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Abstract
In the context of the current global energy crisis the interest for renewable energies in general

and photovoltaic in particular has significantly emerged. For many years the efficiency of

photovoltaic energy conversion has been limited to the detailed balance limit proposed by

Shockley and Queisser, which takes into account intrinsic thermodynamic losses. Recently,

new concepts have been proposed to increase the efficiency beyond this limit. One of these

solutions includes the use of semiconductor nanowires, which benefit from their quasi–one

dimensional geometry to enhance the light absorption and efficiently collect the carriers

when designed in a radial manner. In this thesis, the potential of nanowire–based devices for

photovoltaic applications is investigated in detail.

In the first part of the thesis, a top–down method to fabricate radial junction silicon microwire

arrays is presented. The advantages and limitations of these kind of devices are identified. The

importance of the thickness and doping concentration of both the p–core and n–shell on the

photovoltaic performance is also highlighted.

Electronic recombination losses represent the main issue on nanowire array solar cells due to

their high surface–to–volume ratio. The passivation of surface states is a crucial step to boost

their efficiencies to the theoretical maximum. In the second part of this thesis, different mate-

rials are investigated for surface passivation purposes in the context of silicon photovoltaics.

The analysis of the interface properties permits to distinguish between chemical– and field–

effect–related passivation, which give rise to completely different passivation schemes. Their

implementation and output on silicon nanowire arrays obtained by Near–Field Phase–Shift

Lithography are compared.

The third part of the thesis lays emphasis on the front transparent electrode. The complexity

of the 3D–structured surface of nanowire arrays is overcome by the formation of a highly

conformal metal nanoparticle film via a polymer–brush–guided method. It is a novel and

flexible process which allows to tune the type, size, shape and density of metallic particles by

changing the template composition and thickness. This solution leads to an enhancement of

light absorption due to an increased scattering from metallic nanoparticles.

Ordered growth of InAs nanowires on a patterned silicon substrate is presented in the last

part of the thesis. The role of the pattern on the nanowire growth is studied in detail. The

photovoltaic performance of InAs nanowires on silicon is tested and analyzed considering the

fundamental physical properties of the junction.
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Résumé
Dans le contexte actuel de crise énergétique, l’intérêt pour les énergies renouvelables en

général, et pour l’énergie solaire en particulier, s’est ravivé. Depuis de nombreuses années,

le rendement énergétique des cellules solaires a été fixé par le modèle du bilan détaillé pro-

posé par Shockley et Queisser, qui tient compte des pertes thermodynamiques intrinsèques

au système. Récemment, des nouveaux concepts pour repousser les limites du rendement

énergétique ont été proposés. L’une de ces solutions consiste en l’utilisation des nanofils semi–

conducteurs à jonction radiale, qui bénéficient de leur géométrie quasi–unidimensionelle

pour améliorer l’absorption de la lumière et la séparation des charges. Au cours de cette thèse,

le potentiel des dispositifs photovoltaïques à nanofils à été étudié en détail.

La première partie de la thèse présente une méthode de fabrication de réseaux de microfils de

silicium à jonction radiale. Les avantages et les limites de ces types de dispositifs ainsi que

l’importance de l’épaisseur et de la densité de dopage des régions p et n sont analysés.

La recombinaison de surface représente la principale source de pertes des dispositifs à base

de nanofils à cause de leur rapport surface/volume élevé. La passivation des états de surface

constitue une étape essentielle vers une efficacité proche du niveau maximal théorique. La

deuxième partie de cette thèse compare différents matériaux en ce qui concerne leur qualité

de passivation du silicium. La caractérisation de l’interface permet de distinguer entre une

passivation chimique et une passivation à effet de champ électrique, qui donnent lieu à deux

schémas de passivation différents. Leur implémentation et performances sur des réseaux de

nanofils de silicium fabriqués par lithographie Near–Field Phase–Shift sont comparés.

La troisième partie de la thèse met l’accent sur l’électrode avant. Afin de surmonter la com-

plexité liée à la tridimensionnalité de la surface des réseaux de nanofils, une procédé de

préparation de chaînes de polymère greffées pour guider la formation d’une couche uniforme

à base de nanoparticules métalliques a été conçu. Celui–ci est un processus souple et innova-

teur qui permet d’ajuster la taille, la forme et la densité des particules métalliques en modifiant

la composition et l’épaisseur de la matrice. Cette solution mène à une meilleure absorption

des rayons lumineux grâce à la contribution des nanoparticules métalliques à la dispersion de

la lumière.

Enfin, la croissance ordonnée de nanofils d’InAs sur un substrat à motif de silicium est pré-

sentée et le rôle du motif dans la croissance du nanofil a été largement étudié. Le rendement

photovoltaïque des réseaux de nanofils a été testé et analysé en considérant les propriétés

physiques fondamentales de la jonction.

Mots clés : nanofil, cellule solaire, passivation, plasmons, hétérojonction
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1 Introduction

The appropriateness of being dependent on fossil–fuel resources has been called into question

both because of its limited availability and because its contribution to global climate change.

The debate has pushed the market and governments to turn to renewable energies. Within

this framework, photovoltaic energy has been proposed as one of the multiple alternatives to

reach a global solution.

Over the last decades, solar photovoltaic production and research have grown significantly

showing the increasing interest that this renewable source has stirred up among the scientific

community and manufacturers. Among next generation solar cell designs, nanowires are

highly appreciated because they provide many degrees of freedom.

The use of nanowire building blocks for photovoltaic applications will be the leitmotif of

this thesis. The physics of p–n junction and the optical properties of nanowire arrays are

briefly introduced in this chapter. The scope of the different chapters of the thesis are also

summarized herein.
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Chapter 1. Introduction

1.1 World Energy Overview

A capitalist world–economy is sustained by a constant growth in production and sales. Intrinsic

to this growth imperative is the increase in energy demands. This led to a global energy

consumption in 2011 of 12 billion tonnes of oil equivalent, 92% of which are oil, coal, natural

gas and nuclear energy [1]. Nonrenewable energies are subject to a wide range of uncertainties,

such as resource availability, macroeconomic trends, political conflicts or environmental

policies. By way of illustration, Figure 1.1 shows the oil price evolution over the last four

decades. The 1973 oil crisis rocked crude oil price by more than 100%, remaining very volatile

since that collapse. Moreover, since 2005 crude oil supply turned to be unable to respond to

increasing demands (Figure 1.2). Oil reservoirs are more unaccessible and more expensive

techniques are required for extraction.

Figure 1.1: Real price of crude oil over the last half century in November 2008 dollars per barrel
(adapted from [2]).

On the other hand, natural gas is still abundant. The employment of new extraction techniques

such as hydraulic fracturing, also known as ’fracking’, has increased the production and thus,

has driven down prices. However, there is a lot of controversy around the employment of such

techniques and their environmental impact. Hence, regulatory legislations have increased

over the last years.

The case of coal is a bit different. Even though it is the most polluting of all fossil fuels and its

demand is always bound to environmental policies, coal can play a key role in the future since

its reserves are enormous compared to oil and natural gas [4].

The less consumed non–renewable energy source is nuclear power. Around 5% of the world

primary energy consumption in 2011 was supplied by this type of energy. However, 2011

2



1.1. World Energy Overview

Figure 1.2: Conventional crude oil production as a function of price. From 2005 onwards, the
production turned to be inelastic: a slight increase in production causes prices to ramp up
(adapted from [3]).

nuclear accident in Fukushima, Japan, prompted a rethink of nuclear energy policy in many

countries, leading to an immediate drop of world consumption of 4.3%, backing down to 2003

consumption rates [1].

The renewable sector (mainly biomass, wind, hydro and photovoltaic) has not been immune

to the recent global economic crisis, but its strong growth in Asia maintained the upward trend.

Moreover, it still benefits from government policies concerning both economic stimulation of

the sector and penalization of polluting fuels. Photovoltaic installations were not an exception

to this legalistic advantages. Solar systems were already used at the 1960s in specialised

applications. The high cost of this technology prevented commercial deployment until the

beginning of this century. This change resulted mainly from both a drastic cost reduction

thanks to technological advances and the introduction of policy support through feed–in tariffs.

Feed–in tariffs allowed the producers to recover the cost of the installation over its lifetime

and, hence, reduce the project risk. This encouraged a massive investment in PV installations,

resulting in a drastic drop of costs. However, when the Spanish incentives suddenly ended by

September 2008, demand reduced sharply causing an excess of production and a plunge of

prices. Solar–grade silicon price evolution depicted in Figure 1.3 clearly illustrates this fact. As

a consequence, manufacturers started a price competition which pushed lots of them into

bankruptcy [5].

3



Chapter 1. Introduction

Figure 1.3: Spot price of solar–grade silicon ($/kg) (adapted from [5]).

In this context, state–of–the–art technology broke into the market jumping from research

matter to large–scale production and commercialization. Two good examples of this are

InnovalightTM and Sol VoltaicsTM. InnovalightTM [6] is a Silicon Valley company which man-

ufactures a nanotechnology–based silicon ink that boosts solar cell performance by adding

a single low–cost process step at the customer production line. The idea is as simple as sus-

pending silicon nanocrystals uniformly in a solvent, so that precise micron–thick lines can

be printed exactly under the front metal contacts, forming a selectively highly doped emitter.

Such a promising technology increases the cell’s output power 5 to 7%. And, above all, it is

achieved at an almost negligible cost for solar cell manufacturers.

On the other hand, Sol VoltaicsTM [7] is a young company founded in 2008 by a Swedish

research group based in Lund University and led by Prof. Lars Samuelson. While tens of solar

panel makers go bankrupt, Sol VoltaicsTM comes into scene and proposes high–efficient

nanowire–based solar cells. They propose devices made out of gallium arsenide (GaAs)

nanowires grown through an economic process called AerotaxyTM. Gold nanoparticles are

used as seed particles. When suspended in a gas mixture of precursors and heated up, one–

dimensional GaAs structures start to form [8]. It is a continuous process that allows the growth

of high–quality nanowires at low–cost fabrication and providing a reproducible dimension–

control. The grown nanowires can be easily integrated into solar panel by deposition and

alignment directly from the gas phase, or stored into a liquid for further processing steps.
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Figure 1.4: Sol VoltaicsTM produces gallium arsenide nanowires through an economic process
called AerotaxyTM and integrates them into solar panels (taken from [7]).

1.2 Theoretical Background

Solar cells benefit from the photovoltaic effect to convert light into electricity [9]. Carriers are

generated by absorption of photons with higher energy than the band gap and then separated

at the p–n junction. A p–n junction is the union of two regions doped p–type (the Fermi level

is closer to the valence band) and n–type (the Fermi level is closer to the conduction band),

respectively. When these two regions are brought together, electrons flow from the n–side

to the p–side and viceversa for holes, until the system reaches thermodynamic equilibrium

and the Fermi level is the same in both regions. The alignment of the Fermi level induces

the bending of both the conduction and valence bands at the junction. Due to the potential

gradient an electric field is established, which creates a drift current opposite to the diffusion

current. The region affected by the electric field is called depletion region. Then, an electron

excited within this region drifts to the n–doped zone and the opposite for holes. Figure 1.5

shows the band diagram of both regions before and after bringing them together.

Figure 1.5: Schematic representation of the band diagram of a p– and n–type semiconductor
in isolation (left) and separation of photogenerated carriers at the junction (right).
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Chapter 1. Introduction

The photogenerated current can work as a current source in an external circuit. The current–

voltage characteristics in the dark have a diode–like behavior and under illumination the curve

is shifted due to the generated photocurrent (Figure 1.6). The range of bias between 0 and Voc

defines the regime in which the device is generating power. From this curve we can extract

different values that describe the performance of the cell.

Figure 1.6: Current–voltage characteristics in the dark (black line) and under illumination (red
line) of a solar cell. The power density is defined by the dotted line.

Efficiency is a term that gives the ratio between the maximum output power of the solar cell,

Pmax, and the incident light power, Pin:

η = Pmax

Pin
(1.1)

= JscVocF F

Pin
, (1.2)

where Jsc is the short–circuit current density and defines the current density at zero bias, Voc

is the open–circuit voltage which is the potential difference when contacts are isolated and the

fill factor, FF, is the ratio of the maximum electrical power output to the product of Voc and Jsc:

F F = Pmax

JscVoc
. (1.3)

Its value ranges from 0 to 1 and it decreases with the presence of shunt and series resistances.

The current-voltage characteristics for a p–n junction under illumination is given by the
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equation:

J = J0

[
exp

(
qV

nkT

)
−1

]
− Jsc, (1.4)

where q = 1.602×10−19 C is the electronic charge, k = 1.38×10−23 m2kg s−2 K−1 is Bolzmann’s

constant and the temperature T is assumed to be 300 K. n is the ideal factor and determines

how ideal is the device response (it ranges from 1, for an ideal cell, to 2) and J0 is the saturation

current density. This in turn leads to the following expression for Voc:

Voc = nkT

q
ln

[
Jsc

J0
+1

]
. (1.5)

Shockley and Queisser [12] found the theoretical upper limit for efficiency of a single p–n

junction with a band gap, Eg, of 1.1 eV to be 30%. This detailed balance limit follows from the

assumptions that all the incoming light with energy greater than Eg is absorbed, exactly one

electron–hole pair is generated by each absorbed photon and only radiative recombination

Figure 1.7: Thermodynamic losses in solar–energy conversion. The upper limit of the orange
bar depicts the record efficiency of 28.3% for a conventional single–junction solar cell [10].
The rest of the bars indicate losses due to thermodynamics. Possible solutions to reduce these
losses are listed in the right–hand column (adapted from [11]).
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occurs, i.e. spontaneous photon emission.

Figure 1.7 schematizes the thermodynamic losses that limit the efficiency of conventional solar

cells [11]. The first factor is the thermalisation that follows a band-to-band excitation. The

deficit between the photon energy and the photovoltage (E −qVoc) is lost to heat. Moreover,

the open–circuit voltage is defined by the electron and hole quasi–Fermi level splitting and it

is always smaller than the band gap energy according to:

qVoc = Eg

(
1− T

Tsun

)
−kT

[
ln

(
Ωemit

Ωsun

)
+ ln

(
4n2

I

)
− ln(QE)

]
, (1.6)

where T and Tsun are the temperatures of the cell and the sun, respectively, Ωemit and Ωsun

correspond to the solid angle of emission and collection, I is the light concentration factor

(I=1 in the case of a planar cell without any antireflection coating) and n is the refractive

index. The first term on the right represents fundamental thermodynamic losses based on

Carnot’s theorem. The first term in square brackets is the entropy loss on photon absorption

and spontaneous emission due to a higher solid angle of the latter. The second term in

the square brackets corresponds to losses due to poor absorption. The last term, where

QE = Rrad/(Rrad+Rnrad) is the quantum efficiency for radiative recombination, describes non–

radiative recombination losses. These losses are intimately related to the external photon

emission efficiency: a good extraction of internal photons allows high internal luminescence

and carrier density, leading to higher open–circuit voltages [13].

The so–called ’third generation’ solar cells have introduced new concepts and technologies

which extend in scope beyond the Shockley–Queisser limit. Spectral splitting (multiple and

intermediate band gaps [14,15]), hot–carrier collection [16] or multiple exciton generation [17]

are exciting developments that have the potential to result in high–efficiency photovoltaics.

In the same way, nanostructures and nanostructured materials have been explored as active

components of such devices. One example are semiconductor nanowires, which due to

their one–dimensional structure, exhibit unique electrical, optical, magnetic and mechanical

properties. During the last decade and thanks to their quantum properties, they have been

largely investigated as building blocks for electronic, optoelectronic and sensor applications

[18, 19], and recently they have been integrated as key PV elements.

The use of nanowires for photovoltaic applications presents several advantages such as the

enhancement of absorption thanks to the light concentrating and light trapping properties of

dense nanowire arrays or the possibility of decoupling light absorption and carrier collection

into orthogonal directions by using radial p–n junctions [20]. These two factors allow the use

of cheap materials as substrates and low–quality materials as active PV components.

Light absorption in nano and microwire arrays have been recently explored. This effect

strongly depends on the nanowire dimensions, filling fraction and material properties and,
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hence, more than one model needs to be used to understand it. Thus, ray optics can explain

light trapping in indirect band gap microwire (4 μm radius) arrays [21]. It has been found

that when standing on a Lambertian back reflector, there is and asymptotic increase in light

trapping for low filling factors that exceeds 2n2, being n the refraction index of the material.

However, this model could not explain the increase in absorption of small wire arrays (1 μm

radius). When nanowire diameters are smaller or comparable to the radiation wavelengths,

optical interference and guiding effects play a dominant role. For direct band gap materials,

nanowires exhibit resonances similar to those described by Mie theory, resulting in a built–in

light concentration effect of ∼8 [22]. It should be noted that both effects enable nanowires to

be further separated from one another, resulting in a reduction of material volume and, hence,

a reduction in costs and in an increase of efficiency because of an increase of open–circuit

voltage coming from the self–concentration effect.

Moreover, the use of nanowires reports more benefits when using a radial–junction configura-

tion. In particular, this geometry is interesting for materials that have diffusion lengths that are

low relative to their optical thickness [20]. An optimal design should be a radius approximately

equal to the minority carriers diffusion length and a length similar to the optical length of the

material. Such a configuration will also allow high doping levels, which will lead to an increase

of the built–in voltage.

However, owing to the high surface–to–volume ratio of nanowires, surface and junction

recombination become the main handicaps to reach higher efficiencies, increasing the value

of the last entropy loss in Equation 1.6.

1.3 Outline of the Thesis

In this thesis, the use of nanowires as building blocks for photovoltaic applications is studied.

Each chapter is dedicated to analyze in detail a part of the device, reinforcing the advantages

of using nanowires and limiting their intrinsic constraints. Most of the work has been done on

silicon micro/nanowires homojunction solar cells. However, one chapter is also focused on

III/V nanowires, such as InAs, and their integration on silicon.

In chapter 2, we study the impact of the junction design on the carrier collection and on the

overall efficiency of the cell. Radial junction Si microwires are fabricated and different junction

depths and p–doping concentrations are compared.

Chapter 3 focuses on the analysis of surface recombination on silicon nanowires. In this case,

and in order to increase the effect of the recombination on the cell performance, we employe

axial junction Si nanowires fabricated by means of an innovative photolithography method

called phase–shift lithography. Different surface passivation techniques are used and their

effect on minority carriers lifetime is discussed.

In chapter 4, the importance of a good transparent front electrode is emphasized. A novel
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Chapter 1. Introduction

approach based on thin metal films generated via a polymer–brush–guided method is pre-

sented. The homogeneity of the film along the wires and its optical and electrical properties

are studied.

Finally, chapter 5 is dedicated to the growth of ordered arrays of InAs nanowires on a patterned

Si wafer by means of molecular beam epitaxy (MBE). A model that drives the nanowire growth

on a defined pattern is proposed. The performance of such a heterojunction as a photodiode

is also measured and analyzed.
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2 Radial Junction Engineering on Si
Microwire–Array Solar Cells

In this chapter, we outline our approach to fabricate radial junction silicon microwire solar cells

using a top–down method. Radial p–n junction configuration presents several advantages over

planar devices, but also some drawbacks. All the pros and cons will be analyzed. Furthermore,

the impact of the junction design on the light–to–current conversion efficiency of the cell

is also reported. The results reveal the importance of the junction depth, core thickness or

doping concentrations when designing the device.

Publications:
A. Dalmau Mallorquí, F. M. Epple, D. Fan, O. Demichel, and A. Fontcuberta i Morral, Effect of the p–n Junction
Engineering on Si Microwire–Array Solar Cells, Phys. Status Solidi A 209 (2012), 1588–1591.
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Chapter 2. Radial Junction Engineering on Si Microwire–Array Solar Cells

2.1 Introduction

The use of nanowires for photovoltaic applications constitutes a promising approach thanks

to their high aspect–ratio. Densely packed vertical wires can improve light absorption thanks

to their anti–reflective and light trapping properties. But what is even more interesting is that

they offer the advantage of decoupling light absorption and carrier collection into orthogonal

directions by using a radial junction: while photogenerated minority carriers are collected

in the radial direction, incident light is absorbed axially. Conventional planar p–n junction

geometry requires highly absorbing and pure materials. Highly absorbing in order to absorb

the photons close to the junction and to reduce the volume of material used and highly pure

to increase the minority carrier diffusion length and improve the collection of photogenerated

carriers. This is especially critical for materials with high optical thickness (we define opti-

cal thickness of a material as the thickness required to absorb 90% of the above–band–gap

photons), such as the widely–used silicon.

These constraints can be overtaken by introducing a radial junction: nanowires can be as

long as needed to absorb all the light and thinner than the minority–carrier diffusion length.

This entails the possibility of optimizing both absorption and carrier collection while using

low–quality materials as active PV components [20, 23]. It was Kayes et al. in 2005 who first

gave a boost to the field demonstrating theoretically the benefits of using this configuration.

Large efficiency gains (from 1.5% to 11%) were predicted for silicon nanowires [20]. However,

was not before 2007, when the group of Lieber reported about single p–i–n nanowires, that the

first experiment was demonstrated [24]. The same group compared, later on, the response of

optimized p–i–n nanowires in axial and coaxial geometries [25]. The values of short–circuit

current density and efficiency obtained were largely better in the case of radial configuration

(24 in front of 3.5 mA/cm2 and 3.4 in front of 0.5%, respectively) and confirmed the promising

potential of such a design.

The first attempt on contacting vertical arrays of nanowires in parallel were published by

Tsakalakos et al. [26]. P–core silicon wires grown by means of a VLS process coated with a

conformal plasma–enhanced chemical vapor deposited n–doped a–Si:H shell on stainless

steel substrate were fabricated. Although the results were low (V oc ∼0.13 V, FF∼0.28 and

η∼0.1%) they constituted the proof–of–concept of using such nanostructures on large area

devices. Those results were later on improved by other groups [27–30]. For instance, the

group of Atwater fabricated vertically aligned arrays of crystalline p–n junction Si microwires

grown by a vapor–liquid–solid (VLS) process, exhibiting 3.81% conversion of simulated AM

1.5G solar illumination to electrical energy [31]. This performance was improved up to 5.64%

by introducing Al2O3 particles in between the wires to scatter incident light and the best

response was obtained by adding a passivation a–SiNx :H layer, a Ag back reflector and Al2O3

scattering particles. This device produced a V oc of 0.5 V, a Jsc of 24.3 mA/cm2, a FF of 0.65

and an efficiency of 7.92%. But the best results on nanowire–based solar cells published up

to now were obtained by the group of Borgström [32]. They succeeded in fabricating axial

p–i–n InP nanowires arrays on p–doped InP substrate with efficiences up to 13.8%. They
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identified two key elements to optimize the cell performance: the nanowire diameter and the

length of the top n–part. Moreover, even if InP has a direct and optimal band gap (1.34 eV) for

single–junction devices, they understood that light absorption in nanowires does not follow

the ray optics law.

Actually, lots of works have also been focused on improving the optical absorption. Zhu et al.

proposed the use of nanocones and nanodomes to gradually reduce the effective refractive

index [33, 34]. Such structures led to a 30% increase with respect to a planar film. On the

other hand, some calculations have shown that certain periodic pillars can act as photonic

crystals giving rise to a maximum light–trapping path length enhancement factor of several

hundreds at resonance wavelengths, and exceeding Lambertian theoretical limit for most

wavelengths [35]. However, the optimal geometrical parameters (diameter and pitch) to

maximize the electrical conversion efficiency strongly depend on the material [36, 37]. Light

absorption of ordered arrays of wires was compared, experimentally and theoretically, to

randomly–arranged arrays by Convertino et al. They showed that an increase of the disorder

degree of the wire arrangement results in an enhancement of the scattering cross–section [38].

One should also note that thanks to the small diameter of nanowires, there is an elastic

relaxation at the nanowire sidewall surfaces that makes possible to grow sequences of large

lattice mismatch materials one on top of each other. This provides the opportunity to grow

III–V and II–VI nanowires on cheaper substrates such as Si and to fabricate defect–free multi–

junction solar cells. One of the most widely used III-V semiconductor is GaAs. Its optimal

band gap for solar spectrum (1.42 eV) and good absorption coefficient (it is a direct band gap

material) convert GaAs to an interesting alternative to Si technology. Colombo et al. reported

the highest efficiency for a single nanowire solar cell to date [39]. Radial p-i-n structures were

fabricated by catalyst–free molecular beam epitaxy (MBE) growth, achieving an efficiency of

4.5% and a V oc and FF of 0.6 V and 0.65, respectively. In parallel, LaPierre et al. fabricated an

array of GaAs nanowires resulting in an efficiency of 0.8% [40]. Other III–V nanowire solar cells

were created using InP or GaN with efficiencies of 3.37% and 0.19%, respectively [41, 42].

Another interesting approach is the use of nanowires in hybrid and dye–sensitized solar cells

(DSC). Organic materials have lower carrier mobility than inorganic, what induces higher

recombination losses. CdSe or CdTe nanorods embedded in a polymer matrix were used to

provide a guided path for electrical transport in hybrid solar cells, obtaining an efficiency of

1.7% and 1.06%, respectively [43, 44]. The same idea was applied to dye–sensitized solar cells

using TiO2 or ZnO nanorods with efficiencies ranging from 0.5% to 6.2% [45–47]. Higher dye

loadings should lead to an improvement of their performance, even though electron transport

in the organic matrix is limited.

The flexibility and processability of polymer were exploited by the group of Atwater to design

a method to peel off the nanowires from the growth substrate [48]. Free–standing Si wires

grown on a Si(111) wafer were embedded into a polydimethylsiloxane (PDMS) polymer matrix

and subsequently cured and they were then mechanically removed from the substrate. This
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technique gives the opportunity to reuse the substrate to grow new wire arrays, increasing the

economical benefits of such a device.

2.2 Sample Preparation

Hexagonally ordered arrays of microwires were fabricated by a combination of optical lithog-

raphy and deep reactive ion etching. We used 380–μm thick Czochralski <100> Si wafers

doped with B and covered by a layer of 500 nm thermally grown SiO2. For a further analysis on

the importance of the doping concentration of the base, different resistivities were selected:

0.1–0.5 Ω·cm, 1–5 Ω·cm and 1–10 Ω·cm. The oxide layer was used as mask material for the

subsequent long etching process.

Wires were defined by photolithographically patterning AZ1512H photoresist (Figure 2.1a)and

transferred to Si substrate by a two-step reactive ion etching. C4F8 plasma was used to remove

SiO2, followed by a Bosch process (which alternates between a SF6 plasma etching and a C4F8

chemical passivation) that defined the final length of the wires (Figure 2.1b). Surface defects

and impurities caused by the etching processes were latterly removed by oxidizing the surface

100 nm. In order to protect the back side of the wafer from subsequent diffusion, a layer of

oxide was needed. Thus, prior to stripping off the oxide by a buffered HF dip, a thick layer

of photoresist was spin coated on the rear surface. Once the front side was oxide–freed, the

photoresist was removed. At this point, a radial n–shell was formed by diffusing POCl3 for 15

min at a temperature changing from 850◦C to 1100◦C (Figure 2.1c). Right after the diffusion,

Figure 2.1: Schematic of the fabrication of radial p–n junction Si microwire arrays: (a) pho-
tolithographic patterning of a p–type Si wafer; (b) deep reactive ion etching to obtain p–core
wire arrays; (c) POCl3 diffusion to create an n–shell; (d) ITO and Al sputtering as front and rear
contacts, respectively; and (e) evaporation of Ti/Au contacts around the arrays. A detail of the
resulting cross–section is also depicted. (f) SEM image of a microwire array viewed at ∼ 30◦

tilt.
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the surface was again exposed to buffered HF long enough to remove the oxide grown during

diffusion. Higher diffusion temperatures were found to increase the depth of the junction and

to decrease the steepness of the doping concentration gradient along the wire radius.

The wafer was then exposed for the last time to buffered HF in order to remove native oxide

and immediately after both front and rear contacts were made. A quasi-conformal layer of

indium tin oxide (ITO) was sputtered on the front side (measuring 570 nm thick on a planar

surface) and 200 nm of aluminium were also sputtered on the rear surface (Figure 2.1d). ITO

was used as front contact due to its transparency and high conductivity and aluminium was

chosen to create an ohmic contact to the p-doped base. Finally, in order to avoid punching

ITO by the probe tip when measuring, Ti/Au (10/100 nm) pads were evaporated through a

metallic mask around the arrays (Figure 2.1e).

2.3 Results

Microwire–based solar cells were then tested under AM 1.5G illumination (Sol2A Oriel) and in

the dark and compared with their planar counterparts. The best cell made up to date exhibited

an efficiency of 10.13%, a Jsc of 23.63 mA/cm2, a V oc of 571.7 mV and a FF of 0.75. For this

sample, the wire diameter was 2.4 μm with a length of 37 μm, the doping concentration of

the substrate was 3.5×1016 cm−3 and the diffusion temperature 900◦C. The wire array surface

was 25 mm2 and the total illuminated cell area was 29.16 mm2. In all cases Jsc is calculated by

normalizing to the total illuminated cell area. Figure 2.2 shows the I–V response of this cell

and its planar counterpart under illumination. The 20% and 12% increase in Jsc and FF for

microwire–based cells suggest that the array of radial–junction microwires acts as both a good

Figure 2.2: I–V characteristics of Si planar and nanowire based solar cells under AM 1.5G
illumination.
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Figure 2.3: Optical image of a planar cell (on the left ) and a microwire array (on the right). The
better light absorption of the microwire array is visible to the naked eye.

light–trapper and a good carrier collector.

Figure 2.3 shows visible evidence of light absorption enhancement in microwire arrays. In

order to better analyze it, the effect of the wire length on light absorption was studied by

measuring the reflectivity with an integrating sphere. The sample was illuminated by a white

light and diffuse– and specular–reflected light was captured by a sphere coated by a highly

reflecting diffusive material such as BaSO4. In this way, all reflected light got trapped inside

the sphere and captured by a spectrometer. The relation between wire length and reflectivity

is shown in Figure 2.4a. The wavy profile showed by planar devices is due to ITO reflectivity.

This reflectivity is less pronounced when increasing the roughness of the surface. The optical

thickness of silicon is 125 μm. In our case, as the thickness of the planar device is 380 μm we

consider that the transmission of the substrate is 0. Furthermore, the microwire diameter and

spacing were kept constant for all the samples, so the effective refractive index at the interface

between air and microwire array was the same. Hence, the absorption enhancement when

increasing the microwire length could only be induced by an increase of the light–trapping

effect (Figure 2.4b). However, the increased absorption not necessarily leads to an increased

short–circuit current density as a function of microwire length. Jsc and FF trends show that

the increased surface and junction areas also impact on recombination. Figure 2.4d illustrates

that for short lengths the effect of light trapping dominates over recombination losses but for

higher lengths it reverses and the enhancement of surface and junction recombination losses

lead to a decrease of photocurrent and fill factor.

The improvement on carrier collection due to the core–shell configuration is shown in Figure

2.4c. EQE of microwire–based devices is higher than the one of planar cells, especially for

long wavelengths which are absorbed deep inside the base and are more likely to recombine

before reaching the junction. Nevertheless, for very long wires recombination losses dominate

and the number of collected carriers is reduced. These results are in agreement with some

theoretical works reported elsewhere [49, 50]. They demonstrated that structured devices

are more affected by surface recombination and that their efficiency drops more drastically
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Figure 2.4: (a) Reflectivity measurements for different wire lengths, including a planar cell. (b)
Ratio between microwire arrays reflectivity and planar cell reflectivity. (c) External Quantum
Efficiency, (d) Jsc and FF values, and (e) I-V characteristics for different microwire lengths
compared to planar cells (length = 0).
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when increasing the surface recombination velocity than on planar devices. Therefore, a high

surface recombination velocity can balance the gain from a better light absorption leading

to lower efficiencies. The results showed in Figures 2.4a–d are all averaged over four samples.

The performances of a single device for each case are compared in Figure 2.4e.

2.4 Junction Engineering

Photovoltaic energy conversion results from charge generation, charge separation and charge

transport. The process of charge separation will be discussed in this section. A charge separa-

tion mechanism requires an internal driving force within the device. This driving force can

be provided by spatial variations in the electronic properties, a so called junction. In semi-

conductor materials, there are two types of junctions: homojunctions and heterojunctions.

The difference between these two type of junctions arises from the nature of the material:

in homojunctions the junction is created by doping differently the two regions of the same

semiconductor and in heterojunctions two different materials of different band gap are put

together. In this section, the particular design of a Si p–n homojunction and how it affects the

light conversion efficiency will be treated.

2.4.1 Doping Characterization

One of the key points on a p–n junction is the doping concentration of both regions. The

difference in the work function of the two layers establish an electric field at the junction

which drives the minority carriers photogenerated towards the opposite side. Thus, electrons

will diffuse towards the n–region and holes towards the p.

Doping concentration profiles of the junctions were measured by capacitance–voltage mea-

surements (Wafer Profiler CVP21) on flat substrates. C–V profiling is a method used for

determining the doping profile of a semiconductor. The semiconductor is placed in contact

with an electrolyte (ammonium bifluoride, NH4F·HF, 0.1 M) forming a Schottky barrier at the

interface. This potential barrier leads to a depletion of carriers at the surface of the semicon-

ductor and creates a capacitance. By applying an external voltage, the width of the depletion

region and hence the capacitance may be changed. The dependence of the capacitance upon

the applied voltage is described by the Mott-Schottky equation:

1

C 2 = −2

qεrε0 A2N
(V −Vfb), (2.1)

where C is the capacitance, ε0 is the vacuum permittivity (= 8.854×10−14 farad/cm), εr is the

relative permittivity, A is the measured area, N is the carrier concentration, V represents the

applied voltage and Vfb, the flat-band potential.

Thus, the carrier concentration N at the border of the depletion region is inversely proportional

to the slope of d(1/C 2)/dV :
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N = −2

qεrε0 A2
d
(

1
C 2

)
dV

. (2.2)

The same electrolyte is used to electrochemically etch the surface. Holes are conducted to

the surface (by applying a forward bias in the case of p–type semiconductors or by creating

electron-hole pairs using light in the case of n–type semiconductors) and, once there, they re-

lease valency electrons of the surface atoms by recombination. When all the valency electrons

are removed, the ionized atom is dissolved into the electrolyte.

By alternating capacity measurements and electrochemical etching, a doping profile along

the cross–section is obtained.

2.4.2 Variation on the Doping Concentration of the p–Core

In the next two sections, the impact of doping levels and junction position on the performance

of the cell will be discussed in detail.

First, the effect of the doping concentration of the substrate was analyzed. In order to do so,

three different substrates with different resistivities were chosen: 0.1–0.5, 1–5 and 1–10 Ω·cm.

From C–V measurements it was found out that these resistivities correspond to a doping

concentration of 3.5×1016, 6.5×1014 and 4.2×1014 cm−3, respectively. The diffusion process

for the n–shell was done at 850◦C for 35 minutes the three substrates and the resulting doping

profile is shown in Figure 2.5. The erratic profile of the p–doped region at the interface with the

n–shell is due to an experimental aberration resulting from the sharpness of the junction [51].

As expected from the fabrication process, we found that the doping concentration of the core

is constant, while the doping concentration at the shell decreases from the surface to the core

following the diffusion profile depicted by Fick’s law:

∂ND

∂t
= D

∂2ND

∂x2 , (2.3)

where ND is the dopant concentration, D is the diffusivity of P into Si, t is the diffusion time

and x the diffusion depth. Applying the boundary conditions, the Laplace transform reduces

equation 2.3 to:

Q(x, t ) =Qs·erfc
(

x
2
�

Dt

)
. (2.4)

The phosphorus profile resulting from diffusion exhibits three distinct behaviors [52]:

• A high concentration region, where the total phosphorus concentration exceeds the
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(a) NA = 3.5×1016 cm−3 (b) NA = 6.5×1014 cm−3

(c) NA = 4.2×1014 cm−3

Figure 2.5: Doping profiles along the cross–section for a diffusion temperature of 850◦C. Blue
dots represent experimentally measured n–doping and red dots, p–doping. The continuous
lines show the simulated diffusion profiles.

free carrier concentration. In this region the diffusivity is given by:

Dhigh = 3.85exp

(−3.66

kT

)
+44.2exp

(−4.37

kT

)[
ns

ni

]2

, (2.5)

where ni is the intrinsic concentration and ns is the concentration at the surface.

• A kink in the profile at an electron concentration of:

ne = 4.65 ·1021 exp

(−0.39

kT

)
, (2.6)

• A tail region of enhanced diffusivity. Here the diffusivity is expressed by:

Dtail = 3.85exp

(−3.66

kT

)
+4.44exp

(−4

kT

)
n3

s

n2
eni

[
1+exp

(
0.3

kT

)]
. (2.7)
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2.4. Junction Engineering

Figure 2.6: Doping profiles across the wire cross–section. The symbols represent experi-
mental measurements and the continuous lines show the simulated diffusion profiles.
Vertical black lines define the position of the junction, while grey areas represent de-
pleted regions for four different situations: (a) NA = 6.5× 1014 cm−3, φ = 1.86μm; (b)
NA = 6.5×1014 cm−3, φ= 2.4μm; (c) NA = 3.5×1016 cm−3, φ= 1.86μm; (d) NA = 3.5×1016

cm−3, φ= 2.4μm.
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As shown in Figure 2.6, the fitting of the doping profiles for a diffusion of POCl3 at 850◦C and

35 min (corresponding to the continuous lines) are in agreement with CV measurements. As it

can be seen, the higher is the doping level of the substrate the shallower is the junction and

the higher the gradient within the shell. In order to understand how these two phenomena

could affect the performance of the device, we have calculated the depletion width in both

regions by solving Poisson’s equation at the junction. Assuming the continuity of the electric

field, ξ, at the junction and fixing the differential potential between n and p regions to be equal

to the built–in voltage (Vbi), this yields [53]:

1

εrε0

∫xn

xj

ρ(x)dx = 1

εrε0

∫xj

−xp

ρ(x)dx, (2.8)

Vbi = −
∫xn

−xp

ξ(x)dx, (2.9)

Figure 2.7: External quantum efficiency as function of the diameter for (a) NA = 4.2×1014cm−3,
(b) NA = 6.5×1014cm−3 and (c) NA = 3.5×1016cm−3. (d) Comparison of the EQE of all three
p–doping concentrations for a wire diameter of 3.1 μm.
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2.4. Junction Engineering

where ρ is the net charge density, xj is the junction depth and xn and xp denote the depletion

limits. The depletion widths resulting from these calculations are reported in Table 2.1 and

transposed to the wire cross–section (indicated by grey areas in Figure 2.6). The plot shows

the microwire cross–section with the doping profiles and the depletion region widths for

two different p–doping concentrations (6.5×1014 and 3.5×1016 cm−3) and wire diameters

(1.86 and 2.4 μm). Comparing these two cases, we observe that wires with higher p–doping

concentration present thinner depletion widths (77 nm compared to 555 nm) and shallow

junction depths (270 nm instead of 455 nm). As a consequence, for the smallest microwire

diameter (1.86 μm) the core is fully depleted. This occurs for diameters of 1.86 and 2.4 μm

when the p–doping concentration is 4.2×1014 cm−3 and for a diameter of 1.86 μm in the case

of a p–doping concentration of 6.5×1014 cm−3.

External quantum efficiencies (EQE) for all three dopings are compared in Figure 2.7. As

shown in plots (a) and (b) of Figure 2.7, the quantum efficiency decreases significantly for

small diameters and low p–doping concentrations, especially in the visible regime as the light

is mainly absorbed in the wires. For long wavelengths, photons are absorbed beneath the

wires [54] and the EQE for all the diameters becomes similar.

These low efficiencies for fully depleted wires could be explained by an enhancement of the

recombination rate within the depleted shell [55, 56]. In order to align the Fermi level at both

p and n sides, conduction and valence bands bend upward at the core of the wire. Thus, due

to the internal electric field created by the band bending, electrons tend to move to the shell

and holes are pushed to the core. However, a reduction of the wire diameter leads to a fully

depleted core. In this case, holes get confined at the axis of the wire and the electron–hole pair

Figure 2.8: Sketch of the band diagram profile and carrier separation dependence on the
relation between depletion width, W, and core radius, Rcore. Ec and Ev denote conduction and
valence band, respectively.
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Table 2.1: Summary of the electrical characteristics of microwire arrays with different p–doping
concentrations and diameters. The height of the microwires is 37 μm.

φ NA Junction Depletion Jsc Voc FF η

(μ m) (cm−3) depth (nm) width (nm) (mA/cm2) (V) (%)
4.2×1014 610 758 20.0±0.5 0.53 0.74±0.06 7.9±0.2

1.86 6.5×1014 455 555 19.8±0.2 0.55 0.71±0.37 7.7±0.5
3.5×1016 270 77 22.3±0.4 0.54 0.58±0.39 6.9±0.5
4.2×1014 610 758 21.6±0.3 0.53 0.73±0.01 8.4±0.1

2.40 6.5×1014 455 555 23.3±0.1 0.53 0.64±0.08 7.9±0.1
3.5×1016 270 77 22.4±0.2 0.54 0.57±0.26 6.8±0.4
4.2×1014 610 758 24.9±0.3 0.53 0.73±0.21 9.7±0.3

3.10 6.5×1014 455 555 24.4±0.2 0.54 0.68±0.23 9.0±0.3
3.5×1016 270 77 22.7±0.3 0.50 0.50±0.22 5.8±0.3
4.2×1014 610 758 18.9±0.3 0.53 0.76±0.04 7.6±0.1

planar 6.5×1014 455 555 20.3±0.2 0.55 0.74±0.23 8.3±0.3
3.5×1016 270 77 17.9±0.2 0.55 0.62±0.04 6.1±0.1

recombination increases strongly. Hence, current is limited by photogenerated electrons. This

effect is qualitatively illustrated in Figure 2.8.

To further illustrate this effect on the performance of the devices, the solar power conversion

efficiencies were also measured under an AM 1.5G illumination, obtaining a maximum mean

efficiency of 9.7%. All the results summarized in Table 2.1 were averaged over 4 samples

fabricated under the same conditions. They show that both fill factor (FF) and efficiency (η)

increase when decreasing the p–doping concentration. This enhancement could be explained

by a decrease of the bulk recombination [57], as it demonstrates the EQE curves of the 3.1–

μm–diameter nanowire arrays for the three different p–doping levels (Figure 2.7d). Clearly,

long–wavelength photons, which are absorbed in the bulk, are collected more efficiently (i.e.

recombination decreases) when the doping concentration of the substrate is lower. These

measurements also suggest that the larger is the undepleted core, the higher is the short–circuit

current density, presumably as a result of increased carrier collection. It should be noted that

this statement can only be true as long as the distance from the center of the nanowire to the

depletion region is smaller than the diffusion length of the minority carriers.

2.4.3 Variation on the Doping Concentration of the n–Shell

Next, the effect of the doping concentration and thickness of the shell was analyzed. In order to

do so, the doping of the substrate was kept constant to 3.5×1016 cm−3 and the n–type doping

was varied by diffusing POCl3 at two different temperatures: 900 and 850◦C. The measured

and calculated n–doping profiles for these two cases are depicted in Figure 2.9a and 2.9b,

respectively. As the diffusion of dopants increases with the temperature, the thickness of the

shell in the case of a diffusion at 900◦C is thicker (635 nm) than the one created with a diffusion
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2.4. Junction Engineering

Figure 2.9: Doping profiles across the wire cross–section for a diffusion temperature of (a)
900◦C and (b) 850◦C. The symbols represent experimental measurements and the continuous
lines show the simulated diffusion profiles. Vertical black lines define the position of the
junction, grey areas represent depleted regions and shaded green areas depict the zone where
the diffusion length of minority carriers is higher than the distance to the junction.
Modeling of the band alignment at the junction for (c) Tdiff =900◦C and (d) Tdiff =850◦C.
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at 850◦C (270 nm). Logically, in the first case the doping concentration decreases less abruptly

and this turns to a thicker depletion region (515 and 77 nm, respectively).

The gradual decrease of the doping concentration along the n–shell creates an internal electric

field that pushes electrons towards the surface and holes to the core. However, looking at

the doping profile of the 900◦C diffusion sample we should note that it presents a plateau

close to the surface, which suppresses any electric field in this zone and, as a consequence, it

strongly enhances the carrier recombination via surface traps. Moreover, in order to evaluate

the collection efficiency of photogenerated carriers, we need to take into account the diffusion

lengths of minority carriers, which depend on the carrier concentration [58]. The diffusion

length of holes at an electron concentration of 2×1020cm−3 (doping concentration at the

plateau) is around 200 nm. As the beginning of the depleted area is at a depth of 627 nm,

the carriers generated at the surface recombine before reaching the junction. Shaded green

areas in Figure 2.9a and 2.9b correspond to the regions where the photogenerated carriers can

be efficiently collected. This area is noticeably closer to the microwire surface for the lower

temperature diffusion (around 60 nm) than for the higher one (around 150 nm).

Figure 2.10: EQE characteristics of devices with P–diffused n–shells at 850 and 900◦C.

If we compare the spectral dependence of the EQE of both devices (Figure 2.10) we can see that

the cells obtained with a 900◦C diffusion exhibit a lower EQE in a wider range of wavelengths,

and especially in the visible regime. This result is in agreement with the existence of a doping

concentration plateau next to the surface which benefits electron–hole pair recombination at

the surface as a prevailing recombination mechanism. This translates into a 4.6% higher Jsc

for cells with n–doped layers obtained by a 850◦C diffusion (22.73±0.26 mA/cm2) compared

to those diffused at 900◦C (21.73±0.21 mA/cm2).
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2.5 Conclusions

An easy and scalable top–down method has been used to fabricate silicon microwire radial p–n

junction solar cells. Efficiencies up to 10.13% were achieved for 29 mm2 devices. The ordered

array of microwires demonstrated a good light trapping. The improvement was not only due

to a gradual reduction of the effective refraction index but mainly thanks to an increase of the

scattering path length when increasing the wire length. The radial junction configuration also

led to an improvement of photogenerated carriers collection, especially at long wavelengths.

This fact was proved by spectral response measurements. Nevertheless, the increase of surface

and junction area induced an increase of recombination losses which resulted into a reduction

of short–circuit current density and fill factor for the longest wires.

On the other hand, we have fabricated arrays with different p– and n–doping profiles and

thicknesses. The results revealed the importance of scaling the microwire diameter with the

depletion width resulting from p– and n–doping concentrations in order to ensure that neither

the n– nor the p–doped regions are fully depleted. The doping of the core should be kept low

in order to reduce bulk recombination and its radius should be smaller than the diffusion

length of minority carriers (electrons in the case of a p–core). Furthermore, the thickness

of the n–shell should be kept as thin as possible to limit the emitter losses and the doping

concentration should be high enough to ensure a thin n–depleted area. Indeed, the best

mean efficiency in this study was achieved by 3.1 μm diameter microwires, with a p–doping of

NA = 4.2×1014 and a n–doping obtained by a diffusion at 850◦C.

Future efforts could focus on improving light absorption, especially at long wavelengths,

in order to reduce the need of long wires to absorb all the light and decrease, in this way,

surface and junction recombination losses. Another important point to make these devices

commercially attractive is to develop a procedure to contact microwire–arrays in a substrate–

free mode. This would give rise to a more flexible device which could be introduced to other

electronic systems and the remain substrate could be used again to fabricate new devices.
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3 Surface Recombination on Silicon
Nanowire–Based Solar Cells

Surface recombination losses represent a handicap for high–efficiency solar cells. These losses

are especially important on nanowire array solar cells, where the surface–to–volume ratio is

greatly enhanced. The impact of different passivation materials on the effective recombination

and, as a consequence, on the device performance will be experimentally analyzed on axial

p–n junction nanowires fabricated by means of a cost–effective and scalable technique called

Near–Field Phase–Shift Lithography (NF–PSL).

Publications:

A. Dalmau Mallorquí, E. Alarcon–Lladó, I. Canales Mundet, A. Kiani, and A. Fontcuberta i Morral, Field–Effect
Passivation of Silicon Nanowire Solar Cells , in preparation.
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3.1 Introduction

Recombination in solar cells refers to the process in which electron–hole pairs are lost due to

the decay of an excited electron to a lower energy state. This process can occur via different

mechanisms: radiative, Auger and/or Shockley–Read–Hall (SRH) recombination. The first one

is the recombination process which dominates in direct band gap semiconductors and it is

a band–to–band transition followed by an energy release through the emission of a photon.

Auger recombination is also a band–to–band decay but the energy released is transferred as

kinetic energy to a third particle. It is important in highly doped materials, where interaction

between carriers is more likely to occur. Finally, SRH recombination is the only process where

trap states in the band gap are involved. In this case, energy is lost through a band–to–trap–

state transition and it is usually a dominant mechanism as it is due to impurities or defects in

the crystal structure.

The last one is the most important process as it involves defect states in the band gap. In

real materials, defects and impurities concentrate at the surface and at the interfaces. These

defects are mainly caused by a sharp interruption of the crystal lattice, which causes dangling

bonds at the semiconductor surface or by structural imperfections at the interface between

two different materials, causing vacancies or interstitial defects. The surface recombination

rate per unit area, Us, can be expressed as follows [9]:

Us =
nsps −n2

i
1

Sn
(ps +pt)+ 1

Sp
(ns +nt)

, (3.1)

where ns and ps are the electron and hole densities at the surface, respectively, ni is the intrinsic

carrier density, and nt and pt are the electron and hole densities at the trap level. Sn and Sp are

the surface recombination velocities for electrons and holes and are related to the density of

interface defects, N it, by,

Sn,p =σn,pνthNit, (3.2)

being νth the carrier thermal velocity and σn,p the capture cross–section for electrons and

holes. Under relevant illumination and doping levels, it can be assumed that nt, pt and ni �
ns and ps. Therefore, equation 3.1 can be simplified to [59]:

Us ≈ nsps
ps

Sn
+ ns

Sp

. (3.3)

From equation 3.3 we can see that there are two ways of reducing Us: by decreasing Sn and Sp

(or, what is the same, by decreasing N it) or by decreasing the density of one type of carrier at

the surface, ns or ps, by introducing a built–in electric field. The first way is called chemical

passivation and the second one, field–effect passivation.

The recombination rate reaches its maximum when ps/ns ≈σn/σp [60]. Assuming identical
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capture cross–sections for electrons and holes, the highest recombination rate is achieved for

ps ≈ ns. Thus, the field–effect passivation is based on the reduction of the concentration of

one type of carrier at the interface by means of an electric field induced by the presence of

fixed electrical charges at the semiconductor interface.

The effective lifetime is determined by the sum of bulk (including Auger, radiative and

Shockley–Read–Hall recombinations) and surface recombination processes:

1

τeff
= 1

τSRH
+ 1

τAuger
+ 1

τrad
+ 1

τsurf
. (3.4)

From equation 3.4, we can deduce that surface recombination will dominate when bulk

recombination is low.

Surface Recombination on Nanowires

Surface recombination is a major concern for nanowire array solar cells due to their high

surface–to–volume ratio. Their photovoltaic performance is seriously reduced by the pres-

ence of surface dangling bonds, which are shown to trap the impurities and electronically

neutralize them [61]. It has been experimentally demonstrated that by reducing the surface

recombination by almost two orders of magnitude the light absorption cross–section of the

wire increases for a broad range of wavelengths and its photosensitivity enhances 90–fold

when used as a photodetector [62]. It has also been shown that minority carriers lifetime is

controlled by the surface recombination and strongly depends on the nanowire diameter [63].

The reduction in the surface recombination (SR) rate of nanowire–based solar cells results in

an increase of open–circuit voltage, short–circuit current and efficiency [64]. However, the

effect of the SR rate strongly depends on the junction configuration. Yu et al. simulated the

impact of surface recombination velocity on both axial and radial p–n junction nanowire

arrays [50]. They concluded that the recombination rate at the surface for the same doping

level is higher in the axial configuration than in the radial one. In the radial configuration,

minority carriers from the shell diffuse towards the junction, reducing the density of carriers

close to the surface and, hence, the recombination. Nevertheless, in the axial configuration

the carrier concentration at the surface is the same as in the bulk, giving rise to a higher

recombination rate.

Among the many different materials investigated for passivation purposes, thermal SiO2 [65],

a–SiNx :H [66] or Al2O3 [67] are some of the most widely used. We have studied experimentally

the effect of these materials on the surface passivation of axial p–n junction Si nanowires. To

this end, ordered arrays of nanowires were fabricated by Near–Field Phase–Shift Lithography,

a photolithographic–based technique that allows to obtain submicron structures by manipu-

lating the incident light. The interface between the silicon and the passivation material and

their passivation properties were analyzed as well as their influence on the photoconversion
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efficiency.

3.2 Near–Field Phase–Shift Lithography

In order to study the impact of surface recombination on the device performance, we wanted

to use thinner wires with an axial junction. As the goal was to analyze large area devices (4×4

mm2) ebeam lithography was not an appropriate solution to define the nanowires as it is a

time–consuming and expensive technique. Thus, we looked for an alternative method.

For the past three decades, optical lithography has been the patterning method used by

the semiconductor industry. It combines a relatively high resolution with a low production

cost and an easy integration to the production chain. However, the increasing density of

component devices on a chip pushed the resolution limits beyond the photolithographic

limits. To overcome this problem new techniques have been developed, such as nanoimprint

lithography, electron beam lithography [68], nanosphere lithography [69], laser interference

lithography [70], focused ion beam lithography [71] or other template–assisted patterning [72].

The approach presented in this chapter is based on conventional photolithography but it

manipulates the incident light by incorporating a grating in the lithographic mask. Such

technique has already been successfully used to fabricate nanochannels [73], nanoneedles,

holes or boxlike structures [74].

The resolution limit, R, and the corresponding depth of focus, DOF, in standard photolithogra-

phy is determined by the Rayleigh’s equation:

R = k1 ·λ
NA

, (3.5)

DOF = k2 ·λ
NA2 , (3.6)

where k1 and k2 are constants that depend on the resist material, image formation technique

and process technology, λ is the incident wavelength and NA is the numerical aperture of

the optical system, which is related to the half–angle of the maximum cone of incident light.

Hence, to obtain higher resolutions, shorter light wavelengths and lens systems with larger

numerical apertures can be used. To overcome this issue, industry moved towards the use of

deep ultraviolet light excimer lamps (typical wavelengths of 248 or 193 nm), which requires

changes in the lithography equipment as the absorption characteristics of materials change.

On the other hand, when using high–NA lens systems, the depth of focus is largely reduced and

the exposure becomes very sensitive to the absolute position and variations in the thickness

of the resist.

In order to enhance the resolution, several techniques have been proposed by manipulating

the wavefront of the incident light. This can be done by either phase shifting the wavefront in

the mask plane or filtering the incident light obtaining an off–axis illumination. In both cases,
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Figure 3.1: Principle of phase–shifting masks. Comparison of the diffracting optics of (a) a
conventional mask and (b) an alternating PSM mask which introduces a phase–shift grating
(adapted from [75]).

the zeroth–order light is cancelled out and the diffraction angle of the first–order rays halved,

doubling the spatial frequency of the images that can be resolved (λ/2) [76]. The images

of two neighboring apertures are resolved when the intensity in the region between their

images presents a minima. Constructive interference between waves diffracted by adjacent

apertures enhances the electric field between them. As the intensity is proportional to the

square of the electric field, this yields to a reduction of the resolution. By adding a relief or

phase–shift step, the waves transmitted through adjacent apertures are 180◦ out of phase with

one another, canceling out the intensity between them (Figure 3.1). This effect gives rise to a

higher resolution and contrast [77].

Wang et al. theoretically analyzed electromagnetic absorption in a photoresist layer employed

in near–field phase–shift lithography [78]. They calculated the specific absorption rate (SAR)

to characterize the columnar features produced within the photoresist by a periodical array of

microchannels. They concluded that broadband UV illumination produces a better resolution

and profile of columnar features than monochromatic light. They also studied the effect of the

dimensions of the mask pattern on the SAR distribution in the photoresist layer. According to

their calculations, large values of period (>4 μm) and a channel width of about half the period

are needed to obtain high aspect–ratio photoresist features. Finally, they analyzed the effect of

the phase–shift step height and the results indicated a better output for steps ranging from

400 to 500 nm.

The effect of the height of the phase–shift step is mostly related to the near–field effect. If the

depth of surface relief of a phase–shift mask shifts the phase by an odd multiple of π, then the
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intensity in the near field of the mask is reduced to zero at every phase edge. When the shift

deviates from this value, the depth of the intensity modulation decreases [79].

3.3 Experimental Techniques: QssPC Measurements

There exist many techniques to determine the surface recombination rate in solar cells. The

minority carriers lifetime, τeff is often obtained by dynamic methods such as photoconduc-

tance decay (PCD) or open–circuit voltage decay (OCVD). In both cases the illumination

is abruptly interrupted and the time–dependent decay of photoconductance or voltage, re-

spectively, is analyzed. However, the time decay strongly depends on the depletion layer

and diffusion capacitances [80]. This problem can be overcome by using quasi–steady–state

(Qss) techniques, whose basis is to vary the illumination intensity at a slower speed than the

minority carrier lifetime in order to have the device in almost steady–state conditions. Again,

this method can be applied to measure the photoconductance (QssPC) or the open–circuit

voltage (QssVoc).

In our case, we used the photoconductance technique to obtain the carriers lifetime. QssPC

measurements were carried out by means of a WCT–100 photoconductance setup from Sinton

Instruments. It consists of an inductive coil that converts the current produced by the excited

carriers into a voltage signal which is coupled to the conductivity of the wafer [81]. The

photoconductivity decay with the flashlamp intensity decay is measured. A flashlamp with a

decay time of 2 ms was used. The minimum lifetime that can be measured is 3 μs.

The carrier density decay over time can be calculated from the measured photoconductivity,

σ, since

σ= n q μ, (3.7)

Figure 3.2: Illumination and carrier density time decay extracted from QssPC measurements.
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where μ is the carrier mobility and n the carrier density. Figure 3.2 shows the carrier density

(red line) and flashlamp intensity time (black line) decays.

The effective lifetime is related to the excess carrier density by the following expression:

τ=Δn/U , (3.8)

where Δn is the excess minority carrier density calculated from the measured photoconduc-

tivity and U is the recombination rate. U can be determined from the excess minority carriers

decay by:

∂Δn

∂t
=G −U + 1

q

dJn

dx
, (3.9)

where G is the generation rate and Jn is the current density of minority carriers through the

sample width, x. At open–circuit conditions the last term disappears. Then, the effective

lifetime can be extracted and related to the excess carrier density by merging equations 3.8

and 3.9 [82],

τeff =
Δn

G − ∂Δn
∂t

. (3.10)

Figure 3.3 depicts the effective lifetime dependence over the excess carrier density for the

sample covered by the SiO2/SiNx bilayer. As it can be observed, τeff depends on the carrier

injection level: it increases for low density of excess carriers reaching its maximum in the

vicinity of the doping concentration and then it decreases at high injection levels. For a single–

point value, we consider the lifetime obtained at an injection level of 1015 cm−3 as it is used

for the majority of the reported data and it has a good signal–to–noise ratio.

Figure 3.3: Effective lifetime versus excess carrier density for a p–doped Si wafer coated with a
bilayer of 52 nm of SiO2 and 19 nm of SiNx . The red symbol depicts the specified injection
level.
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3.4 Sample Preparation

To better study the surface passivation properties of different materials and their effect on the

solar cell performance, axial p–n junction nanowires were fabricated by means of a two–step

near–field contact phase–shift lithography as reported elsewhere [74]. Large arrays of square–

arranged submicron wires were obtained with this technique. For this purpose, a fused silica

mask with 2–μm wide trenches with a fix period of 4 μm was first fabricated.

3.4.1 Mask Fabrication

A key issue to increase the resolution of NFC–PSL is to fabricate a grating mask with very sharp

phase edges. This leads to a higher and narrower peak of the intensity profile. For this reason,

electron beam lithography was used to write the design on the phase–shift mask, as it provides

higher resolution than other techniques. For the same reason, fused silica was the material

chosen for the mask. Its high purity results in vertical and sharp sidewalls after etching.

In order to avoid electrostatic charging during electron beam lithography, a layer of 100 and

350 nm of aluminum was sputtered on the front and back side of the mask, respectively. 150

nm of ZEP520A resist (consisting on 11% methyl styrene and chloromethyl acrylate copolymer

and 89% anisole), diluted 50% in anisole was spin–coated before performing electron beam

lithography. Following the indications of Wang et al. [78], arrays of 4×4 mm2 were patterned

with 2–μm wide trenches spaced 4μm. After development, resist–free aluminium regions were

exposed for 20 s to induced coupled plasma etching using Cl2/BCl3 gas mixture (STS Multiplex

ICP). Afterwards, a long O2 plasma strip was performed to completely remove all the ZEP

resist. Then, and using the aluminium layer as hard mask, the pattern was transferred to the

fused silica substrate by means of a C4F8/CH4 plasma etching for 130 s, leading to a groove

depth of 500 nm. Finally, aluminium was stripped off by an aluminium etchant ANP (H3PO4

(85%) + CH3COOH (100%) + HNO3 (70%) + H2O, 83:5:5:5) dip of around 30 min.

3.4.2 Nanowire Arrays Fabrication

380–μm thick Czochralski <100> p–doped Si wafers with a resistivity of 1–10 Ω·cm and covered

by a 200–nm thermal oxide layer were used. Prior to the fabrication of the nanowires, a front–

side diffusion doping was carried out. In order to do so, the back side was coated with a thick

photoresist to prevent SiO2 etching and the front oxide was stripped off by a buffered HF dip.

Once the front side was oxide–freed, the photoresist was removed. The n–emitter was formed

by diffusing POCl3 for 15 min at a temperature of 950◦C, while the back–side oxide was used

as a diffusion barrier (Figure 3.4a). Right after the diffusion, the surface was again exposed to

buffered HF to remove the oxide. The steps carried out to fabricate the Si nanowire arrays are

depicted in Figure 3.4.

A first standard photolithography step was carried out to design the alignment marks, required
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Figure 3.4: Schematic of the fabrication of axial p–n junction nanowires by PSL: (a) POCl3

diffusion at 950◦C; (b) double–step PSL to obtain 500–nm–diameter dots; (c) reactive ion
etching; and (d) after the deposition of a passivation layer all around the wires, selective
removal of it by using a polymer–infill etch mask.

to correctly align the substrate and the mask when rotating the mask 90◦ between the first and

the second NFC–PSL steps. In order to do so, the Si wafer was coated by 1.1 μm of AZ1512H

photoresist and exposed for 1.6 s. Silicon was etched for 2 min in wet etchant (HNO3 (70%) +

HF (49%) + H2O, 5:3:20). Photoresist was removed by exposing the wafer under plasma O2.

After coating the wafer with 650 nm of AZ ECI 3007 positive photoresist, it was exposed for 1.4

s under UV broad band light (Hg light source UV400: g, h, i–line) with a power intensity of 10

mW/cm2. This step was repeated after rotating the mask 90◦. The first exposure led to an array

of stripes aligned following the X axis, while the second one defined the same array of stripes

in the perpendicular direction. The array of dots were determined at the intersection between

the stripes. The two exposures were done consecutively and afterwards the photoresist was

developed as proceeding in a standard photolithography. For this double–step lithography, a

vacuum contact between the mask and the wafer was required in order to ensure a good and

uniform contact. Figure 3.5 depicts the different steps of the double–step NF–PSL. Nanowires

with a diameter of 600 nm were obtained with this technique.

The PSL pattern was transferred to the silicon substrate by means of reactive ion etching (SF6

(40 sccm)/C4F8 (55 sccm) gas mixure) for 4 min and, subsequently, the remaining photoresist

was removed. This etching time led to a pillar height of around 2 μm (Figure 3.4c).

Then, and to electrically insulate the base from the front contact, an oxide barrier was de-
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Figure 3.5: Double–step phase–shift lithography procedure: (a) first exposure, (b) second
exposure rotating the mask 90◦ and (c) developing. The dots are defined at the intersection
between the two stripe arrays. (d) The pattern is transferred to the Si substrate by means of a
reactive ion etching.

posited all over the front surface. Besides, this layer should also passivate the surface. For

this purpose, four different materials were tested: (i) Al2O3 deposited by atomic layer depo-

sition (ALD, Beneq TFS200) using trimethylaluminum (TMA) as the precursor and H2O as

the oxidant at 200◦C; (ii) SiO2 thermally grown at 950◦C in oxygen gas followed by a nitro-

gen anneal at the same temperature; (iii) a–SiNx :H deposited by plasma enhanced chemical

vapour deposition (Oxford PlasmaLab 100 PECVD) at a temperature of 300◦C, a pressure of

800 mTorr and a gas mixture of 2% SiH4/N2 = 1000 sccm and NH3 = 15 sccm; and (iv) a bilayer

of thermally–grown–SiO2/PECVD–SiNx .

In order to free the n–doped tip of the pillars from any insulating barrier, a partial etching was

required. For this goal, the pillars were embedded in a photoresist matrix (AZ ECI 3027). A

thick film of 3100 nm of photoresist was spin–coated at 3000 rpm for 1 min and post–baked

at 120◦C for 5 min. Afterwards, the polymer layer was etched down to a final thickness of

1800±100 nm by means of an O2 Induced Coupled Plasma etching (ICP). A controlled etch

was achieved by using an electrostatic chuck power of 100 W and an ICP source power of 600

W. The controllability of the polymer etching is important to avoid a short–circuit between

the front contact and the p–doped base. In this case, as the junction depth is around 1.2 μm

and the pillar height of about 2 μm, a final polymer thickness of 1.3 μm was achieved. The

polymer–free part of the pillars was etched by dipping the sample in BHF 7:1 solution for 20 or

50 s, depending on the thickness and nature of the oxide (Figure 3.4d). Figure 3.6 shows the

doping profile within the nanowire and the passivation layer height. A last O2 plasma removal
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was carried out to clean the sample from any polymer residue. Finally, 200 nm of aluminum

were sputtered on the backside and 500 nm of ITO on the front side. On top of the ITO, a layer

of 10 nm of Ti and 100 nm of Au was evaporated through a metallic mask all around the arrays.

12 devices of 16 mm2 were prepared for each passivation material. A SEM image of the final

device is shown in Figure 3.7.

Figure 3.6: Doping profile of the axial junction within the nanowire. The grey regions on both
sides of the nanowire represent the passivation layer.

Figure 3.7: SEM image tilted 25◦ of PSL–fabricated nanowires. The diameter of the wires is
approximately 600 nm.
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3.5 Results

The current–voltage characteristics of NF–PSL nanowire–based solar cells passivated with

the four different materials were measured under illumination conditions of AM 1.5G and

are showed in Figure 3.8. As predicted elsewhere [50], surface recombination on axial p–n

junction nanowire arrays have a significant impact on both short–circuit current density (Jsc)

and open–circuit voltage (V oc). Comparing the four curves, it can be observed that the devices

passivated with SiNx and Al2O3 have similar open–circuit voltages (Voc) and short–circuit

current densities (Jsc), yielding to efficiencies (η) of 3.4 and 2.4%, respectively. On the other

hand, it is well–known that thermally grown SiO2 leads to a high quality interface and reduced

surface recombination. Unexpectedly, the device passivated with thermal SiO2 reports the

worst results (Jsc = 11.3 mA/cm2, Voc = 0.22 V and η = 1.2%). However, the addition of the

outermost 19–nm–thick SiNx layer greatly enhances the photovoltaic properties of the device:

Jsc = 28.4 mA/cm2, Voc = 0.52 V, FF = 0.67 and η= 9.9%.

Figure 3.8: Current–voltage characteristics under AM 1.5G illumination of the nanowire arrays
covered with Al2O3, SiNx , SiO2 and a SiO2/SiNx bilayer.

In order to understand the bad performance of the SiO2–coated solar cell and the reason for

the great improvement when adding a SiNx layer, the carrier lifetime of the different samples

were measured by means of QssPC. For these measurements a 1–10 Ω·cm p–type Si wafer

was etched down from both sides with reactive ion etching in order to have the same surface

roughness as on the nanowire sidewalls. The passivation layer was also deposited onto both

sides. The measured lifetimes are summarized in Table 3.1, together with the photovoltaic

characteristics. The diffusion length, L, and surface recombination velocity, Seff, are calculated

by the following expressions:

L =
√

τeff D and
1

τeff
= 1

τbulk
+ 2Seff

W
,
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where D is the carrier diffusivity (D = 34.41 cm2/s for a doping level NA = 1015 cm−3 [83]) and

W is the wafer thickness (W = 380 μm). Considering that τbulk � τsurf,

1

τeff
≈ 2Seff

W
. (3.11)

Based on QssPC results, thermal SiO2 presents the best level of surface passivation, as it

leads to the highest lifetime (τeff = 46 μs), followed by the SiO2/SiNx bilayer, SiNx and Al2O3.

Nonetheless, these values do not result in a better solar cell performance. Photovoltaic

properties and lifetimes for all the samples are summarized in Table 3.1.

Table 3.1: Solar cell characteristics and passivation qualities with respect to the passivation
layer.

Passivating film thickness τeff Seff Leff Jsc V oc FF η

material (nm) (μs) (cm/s) (μm) (mA/cm2) (V) (%)
Al2O3 44 13 1462 212 17.4 0.37 0.38 2.4
SiNx 52 19 1000 257 18.7 0.38 0.48 3.4
SiO2 48 46 413 398 11.3 0.22 0.48 1.2
SiO2/SiNx 52/19 38 500 362 28.4 0.52 0.67 9.9

In order to shed light in the difference between SiNx , SiO2 and SiO2/SiNx passivations, an

analysis of the chemical composition of the interface between the Si substrate and the pas-

sivation layer was carried out by Fourier transformation infrared (FTIR) spectroscopy using

the attenuated total reflection (ATR) mode. FTIR absorption spectra were measured with

6700 Nicolet, Thermo Fisher Scientific with a resolution of 1 cm−1. From FTIR measurements,

information of the different bonding densities at the interface are obtained, which can be

linked to chemical and/or field–effect passivation. In Figure 3.9 the spectra of Si–SiO2, Si–SiNx

and the bilayer Si–SiO2/SiNx are compared.

The SiNx film presents several peaks around 840, 2160 and 3340 cm−1 resulting from the Si–N,

Si–H and N–H bonds, respectively. The Si–H stretching bond can be deconvoluted into six

Gaussian peaks: H–Si–Si3 around 2000 cm−1, H–Si–HSi2 around 2060 cm−1, H–Si–NSi2 around

2100 cm−1, H–Si–SiN2 and H–Si–SiNH around 2140 cm−1, H–Si–HN2 around 2170 cm−1 and

H–Si–N3 around 2220 cm−1. Mäckel and Lüdemann related the N–H bond concentration to

the formation of the •Si≡N3 dangling bond, the so–called K+ center which leads to a fixed

positive charge density, Q f , of the order of 1012 cm−2 [84].

Thermally grown SiO2 spectrum exhibits the characteristic peaks at 810, 1060 and 1250 cm−1

corresponding to the vibrational bending, and TO and LO modes of the stretching bands of

Si–O–Si, respectively [65]. Thermal SiO2 provides a high level of chemical passivation on Si

surfaces due to its low interface defect density (∼ 1010 cm−2). The trivalently bonded Si atom

(•Si≡Si3), known as Pb center, is the main defect at Si/SiO2 interfaces due to a lattice mismatch.

These defects lead to positive Q f of the order of 1010 cm−2 [85] and could be passivated by a
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Figure 3.9: FTIR spectra of the Si/SiNx , Si/SiO2 and Si/SiO2+SiNx interfaces.

hydrogen post–treatment. For instance, the addition of a hydrogen–containing capping layer

results in a hydrogen passivation of the interface, which is corroborated by the Si–H signal at

2160 cm−1 of the SiO2/SiNx spectra. Moreover, the addition of the SiO2 interlayer between

Si and SiNx reduces significantly the concentration of Si–N bonds in comparison with the

Si/SiNx interface. Both effects result in no field–effect passivation induction by the SiO2/SiNx

stack [86].

On the other hand, the FTIR spectra of the Al2O3 film shown in Figure 3.10 exhibits the

Figure 3.10: FTIR spectrum of the Si/Al2O3 interface.
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characteristic Al–O absorption peak at 704 cm−1. A thin SiOx interlayer formed during the

deposition process is confirmed by the broad peak at 940–1100 cm−1 [87]. Hoex et al. suggested

that this interfacial layer could induce a high density of Al vacancies at the interface [67].

Some theoretical studies have concluded that Al vacancies and O interstitial can be charged

negatively [88], leading to negative Q f values in the range of 1012–1013 cm−2.

Figure 3.11: Carrier density profile across the p–doped Si nanowire cross–section (NA = 1015

cm−3) under the influence of a positive fixed charge of Q f = 3×1010, 1011 and 1012 cm−2. Black
lines show the evolution of hole density with Q f and red lines depict electron density.

The effect of the presence of fixed charges at the silicon/insulator interface of the nanowire

sidewall was investigated with nextnano3 [89]. Figure 3.11 illustrates the density profiles

of electrons and holes across the wire cross–section for a positive fixed charge of Q f = 3×
1010, 1011 and 1012 cm−2 calculated for a nanowire of 600 nm of diameter and a doping

concentration of NA = 1015 cm−3 [89]. The positive charge creates an electric field that attracts

electrons towards the surface and pushes holes away from it. The low p–doping concentration

and small diameter of the nanowires give rise to completely inverted conditions for high Q f

values (≥ 1011 cm−2): electrons become majority carriers while holes get reduced to minority

carriers within the whole nanowire cross–section. In such cases, the junction will be shifted to

the base of the nanowire. Nevertheless, for Q f = 3×1010 cm−2 the electron and hole densities

become equal at some point inside the nanowire cross–section (p = n), resulting in an increase

of recombination at the core of the wire. These results could explain the poor performance

of devices passivated with SiO2. As mentioned above, Si/SiO2 interfaces have low density of

defects which leads to reduced densities of fixed charges. On the other hand, the high density

of fixed charges introduced by the Si/SiNx interface results in a n–doped–like nanowire and

the junction is moved to the base of the wire.

The negative nature of the fixed charges in the Si–Al2O3 system gives rise to a different outcome.

At the p–region of the wire, the fixed charges create an electric field that shields electrons from

the surface. However, since the Al2O3 layer partially covers the n–doped region of the wire,

an inversion occurs at this point. Figure 3.12 demonstrates the impact of a −1012 cm−2 fixed

charge on a n–doped region with a doping concentration of ND = 1016 cm−3. It can be observed

that again the inversion of electron and hole densities leads to an equal concentration of both

carriers within the nanowire core, resulting in an enhancement of the recombination at this
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Figure 3.12: Electron and hole densities at the n–doped nanowire cross–section (ND = 1016

cm−3) under the influence of a negative fixed charge of Q f =−1012.

region of the wire. Figure 3.13 qualitatively illustrates the change on the carrier concentration

along the wire for the four different cases.

Figure 3.13: Qualitative illustration of the carrier density profile across the nanowire under the
influence of interface fixed charges induced by the different passivation materials. Bluish and
reddish areas depict n–doped and p–doped regions, respectively.

Finally, the light absorption in the device was calculated by Finite Difference Time–Domain

(FDTD) simulations [90] reaching steady–state conditions. The incoming light was modeled

as a plane wave polarized along the x–direction with an incidence normal to the structure.

The calculations were realized for an array of Si nanowires with a diameter of 600 nm, a length

and pitch of 2μm, a passivation layer of 50 nm of silicon dioxide covering the substrate and

nanowire sidewalls up to a height of 1.5 μm and a layer of 400 nm of ITO as front electrode.
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Figure 3.14 depicts the electric field energy density along the wire (at x= 0 and y= 0) and within

the wire cross–section at 400 nm below the junction respectively, at 400, 600, 800 and 1000

nm. From the vertical cross–section, it can be observed that light is mainly absorbed within

Figure 3.14: FDTD simulated electric field energy density (a) along the z–axis (above: cross–
section at x= 0; below: cross–section at y= 0) and (b) at the cross–section placed 400 nm above
the base of the Si nanowire (400 nm below the junction) at 400, 600, 800 and 1000 nm.
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the wire. This confirms that the major losses are due to recombination in the wire. This is

especially harmful for the SiO2– and Al2O3–passivated devices but also for the one coated with

SiNx , as the junction is shifted further away from the generated carriers and more of them

recombine before reaching the junction.

3.6 Conclusions

The impact of surface recombination on the performance of axial p–n junction Si nanowire–

based solar cells has been investigated. Si nanowire arrays have been fabricated by means

of Near–Field Phase–Shift Lithography (NF–PSL), a novel technique based on traditional

photolithography which allows to push the resolution limits to the submicron scale. Four

different passivation materials have been analyzed: ALD Al2O3, thermal SiO2, PECVD SiNx

and a SiO2/SiNx stack. An improvement of the passivation quality gives rise to an important

enhancement of the device performance, increasing the short–circuit current density, Jsc, the

open–circuit voltage, Voc, and the efficiency.

It has been demonstrated that the presence of a surface fixed charge density can lead to an

inversion of carrier densities or to an enhancement of the recombination rate within the

nanowire core. This effect could be nullified by the addition of a hydrogen–containing capping

layer, which led to a hydrogen passivation of dangling bonds and to the suppression of the

fixed charges at the interface. The device passivated with the SiO2/SiNx stack reported the

best results, exhibiting a Jsc of 28.4 mA/cm2, a Voc of 0.52 V and an efficiency of 9.9%.
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4 Alternative Front Transparent
Electrode

Standard silicon solar cell processing includes a screen–printed metallic grid followed by a

firing through step to form the front contacts. This type of contact has associated shading and

resistive losses of around 10% [91]. Many alternatives have arisen to replace it. Historically,

transparent conductive oxides (TCO) such as ZnO or indium–tin–oxide (ITO) have been the

most largely used as they offer an interesting conductivity–transparency trade–off. The scarcity

of indium has led researchers to seek other solutions. In this chapter, highly conformal metal

nanoparticle films generated via a polymer–brush–guided method are proposed as a novel

approach. This solution benefits from an additional light scattering enhancement due to

surface plasmons on metal nanoparticles. The role they play in the overall performance of the

device is also compared to a standard TCO such as tin–doped indium oxide.

Publications:

C. Sugnaux*, A. Dalmau Mallorquí*, J. E. Herriman, H. A. Klok, and A. Fontcuberta i Morral Microwire Solar Cells
with a Conformal, Plasmonic, Nanoparticle–Based Electrode, in preparation.

*equal contribution
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4.1 Introduction

The front transparent electrode is a key element of a solar cell that must maximize light trans-

mission and carrier collection. Unfortunately, accomplishing both of them in an optimum

way is a struggle for photovoltaic technologies, as electrical conductivity is proportional to the

square of the light absorption coefficient by the following relation:

σ= 8ω

μ0

(
nk

c

)2

, (4.1)

where σ is the conductivity, ω is the angular frequency of the wave, μ0 is the permeability

in vacuum, c is the speed of light in vacuum, n is the refractive index and k, the extinction

coefficient. k is directly related to the absorption coefficient and hence, transmittance:

T = exp(−αt ) = exp

(
−4πkt

λ

)
, (4.2)

where α is the absorption coefficient, λ is the wavelength and t is the layer thickness.

Transparent conductive oxides (TCOs) have traditionally addressed these needs. The most

well–known TCOs are impurity–doped ZnO, In2O3 and SnO2, like Ga– and Al–doped ZnO (GZO

and AZO) or combinations of these oxides, such as indium-tin-oxide (ITO). Transparency is

intimately related with the electronic band structure of the material and its crystal structure.

In order to be transparent to the most relevant part of the solar spectrum, a band gap of 3

eV or more is required and, as only insulator materials can have such a large band gap, they

have to be doped to degeneracy to become conductive. At the same time, a high density

of impurities leads to a decrease in carrier mobility. Hence, the doping level as well as the

deposition technique have an important influence on the quality and performance of the

material.

The most widely used TCO is ITO. It offers the lowest resistivity/transparency ratio, a wide

variety of deposition methods and an easy processing, what converts it into an attractive

material to be commercialized. ITO thin films can be produced by dip coating [92], sol–gel

methods [93], reactive thermal deposition [94], chemical vapor deposition [95], electron beam

evaporation [96], spray pyrolysis [97], laser ablation [98], atomic layer deposition [99] or

sputtering [100]. A resistivity of ∼ 10−4 Ω·cm is often quoted as an optimized ITO resistivity,

along with a transmittance above 85%. However, an important disadvantage of ITO is the

scarcity of Indium.

Another widely used TCO material is ZnO. It has the advantage of a cheaper price and abun-

dance over ITO. It is usually doped with Al or Ga (AZO and GZO, respectively) giving rise to

similar conductivities to those of ITO.

However, researchers have struggled to find new solutions to avoid the use of such brittle

materials considering the rising importance of flexible electronic devices and displays. These

48



4.1. Introduction

solutions include carbon nanotubes, graphene, highly conductive polymers, metal nanowire

mesh and ultrathin metal films.

Carbon nanotubes are nanoscale cylinders composed of one–atom–thick sheet of graphene

wrapped forming a tube. They have unique electrical properties due to their one–dimensional

geometry and low density of defects (Figure 4.1a). Phonon scattering is highly reduced as elec-

trons can only propagate forward and backward, and optical phonons are too high in energy

to be present at room temperature. In addition, the effective density of states in nanotubes is

much lower than traditional metals because of the semimetallic nature of graphene. These

characteristics lead to large mean–free paths, which explains the high electron mobilities of

carbon nanotubes [101, 102]. There exist several methods of producing transparent ultrathin

films of pure single–walled carbon nanotubes (SWNT), giving rise to transmittances ranging

from 70 to 90% over the visible part of the spectrum and sheet resistances between 30 and

200 Ω/
. These results are still inferior but approaching that of commercialized TCO, what

brought some groups to report on the use of SWNT as a substitute of TCOs for optoelectronic

applications [103–106].

Figure 4.1: New transparent electrode solutions: (a) carbon nanotubes, (b) graphene, (c) highly
conductive polymers, and (d) metal nanowire mesh.

A new breakthrough material as transparent electrode that came up in the last years was

graphene (Figure 4.1b). Graphene is a material composed of pure carbon organized in a hon-

eycomb lattice forming a one–atom thick planar sheet. Graphene is a semimetal with similar

electrical properties to those of metallic carbon nanotubes. Although planar graphene itself
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has been presumed not to exist in the free state, Geim and Novoselov successfully prepared

single–layer graphene and studied their electronic properties [107]. Carrier mobilities up

to 10000 cm2/Vs were measured, showing almost no dependency on absolute temperature,

indicating that the mobility is limited by scattering on defects. These promising results encour-

aged many groups to suggest graphene for new feasible uses such as nanoelectromechanical

systems (NEMS), batteries, field emitters, optoelectronic devices or labs–on–chips [108]. MIT

professors Kong and Bulović [109] investigated the use of graphene as an electrode for organic

solar cells. They achieved a transmittance of 91.2% and a sheet resistance ranging from 500 to

300 Ω/
, for a 3–layered graphene sheet grown by CVD, which is still one order of magnitude

higher than solar cells requirements. In addition, it can be easily exfoliated, what enables a

good control of its thickness and, hence, of its transmittance. The biggest challenge they faced

was the adhesion of graphene to the cell. They solved it by adding some impurities at the

surface, for instance doping it, which moreover improved its conductivity.

Highly conductive polymers have also been proposed as an alternative electrode for flexible

applications (Figure 4.1c). They started to be commercialized in the 1990s when the conduc-

tivity of common polymers was improved by doping them and stabilizing the doped state by

dissolving them in common solvents. The instability of the doped state was a big problem

since the conductivity decreases rapidly when exposed to various stresses (thermal, chemical,

etc.) [110]. The most widely used is poly(3,4–ethylene–dioxythiophene) stabilized by aqueous

polystyrenesulfonate acid (PEDOT:PSS). Due to its low–cost and simplicity in deposition over

large–area electronics numerous works have focused on its use as transparent electrode on

solar cells [111–113].

Another alternative solution is the use of a metal nanowire mesh [114] (Figure 4.1d). The

resistivity of a metal nanowire mesh depends on wire resistance and wire–to–wire contact

resistance. At higher densities, the wire–to–wire contact resistance decreases as it is favoured

by the formation of many parallel connections, where the lowest resistance connections

dominate the overall resistance. The size of the wires also plays a role, as the conductance of

individual wires will increase with the length and the square diameter. On the other hand, the

random nature of the mesh, added to the length of the wires and the wire density, leads to

an increase of scattering of incident light and, thus, an increase of the diffuse transmission.

Excellent electrical and optical properties have been reported for both silver [115, 116] and

copper [117–119] nanowire meshes.

Metals are the most conductive materials thanks to a high density of free electrons. By slim-

ming them down to few nanometers they become transparent to visible light, and hence they

can be used as front electrode. However, they become highly resistive when the film thickness

is smaller than the mean free path length. O’Connor et al. reported a sheet resistance of 15

Ω/
 for a 9–nm thick Ag film [120]. They also modeled the evolution of resistivity versus the

film thickness, by taking into account the reduction of the grain size at small thicknesses. They

showed a sharp increase in sheet resistance for thicknesses below 10 nm, that they attributed

to an increase of electron scattering.
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In this chapter we propose a scalable process to obtain a highly conformal and transpar-

ent metal nanoparticle network as a transparent and conductive front electrode on radial

microwire–based solar cells. This approach exploits polymer brushes [121], which have previ-

ously shown relevance in the fabrication of thin inorganic [122–125] and metallic films [126],

as a matrix for the guided formation of gold and silver films. In this context polymer brushes

offer an alternative synthetic tool because they allow the elaboration of conformal thin films

with a precise control over thickness, metallic composition and microstructuration. This

solution benefits from demonstrated light scattering enhancement due to surface plasmons

on metal nanoparticles. The effect of the material, size and shape of isolated particles on

electric intensity enhancement in the near-field outside the particles have been largely stud-

ied [127, 128], as well as the interaction between surface plasmons on neighboring particles

and their benefits for photovoltaic applications [129–132]. Other important factors are the

surrounding and underlying materials and also the distance between the particles and the

substrate.

4.2 Plasmonics for Photovoltaics

When evaporating ultrathin films (∼ 5 nm) of nobel metals, instead of a continuous film

island–like structures are formed. These structures act as light scattering centers due to

resonant oscillations of conduction electrons in the metal. These resonances are called surface

plasmons on metal nanoparticles and they strongly interact with incident light of wavelengths

near the plasmon resonance by scattering or absorbing it. Such properties sparked an interest

amongst the photovoltaic community in the integration of nanoscale metal particles on

solar cells. In particular, they offer an alternative to surface texturing, a technique largely

used on thin–film solar cells. Nanoparticles have been proven to significantly enhance the

photocurrent at long wavelengths, which are weakly absorbed in such devices [131, 133, 134].

Figure 4.2: Plasmonic light–trapping by scattering from metal nanoparticles (a) placed at the
surface, (b) embedded in the semiconductor, and (c) at the back surface (adapted from [129]).

These good results encouraged researchers to find new geometries that could take advantage

of the benefits that plasmons offer. Atwater and Polman [129] suggested three different ways of

using plasmonic nanostructures (Figure 4.2). On one hand, they proposed to use nanoparticles

as scattering elements by placing them at the surface. On the other hand, when embedded in
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the semiconductor they can act as antennas inducing light concentration. Finally, they can

trap and guide light in the semiconductor layer when positioned at the interface between the

semiconductor and the back contact.

In order to understand the mechanisms that originate the photocurrent enhancement some

theories were developed. For particles small compared to incident wavelengths, surface

plasmons can be theoretically described by the point dipole approximation together with

the quasistatic model, which lead to the following expressions to calculate the scattering and

absorption cross–sections [135]:

Csca = 1

6 π

(
2 π

λ

)4

|α|2 (4.3)

and

Cabs =
2 π

λ
Im[α], (4.4)

where α is the polarizability of the particle and is given by:

α= 3V

(
εp/εm −1

εp/εm +2

)
. (4.5)

Here, V is the volume of the particle, εp is the dielectric function of the particle and εm is the di-

electric function of the surrounding medium. From these equations one can already conclude

that the main parameters influencing the surface plasmon resonance are the volume and

material of the particle and the dielectric function of the surrounding material. Some works

reported on the effect of these parameters on the scattering efficiency [127, 130]. Catchpole

et al. [127] also analyzed the effect of an oxide layer between the particles and the substrate

on the light–trapping enhancement. They showed that although the scattering cross–section

increases with the oxide thickness, the fraction of light scattered into the substrate diminishes.

Moreover, it has been demonstrated that plasmonic coupling between neighbouring particles

can induce strong local electric field enhancements that increase when decreasing the particle

spacing [132].

4.3 Sample Preparation

Polymer–brush–guided silver and gold nanoparticle (Ag–NP and Au–NP, respectively) net-

works were synthesized on radial p–n junction microwire–based solar cells and their planar

counterparts. The p–core Si microwires were fabricated on a 380–μm thick Czochralski <100>
wafer (ρ = 1–10 Ω·cm) by a combination of photolithography and deep reactive ion etching,

as described in chapter 2. The diameter, spacing and length of the wires were 2.8, 8 and 9.8

μm, respectively. A 450–nm–thick n–doped shell was formed by diffusion of POCl3 at 850◦C

for 35 min. The front surface was chemically modified as described below in order to deposit

a thin Au–NP or Ag–NP film on the top of the device. The rear contact was formed by 200 nm
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of sputtered Al. The area of the completed devices was 16 mm2.

The synthesis of metal–NP films on silicon microwires was performed in collaboration with the

Laboratory of Polymers at EPFL. Polymer brushes synthesized by controlled radical polymer-

ization (SI–CRP) were used as the matrix for in–situ Ag–NP and Au–NP synthesis (Figure 4.3).

First, all the samples were cleaned by oxygen plasma before removing the native oxide layer

with 40% HF. Photochemical grafting of alkene was used to attach a dense layer of ATRP initia-

tors on the silicon surface [136, 137], from which PDMAEMA (poly(2–(dimethylamino)ethyl

methacrylate)) or PHEMA (poly(2–hydroxyethyl methacrylate)) brushes were grown.

Figure 4.3: Schematic representation of the preparation of conformal gold and silver networks
as top transparent electrodes on p–n junction microwire–based solar cells.

On one hand, PHEMA brushes led to the preparation of Ag–NP. Polymer brush/Ag–NP hybrids

were prepared via a method similar to one reported elsewhere [138]. Carboxylic acid groups

were incorporated on the PHEMA brush side chains by coupling the hydroxyl residues with

succinic anhydride [139]. Loading of the acids groups with silver cations was followed by

reduction of the complexed salt afford brush/Ag–NP hybrids layers. Next, hydrogen plasma

was applied in order to remove the polymer–brush matrix [140].

On the other hand, Au–NP films were synthesized following the strategy developed by Paripovic

et al. [126], implying the following steps: (i) quaternization of the PDMAEMA, (ii) complexation

of gold anions, (iii) in–situ reduction and (iv) removal by oxygen plasma of the polymer brush

template.

Figure 4.4 shows scanning electron microscopy images of both, Ag– and Au–NP films. Figures

4.4a and 4.4d give a close look to the morphology of the films. Figures 4.4b, 4.4c and 4.4e,

4.4f present the final devices covered with silver and gold nanoparticles, respectively. We
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Figure 4.4: SEM images of Ag–NP films ((a), (b) and (c)) and Au–NP films ((d), (e) and (f)) taken
at different magnifications (views at 25◦ tilt).

observe a homogeneous distribution of Ag–NPs across the entire surface of the device. This

demonstrates the excellent conformability of both metallic films to high aspect–ratio surfaces.

We turn now towards some important details of the Ag–NP characterization. In order to

monitor the entire process accurately, XPS analyses were performed at different stages of

modification. Results are gathered in Figure 4.5. Immobilization of the bromoisobutyrate

initiator on silicon surfaces was confirmed by the presence of a Br 3d signal at 71 eV in the

XPS high–resolution spectra of bromide as well as the increase of water contact angle up

to 86◦. After surface–initiated polymerization of HEMA, the PHEMA film presents a typical

high–resolution C 1s spectra which can be decomposed in five model Gaussian curves (Figure

4.5a) [141]. Post–modification with succinic anhydride results in an increase of carbonyl

content and a decrease of ether groups, corresponding to binding energies at 289.1 and 287.0

eV, respectively (Figure 4.5). After silver loading, the polymer matrix contains Ag+ ions, as

revealed by a Ag 3d doublet at 374.81 (Ag 3d3/2) and 368.80 eV (Ag 3d5/2) [142]. Formation of

Ag–NP in the brush template after reduction with sodium borohydride was confirmed (Figure

3B); high–resolution Ag 3d spectra revealed the presence of a doublet Ag 3d3/2 and Ag 3d5/2 at

373.80 and 367.80 eV, respectively, which is in good agreement with the formation of metallic

Ag(0) NP in a polymer network [143]. The complete disappearance of the carbonyl group

in the high–resolution C 1s spectra combined with the drastic decrease of carbon content

highlight the successful removal of the PHEMASA–brush matrix after the hydrogen plasma

treatment (Figure 3C) causing the coalescence of Ag–NP into a thin film [126].

In Figure 4.6a AFM analyses of micro–patterned brushes on planar p–n junctions taken at

each step of modification report on the evolution of film thickness during the fabrication
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Figure 4.5: XPS survey, C 1s, Br 3d, O 1s and Ag 3d high-resolution of p–n doped silicon
substrates modified with (a) ATRP initiator, (b) PHEMA brushes, (c) post-modified PHEMA,
(d) silver loaded brushes, (e) AgNP loaded brushes and (f) silver film.
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Figure 4.6: (a) AFM cross–sectional profiles of patterned PHEMA (dotted line), post–modified
PHEMA (dashed line), silver nanoparticles–loaded PHEMA modified brushes reduced with 10
mM NaBH4 (full line) and silver film (red line). (b) Comparison of the silver film thicknesses
obtained after plasma treatment of PHEMASA–AgNP composite film with that of the initial
PHEMA brush template. (c) UV/vis spectra of AgNO3 loaded PHEMASA brushes after reduction
with 10 mM NaBH4. The original PHEMA brush thicknesses were 95 nm (dotted line), 151 nm
(dashed line) and 276 nm (full line).

process. Extension of PHEMA side chains with carboxylic groups resulted in a substantial

increase of brush height. After treating the PHEMA–SA brush with silver nitrate and sodium

borohydride, formation of Ag–NP in the network occurred, leading to a second significant

increase of brush thickness. Finally, a drastic decrease of profile height is observed upon

matrix removal, attesting the physical deposition of Ag–NP on the surface. In Figure 4.6b we

show the dependence of the silver thin film thickness on the original PHEMA brush thickness,

which is clearly linear. In addition, Ag–NP–loaded matrices prepared from PHEMA brushes of

different brush heights were analyzed by UV/vis (Figure 4.6c). Their absorbance displayed

a characteristic absorption peak at 420 nm [144, 145], confirming the presence of Ag–NP in

the network and furthermore highlighting that higher concentrations of Ag–NP were found in

thicker brush matrices as an effect of brush thickness. The influence of the reducing agent

concentration on the formation of Ag–NP was also investigated (Figure 4.7). Independent of

Figure 4.7: UV/vis spectra of silver nanoparticles loaded post-modified PHEMA brushes grown
for (a) 1, (b) 2 and (c) 7 hours. The reducing agent concentration was of 100 mM (violet line),
10 mM (black line) and 1 mM (orange line).
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Figure 4.8: Top: AFM pictures of patterned polymer brushes at different steps of modification.
Bottom left: height profiles of patterned polymer brushes at different steps of modification.
Bottom right: Comparison of the gold film thicknesses obtained after plasma treatment with
that of the starting PDMAEMA brush template.

polymerization time, a single and characteristic absorption peak was observed at 420 nm when

high concentrations of reducing agent were used (10 and 100 mM). If a lower concentration (1

mM) of reducing agent was applied to the system, a red shift to 470 nm was observed. The

polymer brush/Ag–NP hybrids prepared in the first case were composed of well–dispersed

and spherical Ag–NP while the bathochromic shift observed for the second case may suggest

an increase in the Ag–NP size or partial aggregation of the Ag–NP into the network [138].

Similar results were obtained in the preparation of Au–NP films. Figures 4.8 bottom left

and 4.8 bottom right show the thickness of patterned polymer brushes at different steps

of modification and the lineal dependence of the resulting gold film thickness with that of

the initial PDMAEMA brush matrix, respectively. The conversion of PDMAEMA brushes to

PMETAC resulted in an increase of the film thickness, which was further increased when

loading PMETAC brushes with AuCl−4 . Polymer removal led to an abrupt decrease of the

profile height. The characterization of the synthesis was completed by a XPS analysis at

different stages of the process. Figure 4.9 displays the XPS spectra of PDMAEMA brushes,

PMETAC brushes and the gold film after the polymer removal. The shift of the N 1s peak from

397.7 to 401 eV and the appearance of a Cl 2p signal at around 194 eV in the N 1s and Cl 2p

high–resolution scans corroborate a 100% quaternization of the tertiary amine groups on the

conversion of PDMAEMA to PMETAC brushes. Finally, the high–resolution XPS spectra after

plasma treatment show a drastic reduction of the C 1s signal and the presence of Au 4f7/2 and

Au 4f5/2 signals, demonstrating the formation of polymer–free gold nanoparticle network.

57



Chapter 4. Alternative Front Transparent Electrode

In Figure 4.10a, the UV/vis spectra of AuCl−4 –loaded PMETAC brushes are compared. Again,

the gold loading capacity increases with the polymer brushes thickness and they show a peak

at 320 nm caused by the absorbance of the gold chloride anion. The reduction of the gold salt

Figure 4.9: XPS of silicon oxide functionalized with poly(diemthylaminoethyl) methacrylate
grown for 10 minutes. From the top to the bottom: (1) PDMAEMA brushes, (2) PMETAC
brushes, (3) formation of the thin gold film after plasma removal of the polymer layer.

Figure 4.10: (a) UV/vis spectra of AuCl−4 –loaded PMETAC brushes. (b) UV/vis spectra of
AuCl−4 –loaded PMETAC brushes after 240 minutes of polymerization.
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is confirmed by the disappearance of the 320–nm absorbance peak and the appearance of a

new peak around 550 nm, corresponding to the formation of Au–NP (Figure 4.10b).

4.4 Results

In order to prove the potential of such films as transparent front electrodes, they were first

tested on planar p–n junction devices. Solar cells coated with Au–NP and Ag–NP films (75 and

17 nm thick, respectively) were compared to the same structure coated by 200 nm of sputtered

ITO ρ = 0.2–0.4 mΩ·cm). For the sake of simplicity, from now on devices coated with gold

and silver nanoparticle films will be called Au–NP and Ag–NP devices, respectively. Figure

Figure 4.11: Comparison of the photovoltaic response of a planar Si solar cell coated with three
different front electrodes: 17–nm–thick polymer–brush–guided Ag–NP film (grey–square–
symbol line), 75–nm–thick polymer–brush–guided Au–NP film (orange–triangle–symbol line),
and standard 200–nm–thick sputtered ITO (maroon–dot–symbol line). (a) Current–voltage
curves under an illumination of AM 1.5G, (b) EQE of the three devices, and (c) EQE enhance-
ment (EQE/EQEITO) of Ag–NP and Au–NP devices respect to the ITO device (maroon dashed
line represents the reference EQEITO/EQEITO
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4.11a and Table 4.1 show the current–voltage curves and the photovoltaic properties of the

three different devices. The series resistance of the Ag–NP cell (Rs = 12 Ω) is similar to the one

covered with standard ITO (Rs = 3 Ω). On the contrary, the Au–NP film is much more resistive

(Rs = 80 Ω), probably due to a high Schottky barrier at the Au/n–Si interface.

Table 4.1: Measured photovoltaic properties of planar solar cells coated with Ag–, Au–NP films
and ITO.

electrode film thickness Jsc V oc FF Rs η

material (nm) (mA/cm2) (V) (Ω) (%)
Ag 7 24.9 0.50 0.60 12 7.4
Au 75 17.3 0.50 0.44 80 3.8

ITO 200 17.0 0.52 0.74 3 6.6

Furthermore, both metallic nanoparticle networks exhibit better Jsc than the cell coated

with ITO: Jsc is increased by a margin of 46% for the Ag–NP device and 2% for the Au–NP

device. These successful results could be explained by a better light transmittance of metal-NP

networks compared to the ITO film. However, comparing the UV/vis spectra of the three layers

presented in Figure 4.12 it can be clearly seen that the ITO film is less absorbent for the whole

range of wavelengths. Then, the existence of a plasmonic–related absorption enhancement

of the subwavelength–sized particles forming the film should be considered [129, 146, 147].

The effect of plasmons on light scattering enhancement is especially beneficial for indirect

band gap materials such as Si, which exhibit poor light absorption at wavelengths close to the

band gap [133, 148]. This effect is less pronounced for Au–NP due to their high absorption

cross–section over the extinction cross–section (the sum of scattering and absorption cross–

sections) [127]. This hypothesis is further supported by the external quantum efficiency (EQE)

measurements presented in Figure 4.11b. For the sake of clarity, the metal–NP devices are

normalized by the ITO cell in Figure 4.11c. Both devices exhibit lower photocurrent responses

Figure 4.12: UV/vis spectra of ITO, Au–NP and Ag–NP films.

60



4.4. Results

at short wavelengths but they experience a significant EQE increase at wavelengths close

to the band gap, ramping up to an enhancement factor of 6 with respect to the ITO cell

photoresponse.

These good Rs and Jsc values yield an overall efficiency of 7.4% for the Ag–NP electrode,

improving the results obtained by ITO (6.6%).

Table 4.2: Photovoltaic properties comparison between planar and microwire-based solar
cells under AM 1.5G illumination.

device Jsc V oc FF Rs η

configuration (mA/cm2) (V) (Ω) (%)
Planar 24.9 0.50 0.60 12 7.4
Microwires 22.7 0.35 0.36 16 2.8

Figure 4.13: Current–voltage characteristics of the best measured planar and microwire-based
solar cells under AM 1.5G illumination. The thickness of the Ag thin film in both cases is 17
nm.

As a further proof–of–concept, we coated microwire arrays with an Ag–NP top electrode. As

shown in Figure 4.4, the particles are uniformly distributed over all the wire surface forming

a conformal metallic network. Typical current–voltage characteristics of a microwire–based

device under AM 1.5G illumination is presented in Figure 4.13 and compared to its planar

counterpart. The microwire–based device exhibits a Rs of 16 Ω, a V oc of 0.35 V, a FF of 0.36,

a Jsc of 22.7 mA/cm2 and an efficiency calculated over the total projected area of 2.8%. It

should be noted that FF and V oc values of the microwire–based device are much lower than

those of the planar cell. Considering the high surface–to–volume ratio of microwires, the

microwire–based devices are more sensitive to surface recombination losses. Therefore, their

performance could significantly be affected by recombination losses produced at the metal/Si
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interface. In order to avoid this detrimental effect, the addition of an oxide layer between the

device and the nanoparticle film would minimize the contact area and prevent from interface

losses while keeping the light scattering advantages of surface plasmons [62, 133]. Still, this

solution could cause an increase of the series resistance. Therefore a compromise between

reducing ohmic losses and series resistance should be found.

The effect of the metallic film thickness on the performance of the microwire–based device

was also investigated. The initial thickness of PHEMA brushes could be controlled by changing

the polymerization time, which results in a linear variation of the final film thickness (Figure

4.6b). By fixing the polymerization time to 1, 2 and 7 hours, silver films with a thickness of

7, 17, and 24 nm, respectively, were obtained. In Figure 4.14, high–resolution AFM images

of the three film thicknesses are shown. It can be qualitatively observed that the size, shape

and density of Ag–NPs change with film thickness. From these images, the diameter of the

particles were estimated to be around 50 and 60 nm for a polymerization time of 1 and 2

hours, respectively. For a polymerization time of 7 hours, particles agglomerate. Then, when

increasing the thickness, the particles become larger, less spherical and less densely packed.

Figure 4.14: AFM images the Ag–NP film obtained after a polymerization time of (a) 1, (b) 2
and (c) 7 hours (fixed reducing agent concentration of 10 mM).

The current–voltage characteristics of microwire–based devices coated with these three differ-

ent Ag–NP film thicknesses were measured under illumination (Figure 4.15) and the results

are summarized in Table 4.3. As it could be expected, the silver film becomes more con-

ductive when increasing its thickness and it results in a drop of the series resistance from

143 to 14 Ω. Short–circuit current density also increases with the thickness, exhibiting an

increment of 27.5% and 32.5% for the 17– and 24–nm thick films with respect to the film of 7

nm, respectively.

Assuming that the metal particles are small compared to incident wavelengths, we can consider

the quasistatic approximation model introduced in section 4.2 to describe the light absorption

and scattering from Ag nanoparticles. It results from this theory that the absorption cross–

section of a particle, Cabs, depends linearly on its volume (Equation 4.4), whereas the scattering

cross–section, Csca, depends on the square of the particle volume (Equation 4.3). If we define
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the extinction cross–section as,

Cext =Csca +Cabs (4.6)

we can conclude that as the size of the particles increases, it is dominated by scattering

[129, 149]. For instance, the albedo (scattering cross–section over extinction cross–section) of

a 25–nm–diameter Ag particle is 0.1 and it rises up to 0.9 for particles with a diameter of 100

nm [150]. Therefore, at longer polymerization times particles are larger and their scattering

cross–section also increases.

Table 4.3: Measured photovoltaic properties of microwire solar cells for different Ag thin film
thicknesses.

polymerization time film thickness Jsc V oc FF Rs η

(h) (nm) (mA/cm2) (V) (Ω) (%)
1 7 17.8 0.38 0.29 143 2.0
2 17 22.7 0.35 0.36 16 2.8
7 24 23.6 0.30 0.36 14 2.5

Figure 4.15: Current–voltage characteristics of micropillar arrays coated with three different
Ag–NP film thicknesses: 7, 17 and 24 nm.

On the other hand, we should also consider the shape of particles. When increasing the

polymerization time, the particles become less spherical and they can exhibit the lightning

rod effect [151]. This could cause the concentration of the dipolar fields at the tip and corners

of the particles. The more needle–like the particle, the stronger the near–field enhancement.

Finally, we observe that the open–circuit voltage decreases with increasing the film thickness.

This could be due to an increase of recombination losses at the metal–semiconductor ohmic

contact when increasing the particles size, which limits the V oc of the solar cell.
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4.5 Conclusions

In conclusion, we have demonstrated the synthesis of highly conformal polymer–brush–

guided Au– and Ag–NP films on silicon microwire arrays. The proposed method uses thin

polymer films prepared by surface-initiated atom transfer radical polymerization as a template

for the formation of the electrode. This strategy allows to control the thickness, shape and

density of metal nanoparticles by controlling the polymer brush thickness. Such films exhibit

good conductive properties and enhanced light absorption due to the plasmonic scattering

properties of the particles. An increase of 2% and 46% on the short–circuit current density was

obtained for devices coated with Au– and Ag–NP, respectively, compared to the one reported

by cells coated with standard ITO as transparent electrode.
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5 Ordered Growth of III–V Nanowires
for Solar Cell Fabrication

There are two distinct approaches to create small objects: top–down and bottom–up. The

bottom–up approach, in which atoms assemble themselves to construct more complex struc-

tures, offers the possibility of going beyond the limits that top–down technologies establish.

The desired size and optical and electronic properties can be obtained by precisely controlling

their assembly during the growth. A key issue to integrate these structures to a wide range of

devices is the growth of ordered arrays, achievable by patterning the substrate. Here, the role

of the pattern geometry on the nanowire growth is still not fully understood. In this chapter,

some guidelines on the impact of holes spacing on the InAs nanowire growth will be given.

The potential and pitfalls of InAs nanowire arrays on Si as solar cells are exploited as well.
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5.1 Introduction

Indium arsenide is a widely used semiconductor material due to its high electron mobility,

which enables high–speed and low–power devices, as well as its direct band gap, which is

interesting for photon emitting and detection devices in the infrared. A key issue to make

indium arsenide (InAs) attractive for industrial applications is their integration on the largely

developed Si platform. The use of InAs nanowires on Si devices could provide them with faster

and more efficient performances, but still taking advantage of the renowned CMOS technology

platform.

From the perspective of a photovoltaic application, GaAs is much better suited material for

single–junction devices due to its band gap of 1.42 eV, which sits close to the visible range of

the solar spectrum. Shockley and Queisser calculated the theoretical upper limit or detailed

balance limit for the efficiency of solar cells as a function of the energy gap [12] (Figure 5.1).

The Shockley–Queisser limit predicts a maximum efficiency of around 6% for an InAs single

junction (band gap of 0.35 eV) while it rises up to 32% in the case of GaAs. However, it is

difficult to grow GaAs nanowires in a selfcatalysed–manner on a patterned Si substrate. It has

been shown that the thickness of the oxide layer together with sample preparation and surface

cleaning play an important role on GaAs nanowire growth [152–154]. Due to this setback, InAs

was chosen as a model system for III–V nanowires integration on Si. Solar cells based on GaAs

nanowire arrays will follow once the growth issues will be solved.

Figure 5.1: Shockley–Queisser limit for the efficiency of the solar cell depending on the energy
gap of the semiconductor. [155]

There are numerous difficulties to overcome for the growth of InAs on silicon (and III–Vs

in general), such as lattice mismatch and differences in thermal expansion coefficients and

polarity. The mismatch in the lattice constant between Si and InAs is 11.6%. This introduces an

interface strain that leads to the appearance of misfit dislocations. In the case of nanowires the

strain can be relaxed laterally thanks to their small diameter [156] and dislocations are present

only at the interface, with little impact on the device performance [157]. Similar problems

could be caused by thermal mismatch, as epitaxy growth takes place at high temperatures.
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Finally, because silicon is a nonpolar semiconductor whereas III–V semiconductors are polar,

anti–phase domains are very likely to occur [158]. Again, the use of nanowires can avoid this

problem since each crystal plane is believed to start growing by a single nucleation event

across the interface with the substrate [159].

In many applications, a control on the position and orientation of the nanowires is required to

effectively employ such structures. Vertical orientation can be achieved on Si (111) substrates

in very high yields [160–162] and ordered array of wires can in principle be attained by employ-

ing a patterned mask layer. Many techniques have been developed for nanopatterning, such

as electron beam lithography, nanoimprint lithography [163], nanosphere lithography [164],

phase shift lithography [74] or anodic aluminium oxide masks [165].

The effect of the pattern design on the nanowire growth has been investigated, but with

apparent contradictory results. While Hertenberger et al. [161] observed a clear dependency

of the axial growth rate with the pitch (constant growth rate for pitches larger than 1.5 μm

and decreasing growth rate with time for smaller pitches), Björk et al. [160] determined a

constant growth rate independently of the pitch. In this chapter, an analysis of the kinetics

that governs the growth of position–controlled and catalyst–free InAs nanowires grown by

Molecular Beam Epitaxy (MBE) is presented. As the growth process of InAs nanowires is very

sensitive to temperature, pressure, V/III ratio or oxide thickness, we studied samples grown in

the same conditions. In this way, the effect of the pattern geometry (size of the oxide openings

and spacing) could be evaluated in detail. Furthermore, a method to contact an array of

vertical nanowires for their use as solar cells is proposed.

5.2 Nanowire Growth Mechanisms

We have grown ordered arrays of InAs nanowires by molecular beam epitaxy. MBE is an

ultra–high–vacuum method of growing crystalline semiconductors. Thanks to its ultra–high

vacuum conditions, to the absence of chemical precursors and to the extreme purity of the

source elements, highly pure films can be achieved. Source elements are heated in separate

cells and deposited at a controlled rate on the target substrate. High–vacuum conditions in the

main chamber ensure that the mean free path of the vaporized atoms or molecules is larger

than the chamber diameter, such that there is no interaction between them before reaching

the substrate surface (the so called molecular beam).

Crystalline one–dimensional III–V nanostructures can be grown, either by MBE or other

synthesis techniques such as metalorganic vapor phase epitaxy (MOVPE) or chemical beam

epitaxy (CBE).
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5.2.1 Catalyst–assisted nanowire growth

A new concept to perform crystal growth from the vapor was formulated by Wagner and Ellis in

1964 [166]. They called it Vapor–Liquid–Solid (VLS) mechanism and it explains the growth of

1D nanostructures from a foreign metal droplet (typically gold). Growth species are collected

in the metal droplet and form a liquid alloy. Following the thermodynamic phase diagram, the

increase of growth species content in the liquid droplet leads to a supersaturation resulting in

the precipitation and epitaxial growth of a nanowire. Later on, Givargizov established the basis

of the kinetics involved in the VLS growth [167]. We take the example of a Si nanowire. In order

for Si to crystallize at the liquid–solid interface a thermodynamic driving force is required. This

force is called supersaturation and it is defined as the effective chemical potential difference

of Si dissolved in the liquid droplet and in the wire. According to the Gibbs–Thomson effect,

the supersaturation is related to the droplet diameter as follows:

Δμ=Δμ0 −4Ωα/d , (5.1)

where Δμ0 is the potential difference for a planar surface, Ω is the atomic volume of Si and d is

the droplet diameter. This results into a decrease of the growth rate for small droplets, i.e. thin

wires.

Later reports have showed that it is possible to grow a large variety of semiconductor com-

pounds by using this method. In the same way, besides Au, many metals can be used as

catalyst, such as Ti, Al, Mn or Ni [168, 169].

A variation of this mechanism is the vapor–solid–solid growth (VSS). In this case, the growth

is based on a solid–phase diffusion mechanism of a single component through a metal seed

particle [170]. The growth is performed at temperatures below the eutectic point.

5.2.2 Self–assisted nanowire growth

Despite the success of catalyst–assisted nanowire growth for a big disparity of materials,

such as group IV materials and III–V and II–VI compounds, the use of gold as catalyst has

many drawbacks. The main one is the incorporation of gold through the catalyst droplet to

the crystallographic structure, especially in defects such as stacking–faults [63]. Gold is a

fast–diffusing metal that introduces deep level traps into the band gap of the semiconductor,

resulting in a degradation of its electronic properties. Thus, the use of nanowires for optic

or electronic applications requires a crystallographic structure free of impurities. For this

reason, alternative growth mechanisms avoiding foreign metal seed particles have been

proposed [171].

The different methods of synthesis can be grouped in two main categories: particle–assisted

and particle–free growth. The first group comprises the above mentioned VLS and VSS con-

cepts but replacing the metal catalyst by one of the elements constituting the wire [153,

154, 172–175]. Within the second group we can distinguish between selective area epitaxy
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(SAE) [160–162, 176] and oxide–assisted growth (OAG) [177]. Both of them are based on the

idea of suppressing the lateral growth to fabricate a one–dimensional structure. In the SAE

case, the suppression is achieved by limiting the growth area with a low–sticking–coefficient

mask layer with well–defined openings [178]. Thus, the diameter of the wire is largely de-

termined by the size of the openings and a layer–by–layer vertical growth is enabled. The

1D growth is attributed to the formation of low growth–rate side facets [179]. OAG uses a

‘semiconductor–rich’ oxide cluster as a seed nucleus. During the subsequent growth, oxygen

atoms diffuse towards the edge forming an oxide shell which will prevent lateral growth.

5.2.3 InAs nanowire growth mechanism

The mechanism that rules the crystal growth of self–assembled InAs nanowires is still in debate

and both particle–assisted and particle–free mechanisms have been reported.

Among the defenders of a particle–free growth, the group of Fukui showed that InAs nanowires

grown in metalorganic vapor phase epitaxy (MOVPE) were composed of six vertical {1̄10}

facets and (111)B plane at the tip, indicating a selective area epitaxy growth [162]. Previously,

the same group reported about selective–area grown GaAs nanowires [179]. They analyzed

the crystal structure depending on the substrate orientation and growth conditions. They

Figure 5.2: Schematic representation of the two InAs nanowires growth mechanisms: (a)
Vapor–Liquid–Solid growth. An In particle is formed in the hole and acts as catalyst for the
growth. (b) Selective Area Epitaxy. InAs nucleates in the openings of the SiO2 mask and
continues growing vertically.
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achieved nanowire structures only on (111)B substrate at high temperature and low [AsH3]

conditions. These results dissent from a VLS hypothesis, in which nanowires tend to grow

following the [111]B direction independently of the substrate orientation. Their theory was

reinforced by demonstrating that the formation and growth rate of specific low–index facets

were determined by the growth conditions. Hertenberger et al. also justified this theory by

observing nontapered nanowires and an absence of InAs wetting layer [176].

On the other hand, Mandl et al. compared their experimental results with the predictions

resulting from the different growth mechanisms [174]. The hypothesis of an oxide–assisted

growth was rejected by studying the wire diameter when changing the growth time. This

theory is based on the existence of an oxide sidewall that prevents lateral growth, which is in

disagreement with the observed increase of diameter by time. Furthermore, they observed

opposite trends for nanowire density and number of openings in the oxide mask with temper-

ature, which is inconsistent with the theory of a selective area epitaxy. Thus, by performing

further experiments using different substrate materials and adding an interruption step during

the growth, they proposed a mechanism based on the VLS concept using In as a catalyst. The

oxide layer role is to immobilize In droplets restricting its size and making nanowire nucleation

possible, and the density of wires is temperature–dependent as the diffusion length of In also

depends on temperature. They finally suggested that In droplet crystallizes into an InAs tip

during cooling, since the AsH3 flow is maintained during this step to avoid wire decomposition.

Figure 5.2 illustrates the two different growth mechanisms.

In the following, we consider the contribution of diffusion of adatoms to the oxide openings,

desorption of adatoms from SiO2 and shadowing from the neighboring nanowires to the

growth of InAs nanowires on patterned Si substrate. The three effects are evaluated theoreti-

cally and compared to the experimental results.

5.3 Sample Preparation

In order to position control the nanowires a pre–growth nanopatterning of the substrate is

required. Thus, a layer of 20nm thermally–grown SiO2 was used as a mask to define the pattern

on a 2–inch <111> p–doped Si wafer with a resistivity of 0.1–0.5 Ω·cm. 90 nm of ZEP520A resist

(consisting of 11% methyl styrene and chloromethyl acrylate copolymer and 89% anisole),

diluted 50% in anisole was spin–coated before performing an electron beam lithography.

Hole arrays with nominal diameters of 45 nm and spacings (measured from center to center)

ranging from 200 nm to 10 μm were then transferred to the silicon wafer by exposing the

samples to a short O2 plasma (descum) to remove any resist residuals and dipping them in a

solution of buffered hydrofluoridric acid (BHF, 7:1) for 12 s. Finally, a long O2 plasma strip was

performed to completely remove all the ZEP resist. After the process, the real diameter was in

average 110 nm.

To ensure a perfectly clean and oxide–free surface in the holes a 2 s BHF dip followed by a 3 min

deionized (DI) water rinsing was performed before keeping the sample in isopropyl alcohol
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Figure 5.3: SEM images tilted 25◦ of nanowire arrays grown for (a) 1 h, (b) 2 h, and (c) 5 h. The
spacing in the three cases is 1200 nm.

until its introduction in the MBE load lock. The substrates were subsequently introduced

in the degassing chamber and heated up at 600◦C for 2 h in order to degas any remaining

organic residuals. Just before the growth, they were loaded in the growth chamber and heated

to around 800◦C for 30 min to further remove any possible contaminants. Finally, the growth

was carried out at 500◦C and with a nominal In growth rate of 0.2 Å/s, As4 partial pressure of 6

×10−6 Torr and with 7 rpm rotation. Temperature was calibrated using a pyrometer on the

sample holder. Under these conditions, three growths were performed for 1, 2 and 5 hours. A

picture of the three growths for a pitch of 1200 nm is shown in Figure 5.3. The growth of InAs

nanowires was homogeneous over the array area for all spacings.

5.4 Results

Despite the intense debate around the mechanism leading the growth of InAs nanowires,

we have not found any investigations to correlate nanowire spacing with its volume and

geometrical characteristics. This kind of study can give us access to physical parameters such

as the diffusion length of adatoms. In order to do so, three different growths were carried out

changing the growth time to 1, 2 and 5 hours. Top and bottom diameters as well as the length

were measured over 30 nanowires for each spacing. The volume was calculated considering

nanowires as truncated cones.

We analyzed the diameter and length of the nanowires for the same hole size as a function of

the spacing. Figure 5.4a and 5.4b show the evolution of the nanowire length and tip diameter,

respectively, as a function of the pitch for the three different growth times. The nanowire length

seems to follow a competitive growth regime to diffusion–limited growth regime transition [161].

For pitches equal or above half of the diffusion length, adatoms collection is constant and

limited by the number of adatoms that impinge within a circle whose radius is equal to the

diffusion length. This regime is called diffusion–limited growth. However, in our case the

diffusion lengths resulting from this theory change from 400 to 1000 nm with the growth time

(but the same growth conditions). On the other hand, for pitches below half of the diffusion

length, adatoms are distributed equally over all the holes. As holes compete against each other
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Figure 5.4: Geometrical characteristics as a function of the pitch: (a) length, and (b) tip
diameter. Statistics of the three growths are performed on 45–nm holes.

to adsorb an adatom, this regime is called competitive growth. In this regime, wires should

grow both, axially and radially, with the spacing. Figure 5.4b shows that for a 1–hour growth

the diameter does not change with the spacing, what is also contradictory with the model.

Thus, in order to study more accurately the growth mechanism, we will analyze the relation

between the volume of the nanowire and the spacing between them, as it includes the total

amount of incorporated adatoms.

5.4.1 Theoretical Model

To understand better what guides the growth synthesis, we will simplify it by dividing the

whole process in four different processes [180]:

• Adsorption

• Diffusion

• Desorption

• Incorporation

The income vapor flux impinges onto the substrate and only a certain amount of the source

flux will physisorb onto the surface. This phenomenon is called adsorption. Adsorption of

atoms from their vapor phase to a solid surface occurs when attractive forces act at short

distances between them (process 1 in Figure 5.5).

Opposite to adsorption is desorption (process 3 in Figure 5.5). Desorption of arsenic is very

rapid while indium desorption becomes important at temperatures above 500◦C. Hence, for
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Figure 5.5: Sketch of the kinetic processes considered in the nanowire growth: (1) adsorption,
(2) diffusion on the substrate, (2’) diffusion along the nanowire sidewalls, (3) desorption, and
(4) incorporation.

conventional growth, the growth rate is limited by the group III element. The desorption rate

is given by the Arrhenius equation:

−dθ

dt
= ν⊥ exp

(
− Ed

kT

)
, (5.2)

where ν⊥ is the vertical vibration frequency of the adatom and Ed is the activation energy for

desorption. For diffusion to occur, Ed should be bigger than EA.

Once the atom is adsorbed it diffuses over the surface following the Einstein diffusion equation:

∂ p(x, y, t )

∂t
= D ·∇2p(x, y, t ), (5.3)

where the function p(x,y,t) describes the probability of finding a particle at the position (x,y) at

the time t and D is the diffusion coefficient or diffusivity defined by:

D = ν− exp

(
− EA

kT

)
. (5.4)

ν− is the horizontal vibration frequency and EA is the activation energy required to jump to a

new position. Since the activation energy depends on the temperature and on the nature of

the substrate, the diffusivity on the SiO2 layer and on the uncovered Si substrate will differ,

leading to a gradient of concentration. For the sake of simplicity, we can assume that the

gradient of concentration points towards the center of the nearest Si hole, meaning that the
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adatom distribution changes only on the direction of the gradient vector, −→r . Thus, equation

5.3 can be converted to a one–dimensional diffusion equation:

∂ p(r, t )

∂t
= D · ∂

2 p(r, t )

∂r 2 , (5.5)

with the initial condition:

p(r, t → 0) = δ(r − r0) (5.6)

and the boundary condition at r→∞:

p(r →∞, t ) = 0. (5.7)

If we consider Si holes as absorbing points, i.e., a point that absorbs every atom impinging on

it, the other boundary condition will be defined by:

p(r = 0, t ) = 0 (5.8)

The analytical solution to this problem is [181]:

p(r, t ) = 1�
4πDt

exp

[
− (r − r0)2

4D(t − t0)

]
− 1�

4πDt
exp

[
− (r + r0)2

4D(t − t0)

]
, r ≥ 0. (5.9)

The second term in equation 5.9 corresponds to particle removal by the absorbing point, i.e.

an atom that has been incorporated in the nanowire (formation of a chemical bond, process 4

in Figure 5.5). Thus the total amount of particles removed by the absorbing point is:

N (r, t ) = 1−
∫∞

0
p(r, t ) dr,

= erfc

[
r0�

4D(t − t0)

]
. (5.10)

The value of (t − t0) is determined by the lifetime, τ, of In atoms on the surface and their

diffusion length is characterized by LD =�
D τ.

To obtain the final volume of the nanowire, we just need to integrate equation 5.10 over the

surrounding collecting area (which in our case is a circle of radius half of the pitch (P)) and

add the adsorbed volumetric flux, Qs. Qs is described by,

Qs =Q0 · (1− rdes), (5.11)

where Q0 is the incoming volumetric flux and rdes is the desorbed fraction.
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Therefore, the final expression is:

V =Qs

∫
Ω

N (r, t ) =Qs

∫P/2

0
erfc

[
r0

2LD

]
2πr dr,

V =Qs
π

2

⎡
⎢⎣4L2

D erf

(
P

4LD

)
+ P

2

⎛
⎜⎝P erfc

(
P

4LD

)
−

4LD exp
(
−P 2

16L2
D

)
�
π

⎞
⎟⎠
⎤
⎥⎦ . (5.12)

Finally, incorporation can occur either from the sidewalls or from the tip. As the nanowires are

composed by non polar {110} side facets and a polar (1-11)B plane at the tip, the incorporation

rate is faster axially than radially.

5.4.2 Experimental Results

In this section, the presented theoretical model is compared to the experimental data obtained

from the three growths. The growth conditions in the three cases are the same and only the

growth time was changed to 1, 2 and 5 hours. In Figure 5.6 the volume of the nanowires is

plotted as a function of the spacing. The nominal diameter of the oxide openings is 45 nm

and the spacings vary from 200 nm to 10 μm. Data points are fitted by equation 5.12 and the

parameters resulting from the fitting are summarized in table 5.1.

Table 5.1: Diffusion length, LD, total adsorbed flux, Qs, and desorbed fraction, rdes obtained
from the fitting of the volume vs pitch.

Growth time LD Qs Q0 rdes

(h) (nm) (nm) (nm)
1 237 29.5 72 0.59
2 409 54.8 144 0.62
5 1130 125.7 360 0.65

The total adsorbed flux, Qs, increases in a proportional manner with time. From the nominal

In growth rate (0.2 Å/s) the total incident volumetric flux for each growth can be calculated and,

hence, the desorbed fraction is also obtained. As shown in table 5.1, the resulting desorbed

fraction is around 0.6, increasing slightly with the growth time. This yields a desorption rate of

−dθ/dt � 0.12 Å/s at 500◦C.

From the fittings, the diffusion length of In adatoms was also obtained. In order to do so, we

should consider the shadow effect originated by the neighboring nanowires [182]. Consid-

ering that the incident beam is tilted 60◦ from the substrate plane, the maximum length of

the nanowire for being free from shadowing is defined by h = P · tan60 (Figure 5.7). When

nanowires become longer than h, the majority of the incident In atoms impinge directly on

the nanowire and diffuse along its sidewall. This means that for nanowires long and close
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Figure 5.6: Average volume of nanowires as a function of the pitch for three different growth
times (a) 1 h, (b) 2 h, and (c) 5 h. Solid lines show the fitting of Equation 5.12 to the experimental
data.
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each other enough to be affected by shadowing, the diffusion length obtained from the fitting

includes proportional contributions from the diffusion length of adatoms diffusing on the

silicon oxide substrate and the diffusion length of adatoms impinging directly on the nanowire

and diffusing along the InAs sidewall.

Figure 5.7: Schematic of the nanowire growth illustrating the shadowing effect (P denotes the
pitch between wires, L is the length of the nanowire, r is the radius of the shadowed area and θ

is the angle of the beam flux respect to the substrate plane). When the wires reach a certain
height a fraction of the incident flux will be captured by the neighboring nanowire.

Nanowires grown for 1 hour are shorter than h for all pitches. Thus, we can consider that

almost all the atoms have been incorporated into the nanowire after diffusing on the oxide.

Therefore, the diffusion length calculated for this growth is the diffusion length of In adatoms

on silicon oxide, which is around 240 nm.

A lower bound of the diffusion length of In adatoms on InAs(110) can be estimated from the

5–hour–growth sample (LD = 1.1 μm). In this case, nanowires are affected by shadowing. As

the diffusion length of In adatoms on InAs is larger than on SiO2, LD on InAs cannot be smaller

than 1.1 μm.

The upper bound can be determined from nanowires tapering. InAs nanowires present a

pronounced tapering due to the contribution of adatoms diffusing from the substrate to the

lateral growth (Figure 5.8a). In Figure 5.8b the bottom diameter/top diameter ratio for the three

different samples are compared. For pitches larger than 3 μm, since there is no shadowing

from the neighboring nanowires, the ratio between the tip diameter and the base diameter
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Figure 5.8: (a) SEM tilted view of a grown InAs nanowire exhibiting a pronounced tapering. (b)
Ratio bottom/top diameter depending on the pitch. For large spacings, there is no shadowing
from the neighboring wires and the ratio between the tip diameter and the base diameter
becomes independent of the pitch.

becomes independent of the distance between wires. The ratio is around 1.2 for 1–hour and

2–hour growth samples, while for the longer growth the tapering is more pronounced (ratio of

1.35). This can be attributed to the diffusion length of adatoms on the nanowire surface: LD

is smaller than the nanowire height and adatoms diffusing from the substrate cannot reach

the tip. Then, the lateral growth at the tip is only induced by atoms impinging directly on

the sidewall. Hence, the diffusion length of adatoms on InAs is smaller than the height of the

nanowires grown for 5 hours, which is around 5 μm. These results confirm that the adatoms

diffusion length on the InAs(110) sidewall is between 1.1 and 5 μm, which is in good agreement

with the 1.5 μm reported by Tchernycheva et al. [183].

5.5 Application to Solar Cells

The achievement of ordered arrays of vertical InAs nanowires on top of p–doped silicon

substrate gives us the chance to study the performance of the heterostructure formed between

InAs and p–Si as a solar cell. Even though the grown InAs nanowires are not doped, InAs

surfaces are known to possess a high concentration of donor–type surface states, which results

in an electron accumulation layer and, consequently, Fermi level pinning [184]. Thus, it

creates a p–Si/i–InAs/n–InAs structure.

The growth of InAs nanowire arrays is described in Section 5.3. In this case and in order to

make a device, the substrate was patterned with a 1.5×1.5 mm2 array of holes with a diameter

of 100 nm and a pitch of 800 nm. The wires were grown at 500◦C, with an arsenic partial

pressure of 6×10−6 Torr and a rotation of 7 rpm for 1 h. The indium cell was heated up to
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790◦C, which is equivalent to a nominal In growth rate of 0.2 Å/s. Under these conditions,

2–μm long wires were obtained with diameters around 168 nm. A SEM picture of the as–grown

wires is depicted in Figure 5.9a. After the growth and in order to electrically insulate the

p–doped Si substrate from a subsequent front contact, wires and substrate were covered by a

17–nm thick conformal layer of sputtered SiO2 (Figure 5.9b). Then, wires were embedded in a

polymer matrix which would act as an etch barrier for the oxide located on the substrate. For

this purpose, photoresist AZ1512HS was spin–coated at 1700 rpm for 1 min and baked at 120◦C

for 5 min, obtaining an homogeneous film of 2050 nm (Figure 5.9c). Afterwards, the resist

layer was etched down for 2 min using an O2 induced coupled plasma (ICP)(Figure 5.9d). A

controlled etch was achieved by using an electrostatic chuck power of 100 W and an ICP source

power of 600 W. The remaining photoresist thickness was around 275 nm. The sputtered oxide

Figure 5.9: 20◦ tilted SEM images of the fabrication process. (a) As–grown InAs nanowires array
on a p–doped Si substrate. (b) Sputtering of 45 nm of SiO2. (c) Spin–coating of 2–μm thick
AZ1512HS photoresist. (d) Partially etched photoresist and removal of the unprotected oxide.
(e) Removal of the remaining photoresist. (f) Sputtering of ITO front contact. (g) Schematic of
the final device composed by a Si–InAs p–n heterojunction.
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covering the polymer–free part of the wires was removed by dipping the samples in BHF, 7:1

solution for 45 s (Figure 5.9e). Before depositing the front contact, a last O2 plasma removal

was carried out to clean the sample from any organic residue. Finally, 200 nm of aluminium

were sputtered on the backside and 500 nm of ITO on the front side (Figure 5.9f). On top of

the ITO, a layer of 10 nm of Ti and 200 nm of Au was evaporated through a metallic mask all

around the arrays to have a better contact with the probe tip. A sketch of the final device is

depicted in Figure 5.9g.

The current–voltage characteristics were measured in the dark and with a sun simulator under

illumination conditions of AM1.5G. An example of the resulting curve is shown in Figure 5.10.

The open–circuit voltage and fill factor are respectively 310 mV and 0.32. The short–circuit

current density obtained was 14 mA/cm2, taking into account the total area of the array

(2.25 mm2), resulting in an efficiency of 1.4% (the Shockley–Queisser limit for an InAs single

junction is around 6%). However, if we only consider the junction area, which is the interface

between Si substrate and InAs nanowires (∼8.00×10−4 cm2), the short–circuit current density

rises up to 392 mA/cm2. The maximum power generated is 31.7 μW which gives an apparent

efficiency for each individual nanowire of 39.6%.

Figure 5.10: I–V characteristic curve of InAs nanowire arrays on p–doped Si in the dark and
under AM 1.5G illumination.

To further analyze the spectral response of the photocurrent, the external quantum efficiency

(EQE) was also measured as shown in Figure 5.11a. The overall photoresponse is dramatically

low and it presents a peak between 700 and 800 nm. Finite Difference Time–Domain (FDTD)

simulations [90] were performed to understand the light absorption in the device and are

plotted in Figure 5.11b. The structure simulated was composed by an array of InAs nanowires

standing on a 1 μm thick Si substrate. The nanowires have a diameter of 160 nm, a length

of 2μm, 800 nm of pitch, a layer of 17 nm of silicon dioxide covering the substrate and a

layer of 150 nm of ITO as front electrode. An incoming plane wave polarized along the x–

direction and approaching the structure at normal incidence was modeled. According to the
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Figure 5.11: (a) External quantum efficiency (EQE) of i–InAs nanowires on p–doped Si substrate.
(b) FDTD simulated cross–sections of the electric field energy density (above: cross–section at
x= 0; below: cross–section at y= 0) at 450, 550, 600, 700, 800 and 1000 nm.
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Figure 5.12: Band diagram of Si/InAs heterojunction at thermal equilibrium in (a) dark and (b)
under illumination. Jh+ denotes hole tunneling current and Je− , current due to electrons drift.

simulations, for most of the wavelengths light is absorbed mainly at the upper part of the

nanowire except for the range of wavelengths from 700 to 800 nm, in which light is absorbed

more homogeneously along the wire and also a small fraction is absorbed in the Si substrate.

Figure 5.13: Axial and radial components of the calculated built–in electric field. For the
calculations, we considered an i–InAs nanowire of 150 nm of diameter standing on a p–Si
substrate (doping concentration of 4×10−14 cm−3).
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If we now have a look at the calculated band diagram of the heterostructure in the dark and

under illumination depicted in Figure 5.12, we can observe that the valence band is barely

bent while the conduction band offset is much larger. Thus the band alignment favours the

flow of electrons from the silicon substrate to the InAs nanowire while it screens the flow of

holes from InAs to Si. To further illustrate this, we calculated the built–in electric field at the

heterojunction with the software package nextnano3 [89]. For the calculations, we considered

a cylindrical i–InAs nanowire with a diameter of 150 nm standing on a p–doped Si substrate

(doping concentration of 4×1014 cm−3). Figure 5.13 depicts the axial and radial electric field

at the junction. As it can be clearly seen, the depletion region in the Si substrate is much larger

than the depleted volume in the InAs nanowire. Moreover, it is well known that InAs nanowires

content a lot of stacking defects [185], leading to a small diffusion length of carriers. Then,

most of the carriers generated at the nanowire will be lost by recombination before reaching

the junction by diffusion. These results explain the low values of the quantum efficiency. On

the other hand, the peak at around 700–800 nm is from the light absorbed closer to and in the

Si substrate, as electrons are better collected thanks to the higher electric field at this area.

The origin of the generated photocurrent could be localized by spatially resolved photocurrent

measurements. This technique also allows to determine the diffusion length of electrons in

the silicon substrate. The nanowire array was mounted on a x–y piezostage and illuminated

Figure 5.14: Schematic of the photocurrent line–scan measurement and photocurrent profiles
at 600, 800 and 950 nm. The red line shows the fitted photoresponse exponential decay versus
distance from the heterojunction.
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with a wavelength of 600, 800 and 950 nm and a spot diameter of 976, 1301 and 1545 nm,

respectively. The photocurrent was line–scanned along 80 μm, from the InAs nanowire array

to the silicon substrate, away from the junction. Figure 5.14 shows the current generated in

the Si/InAs heterojunction and the exponential decay dependence on the distance from the

junction for each wavelength. The response is quite homogenous when the light spot is placed

on the nanowires and increases significantly when the uncovered silicon substrate next to

the junction is illuminated. Then the photoresponse decreases exponentially when moving

away from the array. These results confirm what stated above: the light is mainly absorbed

within the wires and, because of the energy–band alignment, the current is generated by

the holes diffusing from InAs to Si. Nevertheless, when light is absorbed within the silicon,

electrons are attracted from the silicon to the junction by the built–in electric field created by

the conduction band offset. The photoresponse profile at the InAs–to–Si transition becomes

less sharp with the wavelength because the spot of the light increases linearly with it.

On the other hand, the diffusion length of minority carriers in silicon can be extracted from the

exponential decay of the photoresponse versus the distance from the junction by the following

expression:

Iph ∝ exp

(
− d

Ldiff

)
, (5.13)

where Iph is the photocurrent, d is the distance from the junction and Ldiff is the diffusion

length. The diffusion lengths obtained were 17.8, 39.8 and 123.3 μm for a wavelength of 600,

800 and 950 nm, respectively. This increase is due to the surface effect: longer wavelengths

are absorbed deeper inside the silicon, where there is lower density of traps and, hence,

lower recombination rate. However, all values should increase when illuminating with higher

intensities. It follows from equation 3.1 that when the density of carriers is lower than the

density of traps, the recombination rate presents a constant maximum dominated by the

concentration of traps. Then, for higher densities of carriers the recombination rate decreases,

leading to an enhancement of lifetime over one order of magnitude [186], which would be

in agreement with values reported in Table 2.1 for surface lifetimes and in literature for bulk

lifetimes.

Therefore, the potential of InAs nanowire arrays on Si as a solar cell could be further improved

by increasing the spacing between wires. In this way, more light could be absorbed in the

silicon substrate by keeping the antireflective function of nanowires.

5.6 Conclusions

Ordered arrays of vertical InAs nanowires on a patterned SiO2/Si substrate were grown by

means of molecular beam epitaxy. A theoretical model based on the diffusion of adatoms to

the oxide openings and desorption of In adatoms was proposed and fitted to the nanowire

volumes obtained from three different growth times. The diffusion length and desorption rate
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of In adatoms on oxide were calculated and resulted to be approximately 240 nm and 0.12

Å/s, respectively, for a growth temperature of 500◦C, a nominal In growth rate of 0.2 Å/s and

As4 partial pressure of 6 ×10−6 Torr. Also the diffusion of In adatoms on InAs sidewalls was

considered to explain nanowires tapering. This study gave us access to the diffusion length of

In adatoms on InAs, resulting in a value ranging between 1.1 and 5 μm.

Finally, the heterojunction formed by InAs nanowires on p–doped Si was evaluated as a solar

cell. We obtained a Jsc and an efficiency of 14 mA/cm2 and 1.4%, respectively, considering the

total projected area of the array. The external quantum efficiency results showed a very low

photoresponse of the device. It was demonstrated that the light is mostly absorbed within the

InAs nanowires and photocurrent is limited by the small valence band offset, which creates a

small drift current of holes from InAs to Si. However, the current of electrons from Si to InAs is

more favourable due to a high conduction band offset. Thus, the device performance could be

significantly improved by increasing the spacing between wires, which would lead to a higher

absorption of light within the substrate and higher photocurrent. Finally, the diffusion length

of minority carriers in the silicon substrate was shown to be strongly affected by the surface

recombination.
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6 Summary

In this last chapter the main results achieved throughout this thesis are highlighted. The

prospects of nanowires for high photon–to–electron conversion efficiency have been explored.

The main points covered in it are the engineering of the radial junction, the influence of

surface recombination on the overall performance of the device, the implementation of

a highly conformal metal nanoparticle film as front electrode and the integration of III–V

nanowires on silicon.
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Semiconductor nanowires exhibit unique electrical, optical, magnetic and mechanical proper-

ties due to their quasi–one dimensional structure. In recent times they have been explored

for electronic, optoelectronic and sensor applications. In this work, we have addressed dif-

ferent aspects of the system that may influence on the performance of the final device for

photovoltaic purposes. The main results accomplished in this thesis are summarized below.

In chapter 2, the influence of the microwires geometry and doping level on the photovoltaic

performance has been explored. With this aim, a top–down method to obtain radial junction

silicon microwire solar cells has been developed. Energy conversion efficiencies of 10.13%

were achieved on solar cells with 29 mm2 areas. Microwire arrays showed good light absorption

properties, being the absorption linearly dependent to the microwire length. However, this

did not necessarily lead to higher short–circuit current densities: long microwires suffer from

higher surface and junction recombination losses, which cancel out the benefits from the

light absorption enhancement. In addition, studies on the p– and n–doping levels revealed

that the doping of the core should be kept low in order to reduce bulk recombination and its

radius should be smaller than the diffusion length of minority carriers. On the other hand,

the shell should be highly doped and as thin as possible to limit emitter losses. Finally, both

core diameter and shell thickness should be scaled with the depletion width in order to avoid

a fully depleted structure.

The impact of the surface recombination on the photovoltaic properties of axial p–n junction

silicon nanowires has been studied in chapter 3. Nanowire arrays have been defined by

Near–Field Phase–Shift Lithography, a method based on traditional optical lithography which

allows the obtention of submicron structures. It has been shown that the reduction of the

recombination velocity contributes to a significant enhancement of both the open–circuit

voltage and the short–circuit current, resulting in higher efficiencies. Four different passivation

layers have been tested: ALD Al2O3, thermally grown SiO2, PECVD SiNx and a thermal SiO2/

PECVD SiNx bilayer. It has been demonstrated that an improper field–effect passivation could

lead to higher losses. For instance, positive fixed charges on p–type silicon causes carrier

inversion. In the case of low doping level, a high concentration of fixed charges (introduced

by the SiNx layer) results in inversion conditions across the whole nanowire cross–section,

shifting the junction to the base of the wire. On the other hand, lower densities of fixed charges

(in the case of the SiO2/Si interface) can cause the electron and hole densities to become equal

within the nanowire diameter, which favours the recombination. The same is applicable for

negative fixed charges (in the Al2O3/Si system) on n–type silicon. The addition of a hydrogen–

containing capping layer on the thermally grown SiO2 suppresses the fixed charges at the

interface and improves the chemical passivation, giving rise to a great improvement of the

device performance.

In chapter 4, we have proposed a novel method to coat complex 3D structures with a confor-

mal metal nanoparticle film. Gold and silver nanoparticle networks were synthesized via a

polymer–brush–guided method generated by surface–initiated polymerization. A uniform

coverage across the entire surface has been achieved following this approach. Moreover, the
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dependency of the type, size, shape and density of the particles on the polymer matrix thick-

ness has been demonstrated. Both films present good conductive properties and enhanced

light absorption due to the plasmonic scattering properties of metal nanoparticles. In fact,

the light scattering cross–section of the particles increases with the size resulting in higher

short–circuit current densities. Silver nanoparticle films exhibit photocurrent densities 46%

higher than those exhibited by devices coated with sputtered indium tin oxide as transparent

electrode.

In the last chapter, we have outlined the growth, fabrication and integration of III–V nanowires

on silicon. Ordered arrays of vertical InAs nanowires were grown on a patterned SiO2/Si

substrate by means of molecular beam epitaxy. The growth of the nanowires has been demon-

strated to be controlled by the diffusion of In adatoms on the oxide surface to the openings.

The diffusion length and desorption rate of In on SiO2 have been calculated to be approxi-

mately 240 nm and 0.12 Å/s, respectively, for a growth temperature of 500◦C, a nominal In

growth rate of 0.2 Å/s and As4 partial pressure of 6 ×10−6 Torr. The diffusion length of In

adatoms on the InAs nanowire sidewalls has also been determined when comparing arrays

with different spacing between wires and growth times. A diffusion length between 1.1 and 5

μm has been obtained. The potential of the InAs/p–Si system for photovoltaic applications

has been evaluated. Light absorption simulations determined that the light is mainly ab-

sorbed within the wires. However, the InAs/p–Si band alignment is not favourable to create

a drift current from InAs to Si. In addition, we have presented evidence that when the light

is absorbed in the silicon substrate it highly contributes to a better photoresponse due to a

high conduction band offset that pushes electrons towards the junction. On the other hand,

surface recombination at the substrate was shown to dramatically reduce the diffusion length

of minority carriers: the diffusion length was found to increase from 18 to 123 μm when

increasing the wavelength, and thus, generating the carriers further apart from the surface.

In conclusion, radial p–n junction nanowire arrays are good candidates for third generation

solar cells. They exhibit a great potential in terms of light absorption and carrier collection,

which can be strengthened through a good surface passivation and an optimum design.

Moreover, they are interesting structures to use for materials with low diffusion lengths when

configured in a radial manner. They also offer the possibility of combining different materials

to create multijunction devices to match a broader range of the solar spectrum while using

less material than for planar devices.
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