, nearly all problems are linked to

the mobility of ions within the perovskite crystal lattice. I believe that long-term stable

perovskites will only be realized if the motion of ions within the material and between the

perovskite and adjacent layers is reduced to near zero. This is conceivable, if the population

of halide vacancies in the bulk is negligible and the surface lattice terminations are fully

passivated. Achieving this in practice is the work of fundamental material research and lab-

scale process development. If this type of material is realized, and if the resulting perovskite

is high-efficiency, and if the methods are scalable to industry, then the goal of producing

commercially-viable perovskite/c-Si tandems will be reality. Thus it is possible, but relies on a

lot of unproven solutions.

Still, I expect many start-ups to attempt bringing this technology to industry. The leading

company is Oxford PV. They are far ahead of any other group in terms of publicly demonstrated

results, but do not yet have a product. Their success is so far made possible by hundreds of

millions of dollars in venture capital and government grants. This is a good sign of enthusiasm

for the technology, but the volume of funding needed to get this far and the even larger sums

that they will need to raise in order to continue operations is only a deterrent for new players.

Contrary to battery technologies, which have the weight of auto-industry capital supporting

them, PV must rely on their own profits, private investors, and the will of world governments.

Beyond the acquisition of capital, new start-ups will need to compete with Oxford PV in both

product quality and market share, the whole time dependent on academic research for the

very viability of their product. Thus I perceive the risk of such a venture to be extremely high.

That is not to say it is impossible. A clear example is First Solar, which lasted over 10 years as a

start-up before offering their first product. For perovskites, it remains true that no amount of

hard work at a start-up will overcome a product that breaks itself. But if the physics is on our

side and the cells do someday work, then we’ll be glad to have started now.

A more realistic route for this technology is that of established c-Si manufacturers slowly

transitioning their production after the concept proves itself viable. This could equally come

from their own research or acquisition of a start-up. Such companies will have the capital

to invest and the foundation of an extant product/income source. This transition will be

slow, but also low enough risk to tolerate the volatility of emerging markets. It may not be

necessary if we scale c-Si well enough, but if it does work then it will certainly help. It’s also

possible that perovskite/c-Si tandems will be an irreplaceable key to deploying enough PV

for decarbonization. Only the future will tell, and it won’t happen without tireless work from

every team involved.
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A List of Abbreviations

AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

a-Si:H Hydrogenated Amorphous Silicon

BA Butylammonium

BOS Balance of Systems

capex Capital Expenditure

CIGS Copper Indium Gallium Selenide, Cu(InGa)Se2

c-Si Crystalline Silicon

CTL Charge Transport Layer

DEZ DiEthyl-Zinc

DMA Dimethylammonium

DP Dew Point

Eg Bandgap Energy

EQE External Quantum Efficiency

ET EthaneThiol

ETL Electron Transport Layer

FA Formamidinium

FABr Formamidinium Bromide

FAI Formamidinium Iodide
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FBPA 2,3,4,5,6-Pentafluorobenzylphosphonic acid

FF Fill-Factor

GA Guanadinium

GIWAXS Grazing-Incidence Wide-Angle X-ray Scattering

HTL Hole Transport Layer

ITO Indium Tin Oxide

Jph Photogenerated Current Density

JSC Short-Circuit Current

LP-CVD Low-Pressure Chemical Vapor Deposition

MA Methylammonium

MPP Maximum Power Point

nc-Si Nano-Crystalline Silicon

PDS Photothermal Deflection Spectroscopy

PEA Phenethylammonium

PE-CVD Plasma-Enhanced Chemical Vapor Deposition

PL Photoluminescence

PLQY Photo-Luminescence Quantum Yield

PSC Perovskite Solar Cell

PV Photovoltaic

PVD Physical Vapor Deposition

QFLS Quasi-Fermi-Level Splitting

RF Radio Frequency

RH Relative Humidity

RMS Root Mean Squared

SAM Self-Assembled Monolayer

SCAPS Solar cell CAPacitance Simulator

SEM Scanning Electron Microscopy
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SHJ Silicon HeteroJunction

SP Solution Process

SRH Shockley-Read-Hall

ST Semi-Transparent

TCO Transparent Conductive Oxide

TEM Transmission Electron Microscopy

VOC Open-Circuit Voltage

XPS X-ray Photoelectron Spectroscopy

XRD X-Ray Diffraction
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This section includes data and discussions of work performed during this thesis which was

not included in the main text for one reason or another. In certain cases, this is because the

subject was too far outside the scope of this thesis and was therefore not investigated deeply

enough to form a confident understanding. In other cases, the information shown here is

related to a main subject, but does not directly contribute to the result and is therefore left out

of the main story for clarity. Overall, the information in this section falls short of the relevance

or quality necessary to be included in the main text, but is still valid experimentation that may

be useful to anyone who tries to follow or replicate these results in the future.

169



Chapter B Supplementary Tests and Figures

B.1 PVD/SP Bilayer Conversion Viewed Step by Step

For the sake of confirming our expectations for the various processes in the PVD/SP method,

we performed side-view SEM on a sample after each step in the deposition. These are shown

in figure B.1. Past results had attributed the ability to successfully convert thick PbI2 templates

on texture to the porosity of those templates [62], [149]. This had not been observed in some

years, and since before the addition of the pre-anneal. We therefore wished to confirm that

this was still the case while also observing the pre-anneal process more directly. We observed

that the template is indeed porous when following the "new" recipe established in section

4.2.1. This porosity gives it a similar thickness on flat substrates where it is compact (inset in

figure B.1) as when measured normal to the c-Si pyramid surface. After the SP step, the same

template morphology is not visible. Though the abundant bright regions along the bottom of

the layer suggest significant remaining PbI2. Upon pre-annealing, the density of these bright

regions drops, though not to zero. The film does not appear to be a crystalline perovskite as

there are no visible domains or boundaries. Thus the pre-anneal is behaving as expected from

previous measurements (figures 2.9 and B.35), in that it causes intermixing of the bilayer with

minimal crystallization. Finally, with the main annealing the perovskite morphology becomes

visible with large, smooth, domains and boundaries.
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Figure B.1 – SEM of each step in the PVD/SP process. The inset of the top left image is a template
from the same deposition, only on a flat substrate. All images are to the same scale. The template
contains the standard 10%vol CsBr relative to PbI2. The spin-coating was at 2000 rpm with a 730 mM
solution of 1:2 FAI:FABr. The pre-anneal was 90 seconds at 80°C in N2. The main annealing was 20
minutes at 150°C in air with 15°C DP. We note that there appears to be residual PbI2 in the valleys of the
final perovskite film. In this particular test, the optimum solution concentration was found to be 750
mM.
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B.2 Structural Modification with Large Ammonium Cations

As discussed in section 1.2.2, an active sub-area of PSC research during the beginning of this

thesis was centered on using large ammonium cations to modify the perovskite surface and

crystalline properties. Here, "large" referred to the the tolerance factor defined by Goldschmidt

[31]. These ions are too large to form a normal 3D perovskite lattice, and rather sat on

the crystal surface. The resulting perovskite surfaces were favorably terminated, since the

ammonium moiety could occupy its natural place while the rest of the molecule was neutral,

and did not require a subsequent crystal plane. In the case that multiple parallel surfaces

formed, this resulted in sheets of perovskite, referred to as 2D perovskite [72]. Examples

of these cations includes guanadinium (GA), butlyammonium (BA), octylammonium, and

phenethylammonium (PEA). In practice, these were used either intermixed within a bulk 3D

absorber, or deposited separately to form an interfacial layer of the large cations. In our work,

we tested BA, GA, and PEA, using both intermixed and separate-layer strategies. Below we will

show the results of optimization for various strategies, and discuss the successes and problems

encountered during this research.

When mixed directly into the main spin-coating solution, these molecules affect the perovskite

crystallization. This can be seen in the top-down SEM images of figure B.2. The grains stayed

the same size and slightly increased in roughness with 14%mol GA inclusion, going from 12.2

to 15.0 nm RMS roughness. Including 9%mol BA had a larger effect, increasing grain size and

also the roughness up to 25.3 nm. Based on these measurements, we interpret the 2D SEM

image as large round crystal domains. This is supported by the JV and EQE data in figure B.3.

The BA cells have a flat-topped EQE curve, indicative of an optically rough surface, and the JV

curve is very round, as would happen if the CTLs could not properly contact the surface. The

(a) Pure FA (b) 14%mol GA (c) 9%mol BA

Figure B.2 – SEM images of perovskites made with GA and BA. Perovskites were made on
glass/ITO/Spiro-TTB substrates. The template used 15%vol CsI relative to PbI2. The spin solution
either included (a) pure FA, (b) 15%mol GA relative to FA, or (c) 9%mol BA relative to FA. Then the same
spin-coating and annealing steps were used. The RMS roughness values of these films extracted from
AFM data are: (a) 12.2 nm, (b) 15.0 nm, and (c) 25.3 nm.
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(a) (b)

Figure B.3 – Cell performance for perovskites made with GA and BA. The layers shown in figure B.2
were made into complete PSC. (a) shows the JV for two cells of each condition and (b) shows the EQE
for each condition’s champion cell.

GA cells are similar to the reference, but with slightly higher VOC . This does not translate to

efficiency, as the GA cells are also slightly more shunted, and thus the reference has the overall

best efficiency. All compositions show the same Eg in the EQE measurement.

We continued to work with GA, as it had the closest to the reference efficiency. We found that

perovskites with GA incorporated required different annealing conditions than the baseline

without GA. An example of this is shown in figure B.4. During this phase of research, we

were exploring 2-step annealing, with first a high temperature step for a short period of

time, and second a low temperature step for longer. It was thought that this could force a

quick interdiffusion, then allow the crystal quality to improve without being hot enough to

evaporate components. This was not the case, and all cell metrics dropped with increased

anneal time at 90°C. But we show these results as they are the only instance in which a cell

with a large ammonium cation mixed into the main SP solution (in this case GA) reached the

same efficiency or slightly better than the baseline.

The next strategy with the large ammonium cations was to form a base layer below the main

perovskite absorber. This followed from demonstrations of 2D perovskites being exploited as

an electron-blocking layer due to their high Eg relative to standard perovskites, which elevated

the conduction band minimum energy [92], [93]. We first tried this on flat NiOX -based PSC,

by spinning low concentrations of stoichiometric PEA2PbI4 and BA2PbI4 onto the HTL before

continuing with the main perovskite deposition. The best results of this structure are shown in

figure B.5. The cells with a BA-terminated 2D base layer performed the best due to F F and JSC .

We also tried depositing just the cations on the substrate before the perovskite deposition, in

the hopes that they would form a well-terminated bottom surface. The best results from this

strategy are shown in figure B.6. Too much PEA on the bottom surface made the cell resistive,

dropping the F F and JSC . But reliably, the best result came with no PEA in the solution at all.
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Thus pure ethanol was spun according to the same recipe. The fact that this gave the best

performance, and higher VOC than the baseline, indicated that the PEA was not active, and

the benefits came more from cleaning the substrates. Overall, we concluded that it was not

realistic to form a layer of 2D perovskite below the bulk absorber in a way that is compatible

with textured c-Si surfaces.

This project was largely motivated by good results in the literature (discussed in section 1.2.2),

but we were unable to reproduce this success in house. We attribute this discrepancy primarily

to the difference in fabrication methods between our lab and those which produced successful

results. Many results relied on a thin layer of 2D perovskites on top of the main 3D perovskite

absorber, deposited in a second step. This functioned as an electron-blocking layer between

the absorber and the HTL [92], [93]. But since we use p-i-n cells, we would need to deposit

the 2D perovskite below. This is not demonstrated in literature. Other groups had success

with the large ammonium cations deposited on the top surface while in p-i-n configuration

[91], [95], but did so with solution-based methods and not a 2-step deposition as we use.

Other successful demonstrations were either in the n-i-p configuration [98]–[101] or relied

Figure B.4 – JV performance for PSC with GA and annealed for different times. GA cells were an-
nealed for 30 sec at 150°C in air, then were annealed for varied times at 90°C in air. The GA was included
at 10%mol relative to FA in the SP solution.
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on the large cations to be mixed in a single-step spin-coating solution [96], [97]. Thus we

conclude that these fabrication techniques are critical to the success of the method. The

PVD/SP method is likely limited in that the larger ions are unable to diffuse through the

template in the same way that they could in the liquid phase before crystallization. Regardless

of why, we were unable to replicate the good results in literature using our method.

Figure B.5 – Cell performance for PSC with different 2D perovskites deposited below the main ab-
sorber. 25 mM of the indicated perovskite stoichiometry were deposited at 7000 rpm from a 4:1 mixture
of dimethylformamide and dimethylsulfoxide. Then the substrates were annealed for 2 minutes at
60°C and the PVD/SP process was performed as normal.
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Figure B.6 – Cell performance for PSC with different amounts of PEA-I deposited below the main
absorber. Solutions of PEA-I were spin coated from ethanol at 7000 rpm, and the samples were
subsequently annealed for 2 minutes at 60°C. From there, the normal PVD/SP process was applied to
form the main absorber layer. In the case of 0 concentration, pure ethanol was deposited according to
the same recipe, as a control.

B.3 Dimethylammonium as A-site Cation

Due to reports in the literature about stable high-Eg perovskites being achieved via the use of

dimethylammonium (DMA) as the A-site cation [57], we attempted to replicate these results

with the PVD/SP method. Part of the replication was to increase the CsBr content in the

template to 16%vol, in order to have the correct Cs:FA:DMA ratio. This CsBr content is held

constant through the experiments shown here.

The first tests were to observe the PL emission for Eg stability of perovskite on glass, as had

been reported. The results of this are shown in figure B.7. The Eg was not stabilized, and the

peak position followed the same trend in time as the reference sample. We note here that the

color scale progresses linearly from blue to pink over time, and the pink is concentrated at

the ending position because the PL rapidly moved to this state and stabilized there. But still,

despite the failure to mimic the reported Eg stability (from [57]), the intensity did increase

relative to the reference, so we chose to extend the tests to full cells. The results of this are
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shown in figure B.8. At the time of these tests, ET was being used regularly in the perovskite.

Thus, we intermixed DMA at a reduced rate from the best PL result, and similarly reduced the

ET concentration, due to the expectation that multiple ions with size slightly larger than FA

would lead to structural disorder. Overall, the DMA was found to improve F F but reduce JSC

and VOC . This did not accomplish the goal of stabilizing the Eg or increasing the VOC due to

eliminating halide segregation, and thus the project was dropped. The difference between

literature and our practice likely comes from the differences between our hybrid method and

the fully SP method used in the original demonstration [57].

(a) baseline FACs perovskite (b) 16%mol DMA relative to FA

Figure B.7 – PL measurements over 1 minute for perovskites with/out DMA as A-site ion. Samples
were continuously illuminated with a 514 nm laser at 1-sun intensity, through a microscope objective
over 1 minute. The spectrum was integrated each 100 ms, and the spectra are overlain from start to
finish.
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Figure B.8 – Cell performance for PSC with ET and DMA included in the perovskite. Cells were made
with different amounts of DMA and ET in the main spin solution. The % refers to the molar ratio of
each ingredient relative to FA.
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B.4 Control Measurements for Spatially Varied CTL Experiment

Here we show a control measurements for the experimental design discussed in figure 2.14. We

spatially masked the HTL and ETL depositions, so that different interfaces could be compared

with the same perovskite. However, this requires the measurement of PL emission through

the C60 layer. C60 is highly absorptive, as discussed in figure 4.4. Thus we wanted to confirm

that the measured intensity was actually representative of the recombination rates in the

perovskite, and not an artifact of C60 absorption. To do this, we measured the same samples,

deposited on glass, from both sides. The results are shown in figure B.9. While the intensity of

the overall image changes due to the optics of passing through an additional glass layer, the

intensity of the C60 region remains similarly low in all cases. Regardless of if the C60 is above or

below the perovskite, or if the excitation comes from above or below, the PL losses are similar.

This also serves as evidence that our perovskite has a charge diffusion length greater than the

layer thickness. These measurements used a 514 nm excitation laser. Based on the absorption

coefficient as measured by PDS in section 2.2.3, this excitation should be almost entirely

absorbed in the first tens of nanometers of depth. Thus, most carriers are created closer to

one surface than the other. Seeing the same interfacial effect regardless of which side the

carriers are created on tells us that the carriers are able to diffuse across the layer thickness

with minimal losses. This reasoning also supports the passivation ability of TaTm. Relative to

the bare perovskite, the TaTm/perovskite interface gives brighter PL when excited from the

side with TaTm than when excited from the other side of the perovskite thickness. This further

supports the results of section 2.3.1.

179



Chapter B Supplementary Tests and Figures

(a) TaTm/C60, from top (b) TaTm/C60, from bottom

(c) Spiro-TTB/C60, from top (d) Spiro-TTB/C60, from bottom

(e) C60/TaTm, from top (f ) C60/TaTm, from bottom

Figure B.9 – Spatial maps of PL intensity for perovskite on varied CTL stacks, measured from top
and bottom sides. (a-b) has TaTm on the bottom half below the perovskite, and C60 on the right half
above the perovskite. (c-d) has Spiro-TTB on the bottom half below the perovskite, and C60 on the right
half above the perovskite. (e-f) has C60 on the right half below the perovskite, and TaTm on the bottom
half above the perovskite. In all cases, the top left quadrant is bare perovskite. The step size is 200µm
and the illumination spot is 80µm in diameter. All images are scaled to the same intensity.
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B.5 Further Characterization of N2 Annealing and ET

In section 2.3.2 we observed unexpected and severe consequences to cells annealed in a

N2 environment, and partially corrected these problems with the addition of ET. There was

much characterization to try and understand the underlying mechanism. Here we show

measurements that were interesting and informative, but fell outside of the main story line.

We also show explanatory sample preparation images for the XPS measurements on TEM

grids.

First, XRD and AFM measurements were performed on the initial ET concentration sweep of

figures 2.24 and 2.25, to observe secondary effects of the molecule on perovskite formation.

The XRD results in figure B.10 show that low-level ET addition does not cause crystalline PbI2

to form, but that it does appear at higher ET concentrations. Besides the PbI2, we see a slight

shift in the perovskite peak location (for 0, 4, and 20%mol: 14.294°, 14.246°, and 14.293°). This

suggests either partial ET inclusion in the lattice or different stresses on the lattice due to

modified crystallization. For the AFM data (figure B.11), we see that indeed the microstructure

is modified with only 4%mol ET. There is no change to average grain size, although parallel

ridges appear along the grain tops. These may be due to grain twinning, from ET inclusion in

the lattice or different crystallization dynamics [248]. But while the XRD showed the 4%mol

ET perovskite to be closer to the 0% reference, the AFM shows the 4%mol to be closer to

the 20%mol case. This supports the idea that the presence of a Lewis base can modify the

crystallization kinetics due to formation of an adduct with the PbI2 [210], but that there is an

upper level to the benefits of this, set by the appearance of excess crystalline PbI2. We cannot

say precisely the ET concentration that causes these effects, since ET has a boiling point of

only 35°C and thus may entirely leave the layer upon annealing. The concentrations in the

final perovskite were too low to detect the presence of sulfur with measurement techniques

Figure B.10 – XRD patterns for
perovskites with varied ET doping
rates. The percentage refers to the
molar ratio with respect to FA, mea-
sured in the spin-coating solution.
To encourage ET adoption within
the crystal, the FA concentration
was reduced in parallel with the ET
increasing. The patterns are shifted
to align the diffraction peak of ITO
at 30.25°.
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Figure B.11 – AFM height profiles for perovskite films with varied ET doping rates. The percentage
refers to the molar ratio with respect to FA, measured in the spin-coating solution. To encourage
ET adoption within the crystal, the FA concentration was reduced in parallel with the ET increasing.
Measurements were taken on full PSC stacks, so a 20 nm layer of C60 is on top of all samples, but
assumed to be conformal.

such as XPS or SEM energy dispersive X-ray spectroscopy, so we are left to imply the ET %mol

based on the experimental conditions. Regardless, these measurements show that ET modifies

the perovskite crystallization and morphology.

We further distinguish the role of ET by controlling if it is present during crystallization

and using it in N2 annealed perovskite. The results, shown in figure B.12, tell us that ET’s

improvements mostly come from the modified crystallization and that ET and oxygen do not

fulfill the same role chemically. First, figure B.12a compares air annealed perovskites with ET

either used in the spin solution as previously, or treated to the already formed perovskite via

enclosing samples in an environment saturated in ET vapor1. This maintains ET exposure

without modifying the crystallization dynamics. The samples with ET during crystallization

have brighter PL, in line with previous results. The fact that ET improves PL in addition to

oxygen tells us that the roles of oxygen and ET do not fully overlap (similar to the conclusion

with FBPA). The vapor post-treatment does not give the same PL enhancement, but does

increase the PL of some pixels outside the range of the reference case. This is evidence that

indeed it has a chemical passivation effect, but that the top surface (where the vapor treatment

is expected to have the most effect) is not the site where the ET in the SP solution is primarily

active. Whether it is because of ET being present at the bottom surface or inducing better

crystallization, it is most effective when included in the SP solution.

Next, figure B.12b shows the same experiment for perovskite annealed in N2, on glass. Again,

the PL for N2-perovskite is very poor (notice the different x-axis), but the ET no longer improves

the PL. The main result of this test is the confirmation that ET and oxygen do not serve the

same role, and that PL and JV performance are not always correlated. Despite ET enabling

working N2 annealed PSC (figure 2.24b), the PL does not follow. This further demonstrates the

complexity of perovskite materials, in that the defects which caused low JSC could be repaired

1According to a method demonstrated for a similar molecule, 1-butanethiol, [127]
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(a) Samples annealed in air (b) Samples annealed in N2

Figure B.12 – Histograms of PL intensity measurements from perovskite layers with ET included in
the spin-coating solution or treated on the surface. Samples were prepared on glass and PL measure-
ments were taken according to the method in figure 2.14, across the whole substrate with 1 mm spacing
between points (322 data points per sample, 2 samples per condition). ET was included either at 6%mol
in the spin-coating solution or treated to the surface of fully-formed perovskite via a vapor-based
method [127]. (a) shows the intensities measured for samples with the standard 150°C anneal in air,
and (b) shows the same data for samples annealed in N2. Note the different intensity bins on the x-axis.
All samples used a template with 16%vol CsBr.

by ET, but there remain other defects which can kill the PL output without affecting JSC . We

recall that the ET-repaired JV of figure 2.24b still had lower JSC , F F , and VOC than the air

annealed reference. So there should be some PL loss in this case, but not worse than the PL of

reference perovskite. A final note, the results of figure B.12b also tell us that the effect of ET on

crystallization is not what "fixes" the performance of N2 annealed PSC, as both the spin and

vapor treatments had the same effect.

We further examine the relative behavior of ET and oxygen by taking PL images of the exact cells

as shown in figure 2.24b (the working N2 annealed cells). These are the same measurement

as were featured in figure 2.26. The images were not only done for baseline and ET doped

samples, but also for air and N2 annealing. These are shown in figure B.13. When annealed in

N2, the normal inhomogeneity observed in the baseline perovskite is magnified. The same

distribution of spots is visible, but in the PL-quenched N2-perovskite, the spots are instead

incredibly bright among a dark background. All images were taken with the same image

capture settings (max intensity of 65,536 = 216). From this, the baseline in air had an average

of 4,440 counts with a maximum of 11,468 counts. The baseline in N2 had an average of 414

counts and 12 pixels saturating the detector, and 2,431 pixels (of 2,250,000) greater than 11,500

counts. This inhomogeneity was eliminated with the addition of 12% ET, both in the air and

N2 annealed samples. Despite overall lower PL, the air annealed had an average of 1,442 and

max of 10,311 counts, while the N2 annealed had an average of 1,319 and max of 3,778 counts.
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(a) Reference in air (b) Reference in N2

(c) 12% ET in air (d) 12% ET in N2

Figure B.13 – PL images of samples annealed in air and N2, without or with ET inclusion. Images
are all scaled to the same brightness. Images were taken through the glass substrate, imaging a region
within the metalized cell area. Excitation was with a red LED that was filtered to pass only below 670
nm. Their PL was imaged with a Nikon camera through a 670-715 nm bandpass filter to only take the
high-energy emission tail. The median PL counts for each image are (a): 41416 (b): 2708 (c): 13005 (d):
1284 counts out of 65536 (216).
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The inhomogeneity was not only spacial, but temporal. This is illustrated in figure B.14. PL

spectra were measured each second for one minute, and the peak location and intensity are

plotted for the same samples as above. It can be seen that again the ET doped samples are

stable in both intensity and emission energy, while the baseline samples are not. In the case

of air annealing, the Eg shifty by over 20 meV during the minute, while the intensity remains

relatively constant. The N2 annealed, however, has a 30 second period in which a very bright

and low-Eg peak appears and disappears (60x brighter and 38 meV lower). After this, the

intensity and Eg return to how they were prior, although the Eg is remains slightly shifted

from its initial value. We attribute both the temporal and spatial PL intensity variation to the

formation and breakdown of highly-emissive low-Eg states [76] due to un-bound mobile ions,

which would normally be slowed by oxygen binding [124], [249].

There remain questions about ET and its role in the perovskite, but overall it is not a poten-

tial replacement for O2 exposure. The remaining questions are diverse, such as why the PL

improves but the VOC drops, why the Eg shifts slightly (figure 2.24c), how the crystallization

kinetics change to create the more uniform layer (figure 2.26), how much of the PL enhance-

ment is due to better crystallization vs chemical passivation, how much ET remains in the

material after annealing, and why the PL can stay low in N2 while the cells work. These are

interesting and answerable questions, but ultimately got left to the side due to the failure of

ET in cells.

Figure B.14 – PL intensity and peak position over time, for perovskites annealed in air or N2, with-
/out ET doping. For the same samples as shown in figure B.13, PL spectra were measured through
a microscope objective over time, using a 514 nm laser at 1-sun intensity. From these spectra, the
intensity and peak emission energy were extracted. These plots show both, with the maximum intensity
plotted on the left axis and the emission peak position plotted on the right axis. Measurements were
taken on the metalized area of the cell.
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B.5.1 Preparation of Samples for XPS Measurement

In section 2.3.2 we performed extensive characterization of air and N2 annealed perovskite

layers in order to determine what caused the difference in their performance. One of the

techniques used was to deposit perovskite on TEM grids and try to measure XPS of the bottom

surface. TEM grids are thin copper disks with a mesh, which then has a thin (8 nm) layer of

carbon lain over the holes (from Plano). We hoped that this would hold the perovskite while

also being thin enough for the X-ray beam and resulting released electrons to pass through.

The measurements and interpretations are again in section 2.3.2, but here we show SEM

images of a test deposition on this structure, for the sake of confirming the validity of the

deposition and method. These images are in figure B.15. In (a), the full substrate shows the

normal formation of the perovskite over the substrate area, but that the TEM grid is still visibly

copper-colored. This would indicate the lack of perovskite covering it, but the inconsistency

of this color leaves open the possibility of some areas having normal perovskite. In (b), we see

that there is indeed coverage of most of the disk. Some areas have the grid visible, while in

other areas it is obscured by the covering perovskite. (c) and (d) show areas of bad and good

coverage. Normally the perovskite does not have cracks or bright spots on the surface. But

still the are of good coverage is in the minority, and less than the measurement beam’s spot

size of 1-3 mm2. Zooming in further, (e) shows that the center of the individual squares is

largely missing the atypical bright spots. Looking closer though, and (f) shows that indeed

these spots remain, albeit smaller, over all of the perovskite area. These are predicted to be

excess precursors, and their matching of the TEM grid pattern suggests that indeed the TEM

grid did affect the perovskite formation. Overall, we still used these for measurement, as it was

the only option for preserving the bottom surface for measurement without exposing to air.
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(a) (b)

(c) (d)

(e) (f )

Figure B.15 – Images of perovskite deposited on a TEM grid for XPS measurement. (a) shows an
image of the sample taken with an ordinary camera. The TEM grid is the central disk, and is secured in
place with two dots of conductive carbon adhesive. (b) shows a low-magnification SEM image of the
entire TEM grid. (c-d) show two regions of the grid at the same magnification. (e) shows a magnification
of two grid squares, and (f) shows the center of one square, zoomed enough to see the perovskite
domain structure.
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B.6 Template Evaporation and Uniformity - Effects in Cells

Some checks were made to confirm the reliability of the PbI2 PVD template. First we varied

the deposition rate and composition for the single junction flat recipe (normally 180 nm PbI2

thickness, 10%vol CsBr). First, we evaporated four template layers with different amounts of

CsBr and at different rates. The SEM images of these templates and the resulting perovskite

layers are shown in figure B.16. In the template, we observe that the condition closest to the

baseline (13% in this case) was the most porous, and that others appear mostly compact. But

once the perovskite is formed, there is little visible difference. These layers were then finished

into cells, and the results are shown in figure B.17. Overall, the baseline appears to be the best,

in line with its porous appearance. We theorize that there is a relationship between porosity

and end perovskite material quality, as this would aid in the intermixing of the PVD and SP

components. This has been credited with aiding interdiffusion in the past [149]. In the same

test, we also tried to observe if there were differences in the template formation when forming

on a layer of 2D perovskite, following the results of section B.2. There was a clear effect in the

template with no CsBr, but the same was not observed in the templates which did include

CsBr. The cell results did not show meaningful differences between these conditions, and the

perovskite is visibly the same according to SEM. Overall, these observations show that the

template formation does matter to the end perovskite behavior, but the number of relevant

variables was so large that the project was deemed too time-consuming to fit into the plan for

this thesis work.
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(a) Template with 0% CsBr (b) Resulting perovskite

(c) Template with 13% CsBr (d) Resulting perovskite

(e) Template with 25% CsBr (f ) Resulting perovskite

(g) Template with 13% CsBr,
evaporated at 5.0 Å/s

(h) Resulting perovskite

Figure B.16 – SEM images of various template layers and the resulting perovskite. Templates were
deposited on NiOX with 0, 13, or 25%vol CsBr relative to PbI2, and at either 1.0 or 5.0 Å/s. All images
are to the same scale. We note that only image (d) is taken with a C60 layer above the perovskite, all
others are the bare film.
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Figure B.17 – Cell performance for PSC made with differently deposited PVD template layers. The
templates were the same as shown in figure B.16. They were all spin-coated at 4000 rpm with the same
445 mM solution of 1:2 FAI:FABr in ethanol, and annealed for 20 minutes at 150°C in ambient air.
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(a) NiOX substrate (b) NiOX with BA2PbI4

(c) Template with 0% CsBr on BA-
NiOX substrate

(d) Resulting perovskite

(e) Template with 13% CsBr on BA-
NiOX substrate

(f ) Resulting perovskite

Figure B.18 – SEM images of template and perovskite layers deposited on a substrate of NiOX with
2D perovskite. BA2PbI4 was deposited on the NiOX layer via spin-coating according to the same recipe
as in figure B.5. Then a PVD template was deposited with 0, 13, or 25%vol CsBr relative to PbI2, and at
either 1.0 or 5.0 Å/s. All images are to the same scale.
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The second test was to examine the uniformity of the evaporation, specifically with regards to

c-Si texture. We wanted to know if the slight differences in thickness observed across substrate

area and pyramid faces was relevant to cell performance. Examples of the observed inhomo-

geneity are shown in figure B.19. First, the perovskite does not visibly change from one pyramid

face to the other. This does not mean that there is the same amount of template deposited

on inward and outward (relative to the circular sample holder) facing sides of pyramids, but

that after conversion there is not a visible difference in the material thickness. There may be

different chemical balance between template and organo-halides on the opposite faces, which

we test for below. Second, the C60 was observed to deposit more on the inward-facing pyramid

face than the outer, by about 30%. This could affect cell performance across each individual

pyramid, which again is tested for below. Finally, the lower row of images in figure B.19 shows

the same template in cross-section SEM, measured at three points across the substrate. The

outer/inner edge again refers to whether that side of the substrate was closer to the edge or

center of the circular sample holder of the PVD step.

(a) Perovskite on c-Si (b) C60 on c-Si

(c) Outer edge, 224 nm (d) Center, 227 nm (e) Inner edge, 232 nm

Figure B.19 – Perovskite, C60, and template layers as deposited on textured c-Si. The perovskite layer
was formed according to the final recipe of section 4.2, with a 600 nm PbI2 template, 150°C annealing,
and no FBPA. The C60 layer measured 52 nm on a flat substrate, and was uniform across the substrate
area. The thicknesses for the inward facing edge was 37.6 nm and for the outward facing edge 28.2 nm.
The templates come from the same substrate, and were measured near the outer edge, center, and
inner edge of the substrate. The scale is the same for all.
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To test the effect of these non-uniformities in cells, we fabricated single junction cells on c-Si

texture with the cell area aligned with the radius or tangent lines of the circular sample holder

plate. The cells in question are shown in figure B.20. This way, the radial cells would have a

thickness gradient along them and the tangental cells would not. The cells were measured in

JV and EQE, and results are shown in figure B.21. The tangental cells to have higher current

than the radial cells. We attribute this to the thickness gradient across the radial cells resulting

in thinner perovskite towards one end of the cell area. This part of the cell would be thinner

and absorb less, lowering the cell current. To quantify this loss, we measured EQE across the

cell area. A diagram of how the EQE measurement beam was aligned to the samples is shown

in figure B.20. The top two EQE plots in figure B.21 show the three measurements for each of

the best radial and tangental cells. For the radial cell which has the thickness gradient, there

is a slight EQE boost in the middle of the cell, and it is lower on either side. This supports

the idea that perovskite conversion is finely tuned, and the outer/inner sides have either too

little/much template for the organo-halide, while the center is well balanced. In contrast, the

tangental cell does not have these variations, and all the curves align. So we conclude that

there is some thickness gradient in the template across the substrate area, and that this is

relevant to the perovskite formation and cell performance in these areas. Thus cells should be

made with smaller dimensions to minimize these effects. An example of the typical 1.02 cm2

square cell design is shown below the long cells in figure B.20.

Figure B.20 – Diagram of the sample preparation and measurement to determine PVD uniformity.
Single junction cells were fabricated on symmetric SHJ with a 1.03 cm2 "long" cell design. They were
positioned with the long axis either radial or tangental to the circular sample holder of the PVD
deposition, on the outermost position on the circle. Once finished, the EQE of the cells was measured
in three locations, illustrated relative to the metal busbar as the "spatial test". An "angular test" was
also performed, where the sample was oriented so the illumination beam would primarily strike the
pyramid faces which were pointed outward or inward (relative to the circular sample holder) during
the PVD step.
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The second part of the test was to examine the pyramid faces, due to inhomogeneity in the C60

and potentially the template. For this, we measured the EQE with the cell oriented according to

the diagram in figure B.20. This way we could selectively irradiate the sample on the pyramid

faces which were facing outward/inward during the PVD step. This was performed with the

measurement location fixed on the outer edge of the radial sample, to maximize the effect. The

results are in figure B.21, and show that in fact the outward face has the best EQE. Although

we hesitate to draw strong conclusions from this single measurement, as it is likely more

dependent than the others on optics and the exact angle of measurement, which was not

precisely controlled. But overall, there is not a major loss on the outward face, which suggests

that any effect of pyramidal inhomogeneity is minimal.

(a) (b)

(c) (d)

Figure B.21 – EQE and JV results for the cells described in figure B.20. EQE spectra were measured
in three positions each for the radially and tangentally oriented cells. Inner/outer positions are in
reference to the circular sample holder of the PVD step. The JV data were taken without a mask, and
thus have higher current density than normally possible.
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B.7 Further Tests of PSC on Textured ZnO

Here we show other tests that were performed in relation to putting perovskite absorbers on

ZnO-textured substrates. The first is simple low-illumination JV measurements of the cham-

pion hybrid-method cells which were previously shown in figure 3.25. The low-illumination

measurement serves to highlight the impact of shunts on the JV curve, and these results are

shown in figure B.22. From this, we see that both the cells with and without an Ar-etch suffer

from shunting, relative to the flat baseline case. In the full-illumination JV , the Ar-etched cells

suffered less from shunting, but this measurement confirms that they did still have shunts,

but that those were just less impactful than for the non-etched case.

A secondary test which deserves mention is that of covering up shunt paths in the textured

PSC with a fully evaporated perovskite. We can evaporate a 1:1 molar ratio of CsBr and PbI2

onto the perovskite after the main PVD/SP deposition is finished. In theory, this will form

a perovskite and cover shunt paths. The results, shown in figure B.23, reveal this strategy

to be largely unsuccessful. The whole batch suffered from an S-shape in the JV curve, but

this does not confound the overall result that the inorganic evaporated perovskite did not

convincingly reduce shunts. This is illustrated by the extracted RSC values, which show that in

all cases the ZnO-textured PSC were much more shunted than the flat references (RSC should

be maximized, and lower values indicate shunting). But also the 2-layer PSC performed worse

than the baseline perovskite in RSC and efficiency. This is likely due to significant crystalline

disorder induced by having two perovskites with very different compositions in contact with

eachother. The two layers likely exchange ions and create disorder within eachother.

The last test of ZnO-textured PSC that we will show is that of semi-transparent (ST) cells. These

were discussed on the level of optical simulation in section 3.2.2. At that point, we expected

from simulation that the texture of ZnO substrates would cause enough light scattering to

compensate for the removal of the metallic rear reflector. However, this was not the case in

practice. We see in the EQE spectra of figure B.24 that the same red-wavelength loss occurs in

Figure B.22 – Low-illumination JV
measurements for PSC on flat ITO
or textured ZnO substrates. These
cells are the same as were shown
in figure 3.25. They were measured
through a metallic mesh filter that
passed about 1% of light.
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(a) (b)

Figure B.23 – JV performance of PSC on ZnO substrates using a 2-layer perovskite. PSC were made
on flat and textured substrates, and upon some samples were evaporated 30 nm of 1:1 molar ratio of
CsBr and PbI2. This was intended to form a perovskite layer which would protect against shunts. The
resulting JV performance is shown in (a), and the extracted RSC values are plotted for each case in (b).

Figure B.24 – EQE spectra of flat and ZnO-textured PSC made with a transparent rear electrode.
PSC were made on the standard flat glass/ITO and textured glass/ZnO/ITO substrates, and after the
perovskite was deposited LiF/C60/SnO2/IZO/Ag fingers. EQE was measured with illumination coming
from both sides.
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textured cells as well as the flat ones. The difference between the simulation and experiment

likely comes from the simulations assuming that all interfaces above the ZnO were conformal

to the same morphology, which we found in experimentation to be false. Evidence of this can

be seen in the side-view SEM of figure 3.18, where the top surface is considerably smoother

than the ZnO surface beneath.

B.7.1 Other Limitations and Challenges of the PVD/SP Method on ZnO

Here we show other measurements that explain the difficulties of applying the hybrid PVD/SP

method to textured ZnO substrates. A main issue was the full area conductive ZnO layer. This

meant that electrically contacting the cell must be done with extreme care, as piercing through

the cell stack with the measurement probes would connect both electrodes and instantly

shunt the device. Attempts were made to electrically separate the regions where the positive

and negative probes contact the substrate, by scribing either with a scalpel or diamond tipped

pen. In practice, this increased shunting to nearly 100%. This was due to the thickness of

the ZnO layer (around 2µm) compared to the thickness of the cell (less than 500 nm). At the

scribe line, a relatively huge cliff of ZnO was exposed to air. The perovskite failed to cover

this, leaving the cliff face exposed to direct contact with the evaporated Ag top electrode. An

example of this is shown in figure B.25, where a full PSC was scribed, to show the difference

between the layer thicknesses.

Eventually a solution was found, via an HCl etch of the ZnO. This produced a ramp instead of

a cliff face. The HCl acid etch was an aqueous solution that we dripped onto the area of the

ZnO layers which would later be contacted by the measurement probes (roughly 5 mm at the

edge of the substrate). This removed the ZnO from that area, and created a ramp up to the

main layer height instead of the cliff obtained from scribing. Evidence of this is the lack of

Figure B.25 – SEM image of a scribe line through a ZnO cell. ZnO layers were scribed with both a
diamond pen and a scalpel in attempts to isolate the front and rear contacts of the cell. This image
shows a cell scribed after production, to highlight the difference in scale between the cell, electrode,
and ZnO layer thicknesses.
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shunt formation around the ZnO edge in figure 3.29. However, both of these advancements

came over a year after the champion cells of figure 3.25 were made. Thus, for most of the

development, the best known strategy was to be careful not to apply enough force to scrape

through the sub-micrometer PSC when placing the measurement pins, and be lucky.

The ALD AlOX layer (discussed in figure 3.29) which electrically decoupled the ZnO had other

benefits as well. The chemical stability of the cells improved, which we attribute to the AlOX

layer blocking the diffusion of Zn ions from the ZnO into the perovskite layer or vice versa.

ZnO exposure can otherwise damage perovskites [231]. We previously relied on the ITO layer

to act as a buffer, but the AlOX was an improvement off of that. Evidence of this is shown in

figure B.26, where cells without the buffer layer have localized degradation immediately. Still,

after some time, the ZnO-textured cells all degraded faster than the flat cells, regardless of the

AlOX protection. This is shown on the right side of figure B.26, where all cells have the AlOX

buffer.

Figure B.26 – Images of PSC with or without ZnO degrading over time, viewed through the glass
substrate. All samples were produced as part of the same PVD/SP batch. Most samples included
the ALD AlOX buffer layer atop the ZnO, but three samples were left without as a reference. These
developed yellow spots during annealing, while none were visible on the samples with a protective layer.
Over one week after production (storage in N2), the flat cells remained dark while all ZnO-textured cells
are visibly degraded. In the right-hand image, all cells have the AlOX buffer layer.
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B.8 Other Measurements of ITO/SAM as HTL

In sections 2.3.1, 2.4.2, and 4.3 we discussed the use of SAM molecules as HTL, their effect

on interface quality, and how this manifests in PSC performance. Other measurements were

carried out beyond the discussed topics, but were not always conclusive or thorough enough

for a confident conclusion to be reached. Nevertheless, the measurements contain useful

information, and are thus reported here.

The first of these is related to the higher-temperature annealing discussed in section 2.4. In

this section, we showed that perovskite layers annealed at 170°C instead of 150°C had better

PLQY, and cells using these layers had lower ROC and better F F . We attributed this to better

transport in the perovskite, but this is not the whole story. We did not directly measure charge

transport, only the full stack resistance. Therefore we must control that the other layers are

not responsible for the reduced resistance. The first test was to the ITO, which we found to not

change with annealing in this temperature range (figure B.27). It is known that annealing of

ITO layers can improve their conductivity, but that going above a few hundred °C will damage

them [243], [250]. Regardless, figure B.27 confirms that the 130°C - 170°C range does not affect

the ITO.

Transport in the SAM layer did improve with annealing, enough to explain most of the effect

observed in the PSC F F . To test this, we subjected glass/ITO/MeO-2PACz samples to 150°C

and 170°C annealing for 20 minutes in N2, to mimic what they would normally experience

during the main perovskite annealing. Then, the deposition of PVD/SP perovskite continued as

normal, but using a 130°C main annealing step to form the perovskite layer, to avoid exposing

the un-annealed SAM to higher temperatures. We found that this similarly improved the F F

and ROC of the PSC. This is shown in figure B.28. As expected, the 130°C annealed perovskite

produced poor F F , but this was improved in the cells with an annealed SAM layer. The F F

improved by 10% absolute, and the ROC reduced by one third. This mimics the improvements

Figure B.27 – Sheet resistance
measured for ITO substrates be-
fore and after annealing. Stan-
dard glass/ITO substrates are ob-
tained from Kintec, and rated
at 15Ω/�. The sheet resistance
was measured at five points
across each substrate, then they
were annealed in an N2 envi-
ronment, and measured again.
The values were obtained on a 4-
point probe measurement setup,
using a Keithley 2601 Sourceme-
ter and Keithley 2700 Multimeter.
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Figure B.28 – Effect of annealing the SAM layer on cell performance. All cells were annealed at 130°C
for the interdiffusion and crystallization of the perovskite. Before that, The glass/ITO/MeO-2PACz
substrates were annealed alone at 150°C, 170°C, or not at all. Normally, the samples are annealed at
this stage for 10 minutes at 100°C, but here certain samples received a second annealing in N2 for 20
minutes, before the perovskite deposition.

seen in the main text (figure 2.33), largely invalidating the claims of section 2.4.2. Still though,

the ROC values do not reach as low and the F F values not as high as the cell results of figure

2.33. This, combined with the knowledge that i) the perovskite quality alone is better when

annealed at higher temperature (PLQY of figure 2.32) and ii) the HTL and perovskite layer

formation are not independent variables; lead us to conclude that the improved F F of PSC

with 170°C annealing are partially caused by both SAM and perovskite layers improving their

charge transport.

The second effect we discuss here is that of different SAM molecules. There are multiple

options for SAM materials [56], [111]. These include MeO-2PACz, 2PACz, and Me-4PACz. Each

of these is a slightly different molecule with different energy levels and performance in cells

[56]. We too compared their effectiveness, and the results are shown here. First, we show the

difference between the three molecules MeO-2PACz, 2PACz, and Me-4PACz when deposited

on ITO, as well as one condition of MeO-2PACz deposited on 5 nm of NiOX . In each case, the

ITO or NiOX was deposited directly on the nc-Si recombination junction of symmetric SHJ

substrates, as were described in section 4.1. The cell results of these, as measured both 1 and

13 days after cell fabrication, are shown in figure B.29. Initially, the Me-4PACz outperforms the

other SAMs, but after some aging, the MeO-2PACz improves to the same level. Also notable,

is that the Me-4PACz cells develop a F F hysteresis after aging, which is not present in the

other cells or the initial measure of Me-4PACz cells. But overall, the performance of Me-4PACz

and MeO-2PACz arrives to about the same point, and therefore we do not conclude that

either is significantly better. Another difference between the SAMs is shown in figure B.30.

In this measurement, the cells were exposed to light and the VOC measured each 20 ms. The
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Me-4PACz voltage reaches a stabilized value in roughly 1 second, while the 2PACz takes about

10 seconds, and the MeO-2PACz close to 100 seconds (except for one outlier). This indicates

that the molecules behave differently, despite their similar efficiency numbers.

Figure B.29 – Cell performance for PSC made with different SAM molecules, with and without aging.
Cells were fabricated on symmetric SHJ substrates, and thus are single junction devices on c-Si texture.
The 1.02 cm2 cell design was used. The only difference between them is the SAM molecule used, along
with one case of a 5 nm NiOX layer being used instead of ITO. The cells were measured 1 day after
fabrication, and remeasured 13 days after fabrication.
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Figure B.30 – VOC tracking mea-
surements for PSC with different
SAM materials. The same cells as
shown in figure B.29 were measured
by exposing to 1-sun AM1.5G light
and holding at open-circuit. The
voltage was then recorded each 20
ms until the value stabilized. Each
line represents a unique cell.

B.9 Observations of Perovskite Degradation

It was typical for perovskite samples to degrade into yellow PbI2 in the weeks to months after

they were formed. Typically such samples were discarded at this point, but occasionally we

observed variations in the degradation behavior of samples. Here we present three examples

of this phenomenon.

The first is in figure B.31. CTL quadrants were prepared to spatially vary the interfaces of

the perovskite. The top left quarter is always glass/perovskite, and all other sections have a

CTL above or below the perovskite. The degradation is inconsistent from sample to sample,

but there is a discernible trend. The glass/perovskite is the most often yellowed, while the

bottom half is the least yellowed. In all cases, the bottom half has TaTm below the perovskite,

suggesting that this interface is more stable than that of glass/perovskite. The lower right

quarter is more degraded in the second row than the top row. The difference between these

groups is that the CTL above the perovskite and only on the right half is TaTm for the top row of

samples and C60 for the middle row. Thus we believe the perovskite/C60 interface to be worse

than perovskite/TaTm. This is in agreement with the PL results of figure 2.15 which showed

much worse recombination at the C60 interface. Contrary to this, the samples annealed in

N2 do not have noticably more degradation despite their significantly worse recombination

(section 2.3.2). There is no explanation for why the sample on the bottom right is so well

preserved.

The second example is in figure B.32. These are all the same standard PVD/SP perovskite

with no additives. The substrate, however, is varied. Most samples are similarly yellowed,

except for the glass/ITO/TaTm/perovskite, which is distinctly much darker. This is not to

say that the perovskite is perfectly preserved, but it is certainly much less degraded than its

counterparts on other substrates. It is unknown why this interface is beneficial, but we can
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Figure B.31 – Degradation of perovskite on spatially varied substrates after 122 days. Perovskites
were formed on CTL quadrants as described in figure 2.14a and diagrammed on the right side here.
Two samples each were prepared with the CTLs indicated on the left edge, with the first one below the
perovskite and the second one above. The bottom row of samples was made with 6%mol ET relative to
FA. No samples have FBPA. Samples were stored together in a regularly opened N2 flushed box.

theorize that it is either due to the morphology of the ITO being ideal for perovskite growth

or the band alignment / band bending that occurs at this interface impedes the formation of

degradation-inducing defects.

The last example is in figure B.33. These samples were annealed over a series of temperatures

from 100°C to 180°C. These are the same samples as were measured in section 2.4.1, thus they

have been through SEM, XRD, and PLQY measurements. We observe that most samples are

yellowed, though the lower-temperature samples more than others. But most interestingly, the

temperature at which degredation onsets is higher for the samples with FBPA. The without-

FBPA perovskite is degraded already at 120°C, but the with-FBPA perovskite remains brown

up until 150°C. This is in line with the observations of figure 2.30, which showed that PbI2 as

a degradation product increases with annealing temperature. We predicted that the FBPA-

passivated perovskite would be more stable because it had less PbI2, but did not directly test

it. This is a rough confirmation of that idea, and supports the theory that FBPA allows higher

temperature annealing and the better perovskite performance that comes with it.
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Figure B.32 – Degradation of perovskite with different bottom interfaces after 109 days. Perovskites
were deposited on differently prepared substrates and used for PL measurements. No samples have
FBPA or other additives. Samples were stored together in a regularly opened N2 flushed box.

Figure B.33 – Degradation of perovskites with or without FBPA after 109 days. An annealing temper-
ature sweep was performed for perovskites with and without FBPA. The conditions of each sample are
given in the adjacent table. These are the same samples as measured in figures 2.29, 2.30, and 2.32.
Samples were stored together in a regularly opened N2 flushed box.
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B.10 Optimization of Thick Perovskite Top-Cells

In section 4.2.1 we discussed the development of thicker perovskite layers for the purpose of

increasing top-cell JSC . Here we show the finer details of the optimization which were left out

of the main text for brevity. We streamline the process by viewing the films from side-view in

the SEM instead of making full cells. This removes the convolution of the other layers’ quality

on cell performance and reduces the experimental time. From these measurements we are

able to visually observe the presence or lack of residual PbI2 at the bottom of the perovskite

and in the valleys. This method can later be supplemented with measurements more sensitive

to PbI2 excess (such as XRD) or FA halide excess (such as PSC fabrication). We first investigated

the spin speed of the SP step. The results are shown in figure B.34. Excess template is visible

as regions of PbI2 on the bottom surface of the perovskite and particularly in the valleys.

PbI2 is non-conductive, and thus charges quickly in the SEM and appears brighter than the

surrounding conductive materials. There is the no PbI2 visible in the image from 1000 rpm

spin speed, but this does not guarantee its absence.

The next processing parameter visited was the pre-anneal. This was previously optimized in

section 2.2.2, where we found it to benefit perovskite due to evaporation of residual solvent.

Given the increased thickness of the perovskite on c-Si, we tested longer pre-anneal times. The

SEM images in figure B.35 show that all layers appear fully converted, with no residual PbI2

excess visible at the bottom surfaces. However, there are significantly more visible domain

boundaries in the sample without a pre-anneal. We attribute the improved morphology to a

better mixing of the PVD/SP bilayer prior to the main crystallization. As discussed in section

2.4.2, increased domain boundary density is detrimental to cell performance. This effect

is reproduced here, and shown in figure B.36. The shorter pre-anneal was better, and we

continued with this optimum. In general this experiment suffered from human error external

to the tested variable, as the reference is notably poor, but still there are observed differences

between conditions. The sample without pre-anneal performed worse in all cell metrics, and

this aligned with visible morphological changes in SEM.

The final parameter considered was the dew point (DP) of the air during the main annealing

step. Again, this was previously discussed in section 2.2.2, but likely changes for the case of

a thicker perovskite. We tested the standard condition used for flat/thin perovskites (16°C

DP) against higher and lower values (figure B.37). This experiment was run in parallel with

that of figure B.36, and thus suffers from the same external error which limited the batch

performance, but still the differences between conditions is enough to tell us about the effect

of the annealing DP. We observe that it is possible to have excessive H2O interaction during

annealing, and a lower DP of about 11°C is best.
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Figure B.34 – SEM side-view
images for perovskite on c-
Si made with varied spin
speeds in the SP step. The so-
lution concentration, anneal-
ing, and template thickness
were constant between sam-
ples. For comparison, in the
single junction flat case a 180
nm template is spun at 4000
rpm.

Figure B.35 – SEM side-view
images for perovskite on c-
Si made with varied pre-
anneal durations. The so-
lution concentration, spin
speed, and template thick-
ness were constant between
samples. For comparison, in
the single junction flat case a
15 second pre-anneal is used.
The square region in the top
image near the bottom mid-
dle is due to electron beam
damage, and is not a natural
feature of the perovskite.
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Figure B.36 – Cell performance for perovskite on c-Si made with different pre-anneal lengths. PSC
were made on symmetric SHJ, and used the 1.43 cm2 design. The 80°C pre-anneal takes place immedi-
ately after the end of spin-coating, and cells are removed to air for the main annealing only after all
were spun and pre-annealed. Only reverse-scan measurements are shown, each point represents a
unique sample.
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Figure B.37 – Cell performance for perovskite on c-Si made with different DP during the main an-
nealing. PSC were made on symmetric SHJ, using the 1.43 cm2 design. The main anneal was at
150°C, and DP was controlled by varying the humidity in the chamber in response to the measured air
temperature. Only reverse-scan measurements are shown, each point represents a unique sample.
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B.11 Parameters of SCAPS Simulations

Here we give the basic parameters of the SCAPS [247] simulations used in section 4.4.2 and

figure 4.27 in particular. The cell stack was left contact - SAM - interface - perovskite - C60 -

right contact - illumination. The main parameters of each layer and their defects are given

below:

left contact

work function [eV] 5.3
majority carrier barrier height [eV]

relative to EF 0.05
relative to EV or EC -0.2484

optical filter data of figure 4.7

SAM

thickness [nm] 1.0
bandgap [eV] 3.0

electron affinity [eV] 2.35
density of states (both) [/cm3] 1.0E20

mobility [cm2/(Vs)]
electrons 1.0E-7

holes 20
defect
charge neutral

capture cross section (both) [cm2] 1.0E-14
energy level below EC [eV] 1.5

density [/cm3] 1.0E15

interface

capture cross section [cm2]
electrons 1.0E-16

holes 1.0E-12
energy level above highest EV [eV] 0.2

density [/cm3] 1.0E13

perovskite

thickness [nm] 700
bandgap [eV] 1.67

electron affinity [eV] 3.9
density of states (both) [/cm3] 2.2E18

mobility [cm2/(Vs)]
electrons 5.0

holes 5.0
defect
charge single acceptor

capture cross section (both) [cm2] 2.0E-13
energy level below EC [eV] 0.9

density [/cm3] 1.0E13
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interface

capture cross section [cm2]
electrons 1.0E-11

holes 1.0E-16
energy level below lowest EC [eV] 0.05

density [/cm3] 1.0E10

C60

thickness [nm] 3.0
bandgap [eV] 2.00

electron affinity [eV] 3.9
density of states (both) [/cm3] 1.0E20

mobility [cm2/(Vs)]
electrons .01

holes 1.0E-7
defect
charge neutral

capture cross section (both) [cm2] 1.0E-14
energy level below EC [eV] 0.7

density [/cm3] 1.0E16

right contact

work function [eV] 4.2
majority carrier barrier height [eV]

relative to EF 0.3
relative to EV or EC 0.0614

optical filter data of figure 4.7
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B.12 High-Temperature Tandems with TaTm as HTL

For the sake of combining the best VOC design with the best F F perovskite, we produced

tandems with TaTm as HTL and 170°C annealing. This HTL had previously given the highest

observed VOC , but had lower F F than cells with SAM as HTL. So it would be the ideal case to

achieve high F F on this material, but this was not possible in practice. JV measurements are

shown in figure B.38, where the 170°C cells all had a pronounced S-shape and reduced F F .

We attribute this to the dewetting of TaTm from the pyramidal surface of the bottom-cell, as

shown in figure 4.13. This would choke extraction to a smaller surface area of thicker TaTm,

doubly affecting the hole extraction. Thus, in the end it was not possible to combine the best

VOC design with the best F F perovskite.

Figure B.38 – JV measurements
of tandem cells made with dif-
ferent annealing temperatures,
and TaTm as HTL. Cells were
made in parallel, with only the
perovskite annealing temperature
changed. 5 nm (measured nor-
mal to the c-Si pyramid face) of
TaTm was evaporated as HTL. It
is expected that the S-shape in
the 170°C JV curves is induced
by dewetting of the TaTm, which
is already known to be present
as low as 150°C, shown in fig-
ure 4.13. These cells used the
1.02 cm2 front electrode design.
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