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Abstract

Abstract: Silicon Nanowire (SiNW) based solar cells offer an interesting choice
towards low-cost and highly efficient solar cells. Indeed solar cells based on SiNWs
benefit from their outstanding optical properties such as extreme light trapping and
very low reflectance. In this research project, we have fabricated disordered SiNWs
using a low-cost top-down approach named the Metal-Assisted-Chemical-Etching
process (MACE). The MACE process was first optimized to reduce the strong
agglomeration observed at the top-end of the SiNWSs by tuning the wettability
properties of both the initial substrate and the SiNWSs surface. By combining the
MACE process with the nanosphere lithography, we have also produced ordered SINW
arrays with an accurate control over the pitch, diameter and length. The optical
properties of these SiINW arrays were then investigated both theoretically and
experimentally in order to identify the geometrical configuration giving the best optical
performance. Disordered and ordered SiNW arrays have been integrated into two types
of solar cells: heterojunction with intrinsic thin layer (HIT) and hybrid devices. SINW
based HIT devices were fabricated by RF-PECVD and the optimization of the process
conditions has allowed us to reach efficiency as high as 12.9% with excellent fill factor
above 80%. Hybrid solar cells based on the combination of SINWSs with an organic
layer have also been studied and characterized. The possible transfer of this concept to
the thin film technology is finally explored.

Keywords: " Solar cells”, " Silicon Nanowires (SiINWs)", "Heterojunction with
Intrinsic Thin layer (HIT)", "Hybrid", "Metal Assisted Chemical Etching
(MACE)", "Agglomeration", "Optical Properties".

Titre: Nanofils de silicium pour le solaire: du matériau a la cellule photovoltaique

Résumé: Les cellules solaires a base de nanofils de silicium offrent une alternative
intéressante pour la réalisation de panneaux photovoltaiques a haut rendement et a
faible co(t. Elles bénéficient notamment des excellentes propriétés optiques des
nanofils qui forment une surface a trés faible réflectivité tout en piégeant efficacement
la lumiére. Dans cette thése, nous utilisons et améliorons une méthode de gravure
chimique peu codteuse et industrialisable pour la fabrication de foréts de nanofils de
silicium. En adaptant la mouillabilité du substrat et des nanofils, nous avons remédié
au probléme d'agglomération inhérent a cette méthode lorsqu’on veut obtenir des foréts
denses et désordonnées de nanofils. En combinant cette méthode de gravure chimique
a la lithographie assistée par nanosphéres, nous avons pu fabriquer des réseaux
ordonnés de nanofils avec un controle précis des propriétés géométriques (diametre des
nanofils et distance entre eux). Les propriétés optiques de ces réseaux ont été étudiées
théoriquement et expérimentalement afin d'identifier les configurations optimales.
Nous avons ensuite fabriqué des cellules solaires a partir de ces différents types de
nanofils et deux types de structures. Le premier type, des cellules solaires HIT
(Hétérojonction avec couche mince Intrinseque) a base de nanofils de silicium, a été
fabriqué par RF-PECVD. L'optimisation des conditions de dépbt plasma nous a permis
d'obtenir des cellules solaires hautement performantes: rendements de 12,9% et
facteurs de forme au-dela de 80%. Le second type, des cellules solaires hybrides, est
basé sur la combinaison d'une couche organique et des nanofils de silicium. La
caractérisation des cellules fabriquées montre des rendements prometteurs. Enfin, nous
présentons des résultats préliminaires pour transférer ces concepts a une technologie
couches minces.

Mots clés: "Photopiles”, Nanofils", Silicium™," Semi-conducteurs-Attaque
Chimique", Agglomération, "Nanofils, Propriétés Optiques".
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Substancial Summary in French / Résumé

substanciel en francais

Les cellules solaires a base de nanofils de silicium offrent une
alternative intéressante pour la réalisation de panneaux photovoltaiques a haut
rendement et & faible colt. Elles bénéficient notamment des excellentes
propriétés optiques des nanofils qui forment une surface a trés faible réflectivité
tout en piégeant efficacement la lumiere. Dans cette thése, nous utilisons et
améliorons une méthode de gravure chimique peu codteuse et industrialisable
pour la fabrication de foréts de nanofils de silicium. Cette méthode permet
d'obtenir des foréts denses et désordonnées de nanofils sur de grandes surfaces
en quelques secondes. Néanmoins, un probléme inhérent a cette methode est
I'agregation de ces nanofils qui se collent les uns aux autres et forment ainsi de
larges paquets. Cette agglomération est souvent citée comme un facteur limitant
pour la réalisation de cellules solaires a haute performance a base de nanofils
car, en plus de dégrader les propriétés électriques et optiques du systeme, cela
empéche également le revétement conforme de ces nanofils par le matériau
photoactif qui ne peut pénétrer entre les nanofils. Une analyse théorique des
forces mises en ceuvre pendant le processus de fabrication nous a permis de
comprendre que I'agglomération des nanofils résulte de I'interaction entre les
forces attractives et répulsives qui s'exercent sur les nanofils. Notamment,
I'interaction capillaire est la principale force responsable de l'agrégation des
nanofils alors que les forces de Van der Waals deviennent prévalentes lorsque

l'interdistance entre les nanofils est de l'ordre du nanométre. Cet effet est
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exacerbé par l'irrégularité des structures fabriquées puisque les forces
d'interaction ne se compensent pas, d'ou la formation de larges agglomérats. En
adaptant la mouillabilité du substrat et des nanofils, nous avons remédié au
probléme d'agglomération inhérent a cette méthode lorsqu’on veut obtenir des
foréts denses et désordonnées de nanofils. En effet, nous avons démontré que
I'ajustement des propriétés de mouillage du substrat de silicium initial permet
de contrdler la densité et l'uniformité du réseau de nanofils fabriqué, tandis que
modifier la mouillabilité de la surface des nanofils aprés leur fabrication par un
traitement hydrophobr permet de réduire de maniére trés significative
I'agglomération des nanofils de silicium. Cela nous a permis d'obtenir des foréts
désordonneées de nanofils denses et uniformes avec une agglomération réduite.

Néanmoins, ce procédé de fabrication permet uniquement de contrdler la
longueur des nanofils mais ne permet pas de jouer sur les autres paramétres
géométriques tel que le diamétre ou l'interdistance. Ainsi, nous décidames de
combiner cette méthode de gravure chimique a la lithographie assistée par
nanosphéres. Cela nous permit de fabriquer des réseaux ordonnés de nanofils
avec un contréle précis des propriétés geométriques (diamétre, interdistance et
longueur des nanofils).

Dans un second temps, les propriétés optiques de ces réseaux (ordonnés
et désordonnés) ont été étudiées théoriquement et expérimentalement afin
d'identifier les configurations optimales. Les propriétés optiques des réseaux de
nanofils dit désordonnés sont déterminées essentiellement par la longueur des
nanofils. La situation est beaucoup plus complexe dans le cas des réseaux de
nanofils ordonnés pour lesquels la géometrie a un effet drastique sur les

propriétés optiques. Par exemple, la réflectivité moyenne sur la gamme de
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longueur d'onde 400-1100 nm varie entre 3 et 20% suivant la géométrie. Cela
démontre l'importance de I'optimisation des parameétres geométriques de la
structure afin de maximiser le rendement des cellules solaires fabriquées. Nous
avons également observé que les réseaux de nanofils ordonnés diffractaient la
lumiére et que la figure globale de diffraction est une superposition de figures
de diffraction hexagonales provenant de différentes zones de I'échantillon ayant
des orientations légérement différentes. Nous avons ensuite modélisé ces
réseaux de nanofils ordonnés par la technique RCWA (Rigorous Coupled Wave
Analysis) afin de déterminer le potentiel théorique de telles structures. Pour ce
faire, nous avons réalisé un grand nombre d'échantillons de réseaux de nanofils
ordonnés que nous avons caractérisés. Nous avons alors comparé les résultats
expérimentaux avec ceux obtenus par notre modéle. En prenant en compte les
défauts inhérents de fabrication des échantillons (distribution du diameétre, de
I'interdistance et de la longueur), nous avons obtenu un excellent accord entre
les prédictions théoriques et expérimentales. Cela ouvre la porte vers le design
et la fabrication de cellules solaires a tres haute performance a base de nanofils
de silicium.

Par la suite, nous avons fabriqué des cellules solaires a partir de ces
différents types de nanofils (ordonné er désordonné) en les intégrant dans deux
types de structures. Le premier type, des cellules solaires HIT (Hétérojonction
avec couche mince Intrinséque) a base de nanofils de silicium, a été fabriqué
par RF-PECVD. Les cellules solaires HIT reposent sur une jonction p-n entre
du silicium cristallin et amorphe. Cette technique, largement répandue dans
I'industrie, constitue la technologie la plus performante actuellement disponible

sur le marché pour des cellules solaires simple jonction a base de silicium.
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L'optimisation des conditions de dépdt plasma de la couche amorphe sur le
réseau de nanofils s'est révélé primordial. En effet, un dépdt trop fin ne permet
pas le recouvrement conforme des nanofils de silicium, empéchant ainsi la
formation de la jonction p-n uniformément a la surface des nanofils. D'un autre
c6té, si la couche de dépbt amorphe est trop épaisse, cette derniére joue un role
parasite en absorbant une part importante du rayonnement lumineux. Cette
lumiére absorbée par la couche de silicium amorphe est alors perdue pour la
cellule solaire, réduisant ainsi le courant généré par cette derniere et donc son
rendement. Dans un second temps, le dopage de la couche amorphe a été étudié:
un réglage fin du gradient de dopage s'est révélé nécessaire afin d'optimiser les
performances des dispositifs. Enfin I'épaisseur de la couche intrinséque, entre le
silicium cristallin et la couche amorphe dopée doit étre ajustée avec précision. I
faut que cette couche intrinseque soit assez épaisse pour minimiser la résistance
électrique et garantir une passivation uniforme. Ainsi une certaine épaisseur est
nécessaire pour obtenir de bon facteurs de formes et tensions en circuit ouvert.
Néanmoins une épaisseur trop importante de la couche intrinséque impacte
directement le transport des porteurs de charges (faible conductivité,
modification des mécanismes de transport...). L'optimisation des conditions de
dép6t nous a permis d'obtenir des cellules solaires hautement performantes:
rendement de 12,9% et facteurs de forme au-dela de 80%. L'effet de la longueur
des nanofils sur la performances des cellules solaires a également été étudie.
Seuls les nanofils courts (longueur inférieure a 1 pm) sont adaptés a des
applications dans le photovoltaique, les performances se dégradant avec de
longs nanofils. En effet les nanofils longs sont trés difficiles a passiver par le

silicium amorphe. Cette pauvre passivation a pour conséquence un nombre
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important de défauts de surface qui entrainent a leur tour une durée de vie des
porteurs de charges trés faible et donc une degradation des performances. Le
courant génére par les cellules solaires a été cartographié par microscopie EBIC
(Electron Beam Induced Current). Nous avons observé que les nanofils de
silicium sont bien actifs électriquement mais ils générent moins de courant que
le wafer sous-jacent. Cet effet devient de plus en plus important lorsque la
longueur des nanofils augmente. De plus, nous avons prouvé que le principe de
cellules solaires HIT a base de nanofils peut étre transféré a la technologie
couche mince: un rendement de 4.74% a été obtenu sur une couche mince de
silicium intégrant des nanofils d'une épaisseur de 5 pm.

Le second type de structure étudié, des cellules solaires hybrides, est
basé sur la combinaison d'une couche organique avec des nanofils de silicium.
La premiere configuration étudiée consiste en des nanofils de silicium gravés
sur un wafer combinés avec une couche de PEDOT:PSS. La caractérisation des
cellules fabriquées montre des rendements prometteurs. En effet des
rendements de I'ordre de 9-9.5% ont été obtenus pour les deux types de réseaux
de nanofils (ordonné et désordonné), sans qu'aucune différence significative
entre ces deux types d'échantillons n'ait été observée. Nous avons également
développé une nouvelle méthode de dépdt de la couche organique, basée sur des
conditions "basse pression", qui nous a permis d'améliorer significativement le
revétement conforme des nanofils de silicium par la couche de PEDOT:PSS.
Cette nouvelle méthode de dépdbt a le potentiel d'augmenter la surface de la
jonction p-n et d'améliorer la passivation des nanofils de silicium. Enfin, nous
présentons des résultats préeliminaires pour transférer ces concepts a une

technologie couche mince basé sur du silicium amorphe avec une technologie

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

17



type p-i-n. Le premier challenge était d'étudier faisabilité de fabriquer des
réseaux de nanofils sur une couche mince de silicium amorphe déposé sur un
substrat en verre. En adaptant notre procédé de fabrication, nous parvinmes a
fabriquer des réseaux ordonnés er desordonnés de nanofils de silicium
amorphe. La caractérisation optique de ces nanofils de silicium amorphe a
permis de mettre en évidence leur capacité a booster les propriétés optiques du
matériaux en réduisant de maniere significative la réflectivité. Dans un second
temps, nous avons éetudié les performances de cellules solaires basées sur une
couche mince amorphe de type-n (respectivement de type-p) avec une couche
organique de type-p (respectivement de type-n). Malheureusement des cellules
solaires peu performantes avec des rendements pauvres furent obtenus.
Néanmoins, ces travaux ont permis de mettre en évidence une configuration
extrémement intéressante que nous avons étudiée dans une derniére partie: la
possibilité de substituer la couche amorphe de type-n dans une jonction
classique p-i-n par une électrode LiF/Al. Cela permet de fabriquer des jonctions
de type Schottky. En exploitant ce type de configuration, nous parvinmes a
obtenir des rendement élevés de l'ordre de 8.55%. Ce type de jonction constitue
un procédé de fabrication simple exempt de gaz toxique tel que la phosphine.
Ce travail de these explore le potentiel des nanofils de silicium pour des
applications dans le domaine du photovoltaique. Nous avons réalisé et optimisé
chaque étape du procédé, depuis la fabrication des nanostructures jusqu'a leur
implémentation au sein de différents dispositifs, tout en réalisant une grande
diversité de caractérisation structurels, electriques et optiques afin d'améliorer

notre compréhension des cellules solaires a base de nanofils.
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Chapter 1 : Introduction

"The ultimate answer to humanity’s energy problems rises every morning

and sets every evening."'

Oliver Morton
Editorial, Nature, 14th August 2008

1.1 Solar energy: the Reality and the Future of Photovoltaics

Energy is undoubtedly the challenge of the century, if not the
millennium, because of its potential economic, political and environmental
fallouts. Nowadays fossil fuels account for around 80% [1] of the global energy
consumption. The world’s heavy dependence, especially on oil, is particularly
worrying because of the inevitable decline of its supply, and the resulting
pollution of water and air by greenhouse gas emissions [2]. As fossil fuel
resources are becoming scarce and even more challenging to explore, it is
unlikely that the oil industry will be able to keep up with the path of an ever
increasing global energy demand, driven by both population and economic
growth. Therefore, in response to increasing stress on fossil fuel resources, new
concepts such as green energy or sustainable living have emerged, leading to
the development of alternative energy sources such as wind energy, solar
energy, geothermal energy, tidal energy, biomass, wave power, biodiesel,
hydrogen fuel, etc. Among them, solar energy power, as a clean and
inexhaustible energy source, is believed to be one of the most promising
candidates to help solve the problems of energy shortage and environmental
problems

Indeed solar energy has very attractive features. It is a free, clean and
infinite energy source which, once installed, produces no pollution, no

emission, no carbon footprint and no noise. Solar energy has also the potential

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

35



to cover the global energy demand: every hour, the earth receives more energy
from the sun than mankind can consume in a year [3]. Harvesting a small
fraction of this energy could solve the problem of energy shortage, hence many
efforts have been put into the research and development of efficient solar cells.
While solar PV was only a niche market one decade ago with small
scale applications (calculator, watch, out of grid...), it is nowadays a mature
technology and industry on its way to become a mainstream source of
electricity. Over the last two decades, the global cumulative installed capacity
has grown exponentially from around 5 gigawatt (GW) in 2005 to 177 GW by
the end of the year 2014 as shown in Figure 1-1 [4]. For the year 2014 alone,
38.7 GW were newly installed worldwide, led by China (10.0 GW), Japan (9.7
GW) and USA (6.2 GW). ltaly, Greece and Germany are now able to cover
respectively 7.9%, 7.6% and 7.0% of their annual energy demand by solar
energy [4]. Therefore PV is no longer a chimera, but instead can contribute

significantly to a sustainable energetic transition.
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Figure 1-1: Global and regional cumulative capacity in Megawatt (MW) [4].

Japan and Europe have driven for a long time the growth of
photovoltaics. In particular, Germany still holds the world record of the highest
cumulative solar PV capacity installed in 2014 (38.23 GW) as shown in Figure
1-2 [4]. However, the competition is fierce and China is expected to take the
lead by 2017 with a predicted PV capacity of 70 GW. The European PV market
has slowed down over the past 4 years with a significant drop from 22 GW in
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2011 to 7 GW in 2014. This is explained by a context of reduced feed-in tariffs,
retroactive measures and declining political support which have contributed in
the past to the development of the European PV market. European, Japanese
and US manufacturers have also suffered from the competition of Chinese and

Taiwanese manufacturers which have become today the main module suppliers.

B Germany M China M Japan M ltaly m USA
France M Spain UK Australia = Belgium
3% _ 3% 2%
4%

4%\\

Figure 1-2: TOP 10 countries in 2014 for cumulative installed capacity [4].

Today, the PV market is dominated by Asia which constitutes about
60% of the global PV market. The PV growth is also boosted by emerging
markets such as South Africa, Chile, Mexico and Turkey while the European
market continues its decline despite the significant growth of the UK installed
capacity in 2014 (2.27 GW). Figure 1-3 shows the added installed capacity
country by country for the year 2014 [4]. China and Japan are far beyond the
other countries. In 2014, Japan underwent a real boom (9.2 GW) while the
Chinese market tends to stabilize (10.6 GW). The landscape of the PV market is

therefore changing quickly with new actors entering the play.
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Figure 1-3: TOP 10 countries in 2014 for annual installed capacity [4].

Forecasting the evolution of the PV market is always a delicate and
complex issue. Official agencies such as IEA (International Energy Agency) are
predicting solar deployment every year but frequently they have to adjust their
numbers. For the year 2015, the expected solar growth should be between 35
GW to 57.3 GW, according to the different scenarios established by different
agencies or companies [5]-[7]. The market share of crystalline silicon is
predicted to increase at the detriment of polycrystalline silicon [8].

Despite the considerable advantages offered by solar energy, cumulative
photovoltaic (PV) electricity production represents today only 1% of the total
global electricity production [4]. Therefore a legitimate question arises: what
are the limitations towards a global PV deployment?

The major limitation, when the subject comes up, remains the initial
cost, although it is becoming less and less true. Solar panels and other units for
collection and storage are relatively expensive to manufacture, making solar
energy a costly option for generating electricity. The time lag of several years
for matching initial investment is still prohibitive for many customers. This
high cost can be partly explained by the expensive silicon wafer technology
which has been widely used as the base component for achieving stable and
efficient solar cell devices because of its unique properties. Indeed solar cells
based on crystalline silicon (c-Si) wafers have dominated the photovoltaic
market since the very beginning of the PV industry, back in the 1950’s,

maintaining since then a market share of about 80% [9]. In 2014, Panasonic
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broke the record of 25.6% for single interdigitated back-contacted silicon
heterojunction (IBC-HJ) solar cells [10]. Although silicon is the second most
element abundant on earth, it has to undergo high-cost manufacturing processes
to be suitable for PV applications, which thus limits the cost competitiveness of
the PV market. Although prices are falling rapidly, c-Si wafers still account for
30% of the final module cost. Therefore, new technologies have been developed
in order to reduce the cost of standard photovoltaic panels and therefore make
solar energy an attractive alternative to fossil fuel.

Finally it is worth to mention that energy is not only an economically-
driven industry but also a policy-driven industry. Indeed, costs of PV are really
falling down, making solar energy an increasingly competitive alternative to
fossil fuel energy. However, it also implies the need for development of
building grids, storage, operating and commercial arrangements able to meet
the world's electricity demand, which in turn require the right policy support.
Financial and political support are thus essential to make the energetic
transition a reality.

1.2 PV Technologies

The technological landscape of PV is tremendously vast. If the main PV
technologies such as c-Si, hydrogenated amorphous silicon (a-Si:H), Cadmium
Telluride (CdTe), Copper Indium Gallium Selenide (CIGS), concentrated
photovoltaic (CPV), organic photovoltaic (OPV) are known for at least three
decades, they are continuously being improved through new design or
materials. The diversity of the PV technologies is illustrated in Figure 1-4. As
mentioned previously, the PV market is dominated by c-Si, that holds by far the
record of power energy conversion for a single junction (25.6%, [10]). There
are three types of c-Si: single crystalline silicon, multicrystalline silicon and
ribbons. If single crystalline silicon based modules are the most efficient panels
on the market, multicrystalline silicon cells are very popular as they are cheaper
to manufacture. The thin-film technology represents the second PV market
share and reduces drastically the amount of material required for producing a
solar cell. Thin-film solar cells have gained popularity over the past 20-30 years

as they are relatively cheap, flexible, lighter and easier to integrate. There are
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three main types of thin films solar cells : a-Si:H, CdTe and CIGS/CIS.
Performance of such devices have reached high efficiency and are consistently
being improved. For example, First Solar can fabricate nowadays CdTe
modules with an efficiency of 18.6% [11] with their best research cell holding a
record of 21.5% [12]. The record CIGS cell is 21.7% [13], [14] and several
companies are fabricating nowadays efficient modules (Solar Frontier, TSMC,
MANZ). The actual CIGS record module is 16.5% (TSMC, [15]). The major
limitation of this type of cells (CdTe, CIGS) is to use rear earth elements such
as indium or tellurium that can limit their large scale production. Performance
of a-Si based solar cells are lower than their CdTe or CIGS counterparts but
their implementation into tandem devices or triple junction have improved their
performance to 13.2% [16] and 13.6% [17] respectively (best research cell
efficiency). There are many other PV technologies such as CPV that use lenses
to focus light on small highly efficient and highly expensive solar cells,
generally based on gallium arsenide. There are also OPV cells, with a latest
record of 11.5% ([18], [19]). Today, solar cells based on leading-edge
technologies have emerged. They cover a wide range of new materials,
concepts and innovations and are usually in the research phase. They include
for example nanotechnology based solar cells, such as nanowires based devices.
More recently, the emergence of the perovskyte technology, which has reached
efficiency as high as 20.1% (KRICT, [19]) in a few years, has filled with

enthusiasm the PV community.

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

40



Best Research-Cell Efficiencies LiNREL

Sharp
(IMM, 3020)

50

lls (2-terminal, monolithic)

a8

Fraunhofer

[ ISE/ Soitec ﬁm
= v

2gfc]

44—

Boeing-
20 Specioas (5)

_,.5’ sapiy) SV

Oepecol 00e0Z

B A

)

Crystalline Si Cells

2 o crystal (concentrator)

W Single crystal (non-concentrator)

O Multicrystaliine

28 @ Siiicon heterostructures (HIT)
V' Thin-film crystal

24~

Efficiency (%)

20+

L o1 7 1| - 1 1 1 Lo TN T N N T S S
1975 1980 1985 1990 1995 2000 2005 2010 2015

Figure 1-4: Timeline of the best research cell efficiencies for the different PV
technologies [19].

1.3 Three Categories of Solar Cells

Solar cells can be divided generally into three main categories:

(1) Inorganic solar cells based on high quality inorganic materials,
mainly silicon but also polycrystalline silicon, microcrystalline silicon, CIGS,
Cadmium Telluride, etc, which are stable and efficient. As mentioned before,
silicon dominates so far the photovoltaic market as it is a well-understood
material, and whose manufacturing processes have been developed and
optimized over the last fifty years, in particular thanks to the advancement and
success of the Si microelectronics industry. Moreover, silicon is abundant, non-
toxic and has rather good properties, though not ideal, for photovoltaic
applications. However, silicon still suffers from high manufacturing costs
arising from the complex and high temperature processes involved in the
fabrication of the photovoltaic panels. Therefore price of silicon is still an
ordeal that prevents the wide spread use of solar technology worldwide.

(2)  Organic solar cells are based on conductive polymers or organic
molecules. Organic solar cells have gained popularity in recent years as they
offer the possibility to produce flexible, light weight solar cells at low-cost.
They are of particular interest for specific applications such as flexible

electronics or covering windows and walls. However organic materials have
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very poor electrical properties (small dielectric constants and poor dissociation
of carriers into free holes and electrons) which prevent them from reaching high
efficiency. Moreover organic devices are usually not stable and require
encapsulation as they are very sensitive to the environment such as light,
humidity, etc.

(3) Recently a new generation of solar cells based on an innovative
and challenging approach came to light: the association within a single device
of the two families of materials used in solar cells, e.g. inorganic and organic
materials. Over the last twenty years, research on organic and inorganic based
solar cells has been conducted independently, each technology being developed
separately. Would it not be exciting to reconcile the two families and fabricate a
device that makes the best use of the two materials? This attractive possibility
increasingly studied by the scientific community is to fabricate the so-called
hybrid solar cells. Hybrid solar cells are devices that combine both organic and
inorganic materials, hence the name hybrid. Inorganic semiconductor
nanostructures coupled with organic materials provide not only a good medium
for fast carrier transport due to the use of inorganic semiconductor, they can
also be fabricated over a very large area at low cost and low temperature using
the spin coating or printing technique. Hybrid solar cells include generally the
use of inorganic nanoparticles or inorganic nanowires (NWs) embedded in an
organic matrix [20]-[23]. More recently the perovskyte technology has boosted
this field of research by reaching efficiency above 20% in a lapse time of less
than 6 years, impacting significantly the photovoltaic community [19], [24],
[25] .

1.4 Motivation, Objectives and Scope of this Thesis

Progress made in nanotechnology can be used as a driving tool to
produce cheaper and more efficient solar cells. A nanowire (NW) is an
elongated nanostructure whose diameter is of the order of nanometers scale.
NWs have attracted much interest over the past few years as they offer very
attractive features which make them good candidates for solar cells applications
[26]. In particular, NWs have remarkable optical properties such as

antireflection and light trapping effects as illustrated in Figure 1-5 [26], [27].
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Nanowires benefit from outstanding optical properties as they have the potential
to address both antireflection and light trapping issues, allowing for efficient
light harvesting capabilities. These excellent optical properties are partly due to
the subwavelength structure offered the SINWSs, acting like an antireflective
layer. The enhanced absorption is also explained by the electromagnetic wave
interaction with the SINWSs. The exceptional optical properties of SINWSs are
discussed in detail in section 2.2.2 of this thesis. Moreover, SINWs can offer
enhanced charge carrier collection and interesting electrical properties as we
will see in section 2.2.3 and 2.2.4. Many papers have been published recently
on NWs based solar cells. Some attempts have already been carried out using
CdS, CdSe, CdTe , ZnO or TiO, NWs [28]-[36]. Nevertheless, the toxicity of
CdS, CdSe and CdTe as well as the high energy gap (Eg > 3eV) of ZnO and
TiO, NWs make these materials unsuitable for efficient devices. Here we will
focus on silicon nanowires (SiINWSs) as they are environmental-friendly,
abundant, well-understood, and show excellent light trapping and antireflection
properties. The properties of SINWs will be reviewed into more detail in
Chapter 2.

i 5
-0

Figure 1-5: Illustration of the light trapping effect of SiNWSs. This light trapping
effect by SiINWs is directly visible with the eye as shown by the back color of
SiNWs sample compared to the shiny grey aspect of the planar reference sample.
It shows that the light is effectively trapped within the SINWSs.
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One common strategy to reduce the cost of Si based solar cells is to use
thinner wafers. However the thickness reduction is detrimental to the optical
absorption. Indeed, solar cells based on c-Si are generally thick because of the
indirect band gap of Si which requires large thickness to absorb most of the
incoming light. SINWSs can be used as a driving force to transfer the bulk c-Si
based solar cells to the thin films technology and cut the material and process
costs of the PV modules. Indeed, the perfect light trapping properties of SINW
arrays enables high absorption in just 1 um thick long NW arrays, rendering the
transfer to the thin film technology highly desirable. By using crystalline NWs,
we are able to produce high quality materials for the thin film technology and
therefore high efficiency is expected. The ultimate goal will be to produce high
efficiency solar cells based on SiNWs on thin films and bypass the expensive
bulk c-Si wafers.

In this thesis, the potential of silicon nanowires (SINWs) for PV
applications is investigated. NWs will be integrated into two different solar cell
technologies: hybrid devices and heterojunction with intrinsic thin layer (HIT)
devices. The scope of this research work includes the design, fabrication and

characterization of SINWs and solar cells based on SiNWs.

The objectives of the thesis are summarized as follows:

a) Fabrication of dense arrays of SiINWSs using a low-cost and scalable
process. The Metal Assisted Chemical Etching (MACE) technique,
which is a top down approach based on the wet etching of the bulk
material, is used. The principle and advantages of this method are
presented in detail in chapter 2 of this thesis. Two types of architectures
will be investigated: random and ordered SiNWs arrays. We named
random arrays of SINWs as those where we have no control over the
pitch or diameter of the fabricated structures, in contrast to ordered
arrays where the geometry of the nanostructures can be controlled.

b) Optimization of the MACE process by addressing the aggregation issue
observed for long SINWSs synthesized by this method. Despite all these

advantages, the MACE method suffers from an inherent problem which
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d)

is a direct side effect of the method itself: this wet etching process relies
on the use of a liquid phase (chemical solution), hence capillary forces
arise which is responsible for the agglomeration of the NWSs. This
agglomeration is highly undesirable and is often considered as a limiting
factor to achieve high efficiency solar cells. Indeed large bundles
prevent conformal coating of the arrays by photoactive material
(inorganic or organic coating), deteriorate the optical properties of the
array and may induce higher series resistance. Therefore, finding a
simple way to reduce significantly the bundling of nanowires is highly
desirable.

Investigation of the optical performances of SiNWs. Random and
ordered arrays of SINWSs will be characterized. Characterization
techniques include spectrophotometry and Mueller polarimetry. The
effect of the geometry on the optical performances will be discussed.
This work will be supported by an optical model developed in LPICM
[37], [38] that will enable us to find the optimized geometry for SINWs
arrays to achieve strong absorption of solar radiation and deliver high
short circuit current density. Results obtained from experiments and the
model will be analyzed and compared.

Design and fabrication of HIT solar cells based on deposition of
hydrogenated amorphous thin films on crystalline SiNWs. The optical
and electrical properties of the cells will be investigated by standard
techniques (solar simulator, External Quantum Efficiency (EQE),
spectrophotometry) and more advanced techniques such as Time
Resolved Microwave Conductivity (TRMC) and Electron Beam
Induced Current (EBIC). We will focus on the optimization of the
photovoltaic performances of the devices. Finally, some preliminary
results on surface treatment to enhance the passivation of SINWs will be
presented.

Design and fabrication of hybrid solar cells based on SINWs where the
junction is simply formed by spin coating a PEDOT:PSS layer on the c-
SiNWSs. The optical and electrical properties of the cells will be
investigated by standard techniques (solar simulator, External Quantum

Efficiency (EQE), spectrophotometry). Devices based on both random
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and ordered SiNWs will be fabricated and compared. The issue of
polymer infiltration within the arrays of SINWSs will be addressed. Some
possible surface treatment to improve the surface passivation will be
introduced. We will also explore the possibility to transfer this concept
to thin film solar cells based on amorphous silicon (a-Si:H). Hybrid
solar cells based on a-Si:H will be fabricated. The MACE process will
be used to fabricate a-Si:H nanowires. Finally a detailed study of the
potential of LiF/Al, a common cathode used for organic solar cells, as
the back contact of a schottky thin film solar cells based on a-Si:H will

be carried out

1.5 Main Contributions of the Thesis

Random SiNWs with typical diameters of 20-200 nm were successfully
fabricated using a low-cost and scalable top-down approach named the Metal
Assisted Chemical Etching (MACE). However, the SiNWs fabricated by
MACE agglomerate at their top-end to form large bundles. We have developed
a theoretical model to understand the origins of this agglomeration. Thanks to a
deeper understanding of the physical phenomena involved, we have
successfully implemented a new process to prevent the strong agglomeration of
SINWs. A careful adjustment of the wettability properties of the initial substrate
and surface of the wires is essential to achieve dense, uniform and well
separated SINWSs. The wettability of the initial substrate impacts the density and
the uniformity of the fabricated wires while the bundling of SINWs can be
eliminated by changing the surface state of the SINWSs to hydrophobic.

By combining the MACE process with the nanosphere lithography
(NSL) method, we have also successfully fabricated ordered SiNW arrays with
an excellent control over the pitch, diameter and length of the structure. The
pitch of the produced ordered SiINW arrays was varied between 240 to 800 nm.

These two types of SINW arrays (disordered/ ordered) were then
integrated into two different devices: HIT and hybrid solar cells. HIT solar cells
were fabricated by depositing successively an intrinsic and doped a-Si:H layer
on top of the SINWs by PECVD. The effect of the thickness and doping of the

a-Si:H layer were investigated and revealed to be crucial. By optimizing the

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

46



process conditions, we achieved a record efficiency of 12.9% with excellent fill
factor above 80% for SINW based HIT devices. For this type of devices,
ordered and random SiNWSs gave very different results. We were unable to
achieve reasonable V, for ordered SINWSs. Only HIT devices based on random
SiNWSs were reaching efficiency up to ~13%. Such result might be related to the
porosity observed at the tip of ordered SINWs. We have then successfully
demonstrated the concept of SINW based HIT solar cells on a 5 um epitaxial
film.

Following that, we fabricated hybrid solar cells based on ordered and
disordered SINWSs. The junction was simply formed by spin coating a
PEDOT:PSS film on top of the wires. Interestingly, both ordered and
disordered SiINWs were working in a similar manner and gave efficiency of
about 9-9.5%. We have observed that the PEDOT:PSS film was unable to reach
the bottom of the wire and formed like a canopy lying on top of the wires. This
reduces the surface of the p-n junction and means that a huge fraction of the Si
surface is non-passivated. To solve this problem, we have developed our own
method based on low pressure to force the polymer to coat conformally on the
SiNWs. We were able to achieve SINW arrays conformally coated with
PEDOT:PSS. We believe that such results might increase significantly the
performance of hybrid devices. We have also explored the transfer of hybrid
devices to a-Si:H thin film technology. We have successfully fabricated a-Si:H
NWs and have produced hybrid solar cells based on the combination of
PEDOT:PSS with a thin film of a-Si:H. This work has allowed us to identify an
extremely interesting effect between a-Si:H and a LiF/Al electrode, which is a
common electrode used in OPV. We have demonstrated that LiF/Al cathode
can replace the dead n-layer in standard p-i-n junction, eliminating this way the
associated absorption loss and the use of the toxic phosphine gas. We
successfully fabricated p-i-n solar cells, without the use of the n-layer, with an
average efficiency of 8.3%.

Finally we have characterized the SiINWSs and the devices by a wide
range of characterization techniques. We have assessed the electrical activity of
SiNWs by Electron Beam Induced Current (EBIC). Another key result concerns
the investigation of the optical properties of SINW arrays. We have shown that

the optical properties of random SiNWs are essentially determined by the
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length of the wires. For ordered SiNWSs, we have demonstrated the key role
played by the density and diameter of SiNWSs. Finally we have successfully
developed a model able to simulate the optical response of an ordered SINW

array with excellent accuracy.

1.6 Organization of this Thesis

This thesis is divided into 8 chapters.

Chapter 1 reviews the general context of the PV industry. This chapter also
covers the motivation, scope and main objectives of this thesis.

Chapter 2 is a detailed literature review including the working principle and the
fundamental concepts of a solar cell, the properties of SiNWSs (optical,
electrical, charge carrier collection) and their methods of fabrication (top-down
and bottom-up). This chapter also reviews the main work reported so far on
solar cells based on SINWs.

Chapter 3 presents the detailed process of fabrication of random and ordered
arrays of SINWs that have been used in this thesis. The different equipment
required for the fabrication of HIT and hybrid solar cells are also introduced
(Plasma Enhanced Chemical Vapor deposition (PECVD), e-beam deposition,
sputtering, spin coating). The non standard characterization tools used during
this research work are also presented: Time Resolved Microwave Conductivity
(TRMC) and Electron Beam Induced Current (EBIC).

Chapter 4 focuses on the agglomeration issue of silicon nanowires fabricated by
Metal Assisted Chemical Etching. A detailed analysis of the forces responsible
for the aggregation observed at the top ends of NWs is presented. Following
that we propose an elegant way to reduce significantly the agglomeration of
SiNWs based on a series of different post and pre-treatments.

Chapter 5 studies the optical properties of random and disorder SINWSs. Arrays
of SINWSs are characterized by spectrophotometer and Mueller polarimetry. An
optical model is developed and data obtained from the modeling and
experiments are compared.

Chapter 6 focuses on the design, performance optimization and characterization
of HIT solar cells based on both disordered and ordered SiNWs.
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Chapter 7 investigates hybrid devices based on the combination of an organic
layer PEDOT:PSS on ordered and disordered SiNWs. The possibility to transfer
the concept to amorphous thin films is also explored.

Chapter 8 presents the main conclusions drawn from this research work along

with the perspectives.
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Chapter 2 : Literature review

This chapter is a detailed literature review. It first describes the working
principle and the fundamental concepts of a solar cell. Then we review the
properties of SINWs (optical, electrical, charge carrier collection) and their
methods of fabrication (top-down and bottom-up). This chapter also introduces
the basics of NW solar cells and reviews the main work reported so far on solar
cells based on SiNWs. Finally we describe the working principle and material

involved in HIT and hybrid devices.
2.1 Basics of Solar Cells

2.1.1 Working Principle of a Solar Cell

A solar panel/ module is a device that converts the sun’s energy into
electricity by the so-called photovoltaic effect (“photo” means light and
“voltaic” means electricity). Solar modules are divided into cells units (solar
cells) which are the basic component of a solar panel. Each cell produces its
own electricity and is electrically connected to other solar cells of the panel,
contributing this way to the global power of the module. There are basically
two key processes involved in the conversion of solar energy into electricity.
First, the photovoltaic cell is striked by the sun light, which results in the
absorption of a certain fraction of the light by the material. As solar cells are
typically made of semiconductors, this absorption results in the formation of
positive and negative charges, commonly named an electron-hole pair. The
second process is the separation and collection of these 2 charges at different
electrodes. Separation of the charges is achieved by the action of a local electric
field within the material. The flow of electrons and holes in opposite direction
causes an electric current to flow across the device. This generated electric
current is collected by contacts usually in the front and rear parts of the device.

As mentioned above, solar cells are made of semiconductors, typically
silicon wafers. A solar cell results from the close contact of two silicon layers
with different properties: one layer has a high concentration of electrons

(commonly named n-type wafer) and the other layer has a high concentration of
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holes (commonly named p-type wafers). This is the popular p-n junction. The
difference of carrier concentrations between the n-type and p-type materials
will result into the formation of a local electric field within the solar cells
device, which will act as the driving force for the electron-hole pair separation.
To obtain n-type and p-type materials, silicon wafers have to be doped by an
appropriate element, phosphorus and boron respectively. Indeed, silicon
belongs to group 4 in the periodic table, therefore its needs to form 4 covalent
bonds to achieve chemical stability. When being doped by elements from group
3 (such as boron) or group 5 (such as phosphorus), the octet rule is no longer
respected. As boron has only 3 electrons to share for covalent bonding, it lacks
one electron: there is an empty space, named a “hole” where an extra electron
should be. This missing electron — the hole — can wander freely around.
Likewise, a silicon atom can be replaced by an element of the 5™ group, such as
phosphorus, which has one extra electron (5 valence electrons) compared to
silicon. Silicon and phosphorus are sharing each 4 electrons to form 4 covalent
bonds. However, phosphorus still has one more electron to share. At room
temperature, the energy is enough for ionization. This extra electron can move
freely in the conduction band and can therefore participate in conduction.

When the p-type and n-type silicon materials are brought into contact,
the difference in the concentrations between carriers of the two sides generates
a diffusion current, aiming at equalizing the carriers’ concentration as illustrated
in Figure 2-1 (a). Therefore, holes from the p-side will diffuse to the n-side,
leaving behind them negatively ionized atoms (boron). Likewise, electrons
from the n-side diffuse to the p-side, leaving behind positively ionized fixed
atoms (phosphorous). Indeed dopant atoms are fixed and cannot diffuse. These
permanent charges create an electrical field (due to the Coulomb force) in the
region located between the n-type and p-type materials. We name this region
the space charge region (SCR) or the depletion region as shown in Figure 2-1
(b) . This electrical field is essential to the functioning of a solar cell, since it is

the driving force for electron-hole pair separation.
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Figure 2-1: (a) Diffusion current at the interface between the p-type and n-type
semiconductor in order to equalize the concentration of holes (white circle) and
electrons (black circles). The green positive sign symbolize the phosphorus cations
and the red negative sign symbolizes the boron anion which are doping the
semiconductors.(b) Formation of the space charge region, depleted in charge
carriers. The phosphorus and boron dopants create an internal electric field at
the p-n junction.

This electric field forces the electrons to return into the n-type material,
and the holes into the p-type material, countering in this manner the charge
carriers’ diffusion. Indeed electrons from the n-type semiconductor are repelled
by the anions in the p-type semiconductor while they are attracted by the
cations within the n-type material. Therefore two currents are countering
themselves: the diffusion current due to disequilibrium in charge concentration
and the drift current due to a local electric field at the SCR. At some point
equilibrium is reached and an electric field is developing across the junction.
This built-in electric field is responsible of the diode characteristic of the
junction: it forces electrons to flow from the p-side to the n-side regions and
forbid them to flow in the other direction.
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When light strikes the cell, a portion of the light energy is absorbed and
transferred to the semiconductor material. Atoms bombarded with photons with
energy larger than the band gap of the material will give up electrons,
generating electron-hole pairs on both sides of the junction. If these electron-
hole pairs can be localized in the region of influence of this electric field (either
because this electron- hole pair is generated very close or can diffuse to the
space charge region), the field will push electrons to the n side and holes to the
p-side because of this diode behavior. By placing metallic contacts on the n and
p-regions and connecting them, electrons from the n-side will flow through the
path to the p-side to recombine with holes that are driven there by the electric
field. The solar cell is therefore delivering a power output which is the product
of current and voltage of the cell that are generated respectively by the flow of

electrons and the built-in electric field.

2.1.2 Definition of the Photovoltaic Parameters

As mentioned previously, a solar cell is acting like a diode, therefore an
ideal solar cell can be modeled by a current generator in parallel with a diode.
However, in reality solar cells are not ideal and we need to include 2 more
electrical components: a series resistance and a parallel resistance (called the
shunt resistance). The series resistance is caused by:

- the contact resistance between the silicon and the metallic
electrodes,

- the resistance of the top and bottom contacts

- the bulk resistance of the semiconductor materials as
semiconductor are not perfect conductors

Shunt resistance is due to current leakage across the p-n junction, due to
poor insulation, for example, around the edge of the cells. They are usually
attributed to manufacturing defects. Figure 2-2 displays the equivalent circuit

model of a solar cell [39].
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Figure 2-2: Equivalent circuit model of a solar cell [39].

The J(V) characteristic of a solar cell in the presence of series and shunt
resistances is given by the Eq. (2.1) below:

[ = IL _ 10 ex Q(V + IRseries) _1) = V+ IRseries 21
nkgT Rsnunt

where |, is the photo-generated current, Iy is the diode saturation current, V is
the voltage across the cell terminals, kg is the Boltzmann’s constant, q is the
charge of the electron, n is the ideality factor, T is the temperature, Rseries IS the
cell series resistance and Rshynt IS the shunt resistance.

The quality of the p-n junction as a solar cell is measured by several
factors called the solar cell parameters: the open-circuit voltage (Voc), the short-
circuit current density (Js), the fill factor (FF) and the efficiency (y). These
parameters can be extracted from the current-voltage measurements of the cell,
the so-called (I,V) curve which provides a lot of information on the junction
quality. As illustrated in Figure 2-3 ([40]), the short circuit current density is
the current flowing across the cell when the cell is short-circuited. The open-
circuit voltage is the maximum voltage that a solar cell can provide to an
external circuit at zero current. The FF is a measure of “how square” the (I,V)
curve of a cell is. This is defined as the ratio of the maximum electrical power
obtainable from the device to the product of V. and Js.. FF is therefore the ratio
of the area of the dark pink to the light pink rectangles defined in Figure 2-3.
The FF is given by Eq. (2.2):

VwJmp 2.2
Vocsc
where Vi, and Jyp, shown in Figure 2-3 refer to the coordinates of the

FF =

operating point that maximizes the power output.
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Finally the efficiency, which is generally used to compare the
performance of solar cells, is calculated as the ratio of the maximum power
output to the incident power. The conditions under which solar cells are
measured (solar spectrum, light intensity and temperature) have an impact on
the performance measured, therefore there is a convention to carry out the
measurements with an air mass 1.5 (AM 1.5) at 25°C with an irradiance of 1000
W/m?. These conditions are defined as the standard test conditions (STC). The

energy conversion efficiency 7 is then given by Eq. (2.3):

_ Vmp]mp _ V;)c]scFF 2.3
P, P;
Current,
Power Cell with High Fill Factor

Isc

FF=Imp=Ymp
Isc=Voc
=area i
area B

Voo Voltage

Figure 2-3: (1,V) curve of a solar cell and definition of the photovoltaic
parameters [40].

2.2 Silicon Nanowires: Methods of Fabrication and Properties

2.2.1 Methods of fabrication

Many methods have been developed to fabricate silicon nanowires
(SiNWs). Basically, they fall into two categories: bottom-up and top-down
approaches. The former comprises mainly the vapor-liquid-solid (VLS) growth
[41], [42], CVD [43] and Plasma Enhanced Chemical Vapor Deposition
(PECVD) [44], [45] processes, while the latter includes dry reactive-ion-etching
(RIE) [46]-[48], and solution based wet etching techniques [49].
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2.2.1.1 Bottom-up

Chemical Vapor deposition via the Vapor-Liquid-Solid (VLS) process is
a popular method used to fabricate dense, high aspect ratio, and vertical SINWs
[41], [42], [50]-[53]. In this approach, crystalline silicon wires are synthesized
from gas particles through liquid metal-Si droplets as depicted in Figure 2-4
([54]). A thin layer of catalyst agent (generally gold) is first deposited onto a
silicon wafer. The temperature is then increased above the catalyst-Si eutectic
point, generating alloy droplets on the surface of the wafer. The growth process
begins with the decomposition of a precursor gas into a catalyst droplet to
create an alloy. Silicon precursor molecules, i.e., monosilane (SiHy),
predominantly crack at the droplet surface and silicon gets incorporated into the
droplets by diffusion. Once supersaturation of the droplet is reached, a
crystalline nanowire precipitates with a diameter similar to the droplet size at
the liquid-solid interface (i.e. supersaturated droplet - substrate). The lateral
growth is therefore limited by the droplet. There are two types of growth: the
tip growth (the catalyst droplet is rooted at the top of the NWSs) and the base
growth (the catalyst droplet is rooted at the bottom of the NWs) which occur
when the interaction between the metal and the substrate is weak and strong
respectively. The bottom-up method can grow SiNWs whose diameter varies
between 5 nm and 500 nm. LPICM has developed a strong expertise in the
fabrication of SiINWs by PECVD from tin films [55], [56]. However this
process induce unavoidable metallic contamination. In particular it is well-
known that gold introduces deep-level electronic states in the Si band gap [57]
which is detrimental to its use in electronic devices. Therefore a lot of effort has
been put in the synthesis of SINWs using other types of catalysts [44], [45],
[55], [58] . Moreover, the control of the geometry (pitch, diameter and length)
is challenging as it requires a perfect control of the size and position of the
catalyst droplets during the growth.
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Figure 2-4: Scheme of the VLS Vapor Liquid Solid process [54].
2.2.1.2 Topdown

Top down approach prepares SINWSs via the "sculpting” of the bulk Si
material by lithography and etching or just catalyzed etching. The reactive ion
etching (RIE) and the metal-assisted chemical etching (MACE) techniques are
generally used to produce SiNWSs. RIE is an etching process used in
microfabrication which uses synergistic chemical (reactive species) and
physical etching (ion bombardment) at the wafer surface to achieve etching
with good anisotropy and selectivity. The plasma is generated at low pressure,
usually 10-100 mTorr to achieve a more directional etching. By combining the
RIE method with lithography, the size and density of SINWs array can be well
controlled [46]-[48]. Another advantage of this technique is that the SINWSs
have the same doping as the original wafer. However the process is time
consuming and expensive. Moreover, the roughness of the sidewall is also a
problem as the surface is physically damaged by the ion bombardment [59].

The MACE method [49], [60] has been newly developed and is really
promising for future industrial applications. This method, being simple and low
cost, is able to produce SiNWs with a high aspect ratio over a large area. All
there to do is to immerse Si wafers into a HF-AgNO; solution at room
temperature. The mechanism proposed is a galvanic displacement reaction
[61]-[63]. Silver plays the role of etching catalyst in the oxidizing HF solution.

The final reaction is composed of the following cathodic and anodic reactions:
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Cathodic reaction: Ag' +e (VB)
Anodic reaction: Si(s) + 2H,0
(VB)

Ag(s)
SiO,+ 4HT  +4e

SiOy(s) + 6HF
The whole reaction can be summed up as follows:
Si(s) + 4Ag” + 6HF — 4Ag + H,SiFg + 4H"

H»SiFg + 2H,0

The synthesis of SINWSs is based on a redox reaction between Ag” and
Si®. As Ag/Ag" has a more positive redox level than the energy of the valence
band edge of Si, there is a preferential charge transfer from Si to Ag® as
illustrated in step (a) of Figure 2-5. The reduction of Ag” into Ag nanoparticles
occurs at the Si surface. The surface Si atoms are oxidized (anodic reaction) and
supply the electrons for the Ag" reduction (cathodic reaction). The silicon
surface is therefore locally oxidized (only where Ag is directly contacting the
Si). The SiO, formed is next etched by HF, as shown in step (c) of Figure 2-5.
We then observe the formation of silver nanoclusters on the surface due to the
initial cathodic reaction of Ag’. These nanoclusters are restricting further
oxidation of the Si surface. Indeed further reduction of Ag® in the etching
solution occurs on the Ag nanocluster itself as shown in step (b) of Figure 2-5.
This latter is relatively more electronegative than silicon (easy injection path for
holes) and plays the role of a cathode by transferring electrons from the wafer
below. The continuous reduction of the silver ions results in the formation of
the so-called silver dentrites that are observed at the top of the nanowires. The
silver nanoparticles captured in pores drill progressively, leading to the

formation of a SINW array.
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Figure 2-5: Mechanism of formation of SINW by the MACE process. A silicon
substrate is dipped in HF/AgNO; solution [61], [62]

SiNWSs with different crystalline orientation can be produced by this
method. The diameter typically lies in the range of 20 -200 nm while the length
is controlled by the etching time. When coupled with some lithography
techniques, such as the nanosphere lithography or interference lithography, the
MACE method enables the production of nanowire arrays with perfect control
over the pitch, diameter and length [60], [64].

Despite all these advantages, the MACE method suffers from an
inherent problem which is a direct side effect of the method itself: this wet
etching process relies on the use of a liquid phase (chemical solution), hence
capillary forces arise, which result in the agglomeration of the SiNWSs. This
effect is visible in Figure 2-6 where we show the top-view image of long
SiNWs that we have fabricated by MACE. This agglomeration is highly
undesirable and is often considered as a limiting factor to achieve high
efficiency solar cells. Indeed large bundles prevent conformal coating of the
arrays by photoactive material (inorganic or organic coating) [20], degrade the
optical properties of the array [65], [66], and may lead to large series resistance
[20]. Therefore developing a new process to reduce significantly the bundling

of nanowires is of high interest.
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Figure 2-6: SEM picture of 10 um SiNWs fabricated by MACE showing the
strong agglomeration at the top-end of the SiINWs

With the above considerations on the different approaches available for
the fabrication of SINWSs, we have decided to focus on the MACE method to
fabricate SiNWSs because of its undeniable advantages as stated above.
Although the agglomeration of SiNWs fabricated by MACE is still problematic,
we have proposed an approach to alleviate the issue, which will be presented in
Chapter 4 of this thesis.

2.2.2 Optical properties

SiNWSs have attracted much interest over the past few years because of
their unique properties that can increase significantly the energy harvesting
capabilities of solar cells. In conventional solar cells, when the light strikes the
front surface of the device, a significant proportion of the light is reflected and
does not penetrate into the device, which is a loss for the solar cell. In fact, the
light is partially reflected at every interface within the device because of the
mismatch in the refractive indices. For example bare Si reflects more than 30%
of the light at normal incidence. This absorption loss is very critical and reduces
the overall efficiency of the devices. However reflection is not the only
absorption loss mechanism to consider: transmission loss which happens for
very thin samples or for samples with no sufficient light trapping schemes is
also critical. Absorption losses due to reflection and transmission are usually

addressed by anti-reflective coating and light trapping schemes respectively.
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Nanowires are very attractive candidates to reduce absorption losses as
they have the potential to address both antireflection and light trapping issues.
First NWs exhibit extremely low optical reflection. It has been demonstrated
that SINWSs array reduces drastically the reflectance to less than 1.4% over a
wide wavelength range of the solar spectrum from 300-600 nm as illustrated in
Figure 2-7 ([26], [27]) . As these measurements were carried out on thick
samples, it does not provide any information on the light trapping capabilities
of the device (no transmission is taking place for thick samples). This
outstanding antireflection property might be explained by the fact that SINWs
possess diameters smaller than visible wavelength creating a subwavelength
structure (SWS) surface, i.e. a surface-relief grating with a period smaller than
the wavelength of light. Such a surface behaves like an antireflection surface,
suppressing the reflection over a wide spectral range [26], [27]. Moreover,
tapered nanowires / nanocones show an enhanced optical absorption as they
behave as an effective medium with a gradual change in refractive index that
accompanies the gentle change in the diameter of the SINWs from the top to
bottom. Indeed in this approach, the mismatch between refractive index of the
two media (wire and air) is not abrupt but instead gradual, eliminating in this

way the reflectance over most part of the spectrum [67], [68].
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Figure 2-7: Reflectance measurement of porous (PSi), polished c-Si and SiNW
arrays [26], [27].
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Investigation of the light trapping capabilities of SiINWSs is more
challenging and only few works have reported on this issue. Indeed to
investigate SINWSs light trapping, one should fabricate SINWs etched on c-Si
thin film, which in turn should be prepared on a transparent substrate to ensure
no parasitic absorption. Such a structure is technically challenging to realize.
Nevertheless, Sivakov et al. [69] successfully managed to study the optical
properties of MACE mc-SiNWs on glass substrate. The mc-Si thin film was
fabricated by laser crystallization of an a-Si:H film deposited on glass by
PECVD, and the SiNWs were subsequently fabricated by MACE. They found
that SINWs etched on a 2.5-3 um thick mc-Si layer do not transmit light
between 300-550 nm which proves the light trapping capabilities of the SINWS.

Nowadays light trapping schemes are commonly used in commercial
solar panels and random texturization by pyramids has been adopted as the
standard structure for the single crystal silicon texturization [70]. However an
anti-reflective coating is still required to achieve low reflectance. Light trapping
enhancement provided by standard texturization techniques is limited by the
theoretical Yablonovitch limit to 2n® where n is the refractive index of the
medium (which is equivalent to an optical path enhancement of 4n® due to
angle averaging effects). The theoretical Yablonovitch limit has been
established in 1982 [71] and is derived under a statistical ray optics approach.
Ray optics is a simple theory where light is modeled as a straight line. It has
been used for centuries as it is a simple and powerful concept which is able to
explain most of the optical phenomena. However, this model does not take into
account the wave nature of light and fails to explain optical phenomena when
the wavelength of light is in the same order of magnitude as the dimensions of
the objects that light is propagating through. Therefore by using more advanced
concepts of the wave optics such as photonic crystal, plasmonic material,
dielectric waveguides, sharp features, structured cells or wire-based cells, it has
been shown that the theoretical Yablonovitch limit might be exceeded [46],
[72]-[76].

As mentioned, SINW arrays have been shown to exhibit outstanding
optical properties with a very low reflectance in the visible range, even without

any additional antireflective coating. Many theoretical studies have
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demonstrated the potential of SINWs to boost the optical absorption beyond the
classical limit: optimally designed nanowires may significantly increase the
absorption of the arrays beyond the theoretical limits of ray optics by a perfect
control over the localization of the electromagnetic field. For example, Garnett
et al. have measured an optical path enhancement of incident solar radiation
within ordered SiNW arrays of 73, much higher than the Yablonovitch
randomized scattering limit of 2n? ~ 25 for silicon with no back reflector [46].
Theoretical studies usually investigate the interaction of electromagnetic waves
with perfectly ordered SiNW arrays of precise dimensions. Hu et al. [77] have
analyzed the effect of filling ratio (defined as the ratio between the top surface
area occupied by the NWs within a unit cell and the top surface area of the unit
cell), diameter and length on the optical absorption of SINW arrays with a
period of 100 nm. The results showed that SINWs could drastically enhance
light absorption in the high energy region (>2.8 eV) but not in the low energy
region (< 2eV) because of the small extinction coefficient of silicon, resulting
in an overall reduced absorption for SINWSs. This issue can be addressed by
using longer SiINWSs or a back reflector. Li et al. [78] have further investigated
the effect of the geometry of the periodic arrangement on the light trapping of
SiNWs arrays, and correlated this result to the use of a non-optimal periodicity.
Indeed, their work suggested that optimized light absorption is achieved when
the periodicity is comparable to the light wavelength, between 250 and 1200
nm, and with a ratio diameter to periodicity of 0.8. With a small periodicity of
100 nm, the wavelength is much longer than the SINW dimension, in particular
in the low frequency regime, and therefore light penetrates through the SINWs
arrays easily “without seeing them”. Consequently, light scattering is reduced
and the resulting transmission is very high. When the dimension of the SINWs
array is of the same order as the wavelength, diffraction occurs and scattering
becomes dominant, which will then increase the optical path length and
improve absorption. In this hypothesis, it is claimed that the periodicity of the
SiNWs array is playing a critical role in the light absorption capabilities of the
SINWs.

This point of view has been challenged by Foldyna et al. [37], [38] who
showed that the periodicity of the arrays is not that a sensitive parameter to light

scattering. Indeed, Foldyna et al. have also studied optimization of light
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trapping in periodic arrays by investigating the effect of geometric parameters
such as the diameter, pitch and length on the optical performances. They
suggested that the high absorption efficiency of SINWs come from an efficient
light coupling into their localized resonance mode inside the NWs. In fact a
NW is behaving like an optical waveguide which guides the light along its
length. They found that every nanowire is able to trap the light by confining
propagating modes and that the high absorbing efficiency of SINWs mainly
depends on the strong light coupling into the guided modes inside every
nanowire. Therefore the high absorption by SiINWs is due to individual effect
rather than a group effect. As a consequence, the periodic arrangement is not
playing a critical role but rather the volume fraction of SINWs and their
diameter. In particular, the confinement is extremely effective in the situation of
matching diameter/wavelength resonance conditions and is still important even
for non optimal resonance conditions where a leakage of the electromagnetic
field might be observed. They also showed that the light absorbing efficiency is
not sensitive to small variations in the geometric parameters, and fabrication
processes that deliver perfect and precise geometries are not required. They also
reported on the combination of SINWSs with different diameters which might
further enhance the optical absorption. Another key point to highlight in
understanding the enhanced absorption of SINWs is their so-called "effective
optical cross-section™ (larger than their geometrical cross-section) which
overlap, in particular in the case of dual-diameter geometry, and can boost the

optical absorption in SINWSs.

2.2.3 Enhanced charge carrier collection

The p-n junction in solar cells based on SINWSs is not necessary axial,
but can be radial. The radial p-n junction provides a short collection length for
charge carriers, reducing their recombination, so that materials of inferior
quality can be used. Every SiINW behaves as a tiny p-n junction, commonly
named the core-shell structure. When a photon strikes the outer shell of a
SINW, an electron-hole pair is created and the generated carrier travels in the
radial direction on very short distances before reaching the electrodes. This

architecture is particularly favorable for minority carriers which only need to

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

65



diffuse over ten to hundred nanometers to reach the depletion region instead of
the typical hundreds of micrometers in conventional Si based solar cells. Light
trapping can also enhance the charge carriers generation. By tackling the charge
collection and generation issues, solar cells based on SiNWs are expected to

offer substantially improved performance [68].
2.2.4 Electronic properties

The size, surface-to-volume ratio, growth direction and morphology can
affect the electronic properties of SINWSs. For example the band gap of SINWs
is related to the diameter of the wires. Indeed, when the SiINWSs diameter is
approaching the Bohr radius, quantum confinement is observed, resulting in a
widening of the band gap. The dependence of the bandgap on the wire diameter,
in the framework of the EMA-PIB model (Effective Masse Approximation -
Particle In a Box), can be expressed as:

¢ 3.1
Eg :E0+?

where Ej is the bandgap of silicon nanowire, Ey is the bandgap of silicon, C a
constant and d is the diameter.

Therefore SiNWs offer an opportunity to adjust the value of the band
gap. Tuning of the band gap can be extremely useful to reduce heat losses in a
solar cell by the use of optimal and/or complementary band gap materials inside
the device. The dependence of the band gap on the SiINW diameter and on the
surface terminations has been theoretically studied. Density functional theory
calculations (DFT) by Nolan et al. [79] have shown that shrinking of SINWs
diameters results in an increase of the band gap and that very small SINWs (less
than 1 nm diameter) have direct band gap while bulk silicon is an indirect band
gap material. The surface functionalization can also affect the tailoring of the
band gap as investigated by Nolan et al. [79] and Sacconi et al. [80]. They
showed that for the same diameter, different surface terminations will result in
different values of the band gap. For example, Sacconi et al. showed that the
widening of the band gap is larger for H-terminated compared to SiO;
terminated SINWSs. Such difference is attributed to the reduced confinement

provided by SiO,. Nolan et al. explained this effect of surface termination by a
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competition between quantum confinement and hybridization effect induced by
some terminated groups such as OH or NH,.

The electrical properties of SINWs depend on the methods of
fabrication. Indeed, SiNWs fabricated by a top down approach have the same
electrical properties as the starting bulk material. For bottom-up SiNWs, an
additional doping step is required during or after the fabrication process. This is
achieved for example, by adding phosphine (PHs) or trimethylborane (TMB) to
silane (SiH,4) gas during the growth. As SINWSs present large surface-to-volume
ratio, it is believed that the surface characteristics of SINWSs can have a great
impact on their electrical properties. It has been demonstrated that surface
modification treatment of SiNWs might result in excellent electrical
characteristics. For example annealing treatment or passivation can increase the
mobility of carriers in SINWSs [81].

2.3 Silicon Nanowire based Solar Cells

2.3.1 Basics of Nanowire Solar Cells

SiNWSs have attracted much interest in the past decade due to their
unique optical, structural, electrical, mechanical and thermal properties [26],
[82], [83]. A legitimate question arises: What are the benefits of SINW based
solar cells over planar wafers cells? One important point to raise is that it is
unlikely SiNWSs based solar cells can achieve higher efficiency than the
standards limits, but they can cut significantly the cost of production as they
reduce the requirements on material purity and the quantity of material needed
to reach these limits in conventional solar cells. Moreover, the technology can
be transferred to the thin film technology and even on glass substrates, and thus
reduces the cost further.

SiNWs offer a wide range of advantages that can improve significantly
the photoconversion efficiency including almost perfect light trapping, very low
reflection, reduced sensitivity to material defects, tunable band gap, easy strain
relaxation due to small diameter and different charge separation mechanisms
compared to conventional wafer planar cells. Moreover, NWs made of a wide

range of materials or combination of materials have been reported such as
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silicon, cadmium, selenide, telluride, zinc oxide, zinc sulfide, germanium,
gallium, nitride, arsenide, indium, titanium oxide, copper oxide [28]-[36], [84]—
[97], so NWs can be used for many different types of devices.
There are basically 3 concepts under consideration when discussing

about SINWSs based solar cells [68].

- The radial p-n junction

- The axial p-n junction

- The substrate p-n junction

The 3 different types of junctions are displayed in Figure 2-8 ([68]).
These 3 types of junctions benefit from the outstanding optical properties of
SiNWSs which increase light absorption and reduce light reflection. They also
benefit from easy strain relaxation and tunable band gap due to the small

dimensions involved.

Periodic array provides
excellent light trapping
and Improves absorption

Reduced reflection

2 Increases absorption
Charge

separation 1 e ——
along radius Small dlameter
Increases

defect
tolerance

relaxes strain,
Improves alloying
and epitaxy, and
tunes band gap

Single-crystal growth
directly on electrode
reduces substrate cost

Radial junction Axial junction Substrate junction
Maintains all the advantages Loses charge separation advantage Loses the single-nanowire solar cell
fabrication possibility

Figure 2-8: Advantages and drawbacks of the radial, axial and substrate
junctions [68]

Among the 3 structures, only the radial junction can potentially benefit
from all the advantages offered by SiNWSs [68]. As for axial and substrate
junction, we lose the advantage of radial charge separation with small collection
length, and consequently tolerance to defects [68]. Indeed, in both cases, the
electrical field is developed in the axial direction as in standard planar cells.
Therefore the charge separation mechanism is similar to that in planar cells.
Besides, for the substrate p-n junction, it is not possible to detach the nanowires
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from the substrate to realize a working solar cell only based on SiNWs (for
flexible and thin film applications).

As the p-n junction area of radial junction is very large, we expect lower
Vo and lower photo-current density because of surface defects recombination.
However, the short distance offered by the radial junction between the charge
generation and the p-n junction will in contrary increase the Vo and Js.. As for
axial and substrate junction, the area of the p-n junction is much smaller, and
therefore we expect a higher Voc and higher photocurrent density.

Finally, for the 3 structures, there is a large outer surface area, which

may result in high surface recombination and lower the V..
2.3.2 Solar Cells based on Silicon Nanowires: a review

Table 2-1 summarizes the application of SINWSs fabricated by top-down
(MACE and RIE) and bottom up approaches (PECVD) in different solar cell
technologies. Generally it has been used as an antireflective layer by taking
advantage of the low optical reflection (axial and substrate junction) of SINWs
or as a radial / core-shell p-n junction to make the best use of the short
collection distance offered by the radial geometry.

Several works have been reported on the use of SiNWs for solar cell
applications. Our group has investigated thin film hydrogenated amorphous
silicon (a-Si:H) radial junction solar cells by VLS-grown SiNWs with a highest
reported efficiency of 9.2% on glass substrate [55], [56]. This architecture uses
a 100 nm thick a-Si:H as the active material and the c-SiNWs as the conducting
channel. c-SiNWs have also been used as the active material. In this type of
devices, the p-n junction is typically formed by the high temperature
phosphorus diffusion process. As a consequence, the NWs might be fully
converted to n-type (or p-type) materials, making an axial or substrate p-n
junction rather than a radial p-n junction. In this case the SiNWs are used for
their good anti-reflection and enhanced light absorption, but the benefit of the
radial junction is lost [27], [46], [62], [69], [98]-[101]. For example, highly
efficient substrate junction solar cells based on SiNWs fabricated by MACE
and diffusion process were fabricated with a reported efficiency of 17.11% for

an area of 154.83 cm® Moreover an efficiency of 18.2% [102], and more
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recently an efficiency of 22.1% [103], was also achieved for black silicon solar
cells nanostructured by a wet etching process on a c-Si wafer. Nevertheless, it is
very challenging to fabricate a radial junction by the diffusion process since the
latter tends to produce axial or substrate junction. However, SINWs with larger
diameter fabricated by deep reactive ion etching (DRIE) have been successfully
used in solar cells with a core shell structure fabricated using the phosphorus
diffusion process with a reported efficiency of 10.8 % for a few micrometer
thick c-Si films [104].

SiNWs have also been used in heterojunction devices resulting in radial
type junction. Heterojunction solar cells are devices where the p-side and n-side
of the junction are made of different materials. For example heterojunction with
intrinsic thin layer (HIT) device is a solar cell where the n-side (respectively p-
side) of the junction is made of c-Si while the p-side of the junction
(respectively n-side) is made of hydrogenated amorphous silicon [105]. Hybrid
devices are also another popular type of heterojunction solar cells where one of
the semiconductor of the junction is made of inorganic material like silicon
while the other consists of an organic layer. Basically heterojunction solar cells
are made by depositing an amorphous silicon or an organic layer on a c-Si
substrate. The use of SINWSs in heterojunction solar cells brings an additional
challenge of passivation compared to axial or radial homojunctions solar cells
mentioned above. Indeed, while diffusion-fabricated p-n junctions are formed
inside SINW bulk, for HIT or hybrid devices the p-n junction is formed at the
surface of the SINW which may present many surface defects.

Today, only few works have been published on HIT solar cells based on
SiNWSs [106]-[109]. So far, the best efficiency reported is 10.04% for SINWs
upon addition of a thin insulating layer of Al,O3 to passivate the SINWs surface
[107]. An atomic layer deposition (ALD) technique was used for the Al,O3 and
contact deposition. Another interesting work claimed an efficiency of 12.2 %
for HIT solar cells based on silicon microwires (SiMWSs) [110] with radii
ranging from 1.5 pm to 50 um fabricated by DRIE. Nevertheless, SIMWSs do
not boost the light trapping inside the cells as much as SiNWSs can. So far, all

the studies published on SiINW based HIT solar cells are based on thick
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crystalline silicon wafers, while the final objective is to apply this type of
architecture to Si thin films.

Several works have also been published on the potential of hybrid solar
cells based on nanostructures. Our group was the first to report highly efficient
hybrid solar cells based on the combination of SINWs with both a single layer
PEDOT:PSS and a dual organic layer of PEDOT/PSS and spiro-OMeTaD,
achieving efficiencies of 9 and 10.3% [20], [111] respectively. A deeper
understanding of the surface passivation has enabled us to improve the power
conversion efficiency up to 12.4% [112].

The key results and main findings of SiNWs applied in different types of solar

cells are summed up in the following Table 2-1.
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Table 2-1: Key results and finding on SiNWSs based Solar Cells.

Type of
junction

Structure

Efficiency

Axial or Substrate junction - Junction formed by phosphorous
diffusion - SINWs are used for their enhanced optical properties

Substrate p-n
homojunction

Conventional phosphorous diffusion on SiNWSs
fabricated by wet etching on p-type crystalline (100)
and polycrystalline substrate.

Crystalline
n=9.31%
Vo = 0.5485V
J,.=26.06mA/cm?
FF=65.12%

(2005) Polycrystalline
The SiNW cell fabrication procedure can be applied to n=4.13%
[31] c-Si  wafer with different orientations and to Voo = 0.4756V
polycrystalline substrate. SiNWs cell exhibit lower | 3 =20.99mA/cm?
efficiency than their planar counterpart, and this is FF=47.4%
attributed to strong surface recombination due to the
ultra high surface area of SiNWs and the presence of
many surface defects and dangling bonds causing short
carrier diffusion length.
Standard W
phosphorous
diffusion on
SiNWs fabricated
Substrate p-n by wet etching on p-si ansi A N Ti/Ralk n=11.37%
homojunction | p-type c-Si Vo = 0.58V
crystalline (111) wafers. SINWs length was about 3-5 | J,=27.1mA/cm?
(2008) pm FF=72.22%
[98]
The high efficiency of the cell is attributed to the very
low reflection of SINW arrays combined with the
reduced series resistance of the slanted structure,
allowing a better electrical contact.
Conventional Ti/As Layec
phosphorous  diffusion
on SiNWs fabricated by
Substrate p-n | oy etching on p-type c-
homojunction Si (100) wafers. i n=13.7%
Vi = 0.544V
(2011) Je=37mA/cm?
= 0,
[113] Performance improvement is explained by a careful FF=68%

design of the electrodes where SiNWSs are selectively
etched on the active area and contacts are made over
planar surfaces. However, the FF is rather low.
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Substrate p-n
homojunction

(2013)

[99]

SiNWs were fabricated by
MACE on texturized p-
type c-Si with pyramids.
The junction was formed PECVD SN l
by phosphorus diffusion | sovcFaa |

process. After completion
of the cell, SINWs were
passivated by SiO,, SiO,-
SiN, or SiN, only. The area
of the cell is 154.83 cm?.

Screen printing and co-firing

Highly efficient and large scale SiNW based solar cells
were successfully fabricated. Such improvement is
explained by a careful investigation of SINW
passivation schemes.

n=17.11%
V,e = 0.5485V
Jy.=35.8mA/cm?
FF=77.2%

Substrate p-n
homojunction

(2012)

[102]

Black silicon was fabricated
via wet eching on p-type
(100) c-Si  wafer. The
junction was formed via
conventional  phosphorous
diffusion  process.  The
completed cell was capped by SiO, obtained by
thermal oxidation to passivate the nanostructure. The
area of the cell is 0.8081 cm?.

Recombination mechanisms were investigated and it is
shown that both surface and Auger recombination are
limiting charge collection efficiency.  Auger
recombination is caused by excessive doping by the
diffusion process. Optimization of the doping and the
surface has led to highly efficient solar cells.

n=182%
Ve = 0.628V
J:=36.5mA/cm?
FF=79.6%

IBC
substrate p-n
homojunction

(2015)

[103]

Black silicon was fabricated by using cryogenic deep
reactive ion etching (DRIE). The black silicon was
passivated by a thin Al,O3 layer. The design of the
structure was an interdigitated back-contact back-
junction (IBC). The area of the cell is 9 cm?.

b-Si passivated with ALD Al,O,

] |'IIY' ]

This record efficiency is explained by the excellent
surface passivation provided by Al,O3 deposited by the
ALD technique. As IBC cells are very sensitive to the
front surface recombination velocity, these results
show that black silicon based solar cells are no longer
limited by their surface recombination and the
nanostructured surface can be effectively passivated

n=221%
Ve = 0.665V
J=42.2 mAlcm?
FF=78.7%
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MACE on 2.7 um multicrystalline p+nn+ doped silicon
layers deposited on glass. The multicrystalline layer
was obtained through the laser crystallization of a (p)
a-Si:H film deposited by electron beam evaporation
(EBE). Doping was realized by a standard phosphorus
diffusion process.

>
Axial p-n 4 1 o4
& Voo = 0.45V
(2009) b FF=30%
[69]
t+f t 111
Light
SiNWs based solar cells were successfully fabricated
on glass substrate. High series resistance and shunting
of the cell are the main issues to be addressed to
improve the cells performance.
Radial or Coreshell p-n junction
Heterojunction - Junction formed by PECVD
n-type SiNWSs were fabricated by MACE. (p) a-Si:H
film was deposited by Chemical Vapor Deposition
(CVvD) and further crystallized by Rapid Thermal
Annealing (RTP). Extremely long SiNWs were used
(18 pm).
p-n
heterojunction n=0.46 %
Voo = 0.29V
(2008) Joc=4.28mA/cm?
FF=33%
[114] — 10 1M

Poor performances were attributed to high surface
recombination combined with SiNWSs roughness and
high series resistance due to the poor conductivity of
the poly-crystalline shell capping the SINWs.

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

74



HIT

SiNWs were
etched into n-type
c-Si  wafer. The
core-shell structure
was formed by | ;
deposition of an a- o i wafe

- 1 200 nm 1

Si:H heteroemitter by Plasma Enhanced Chemical an(;j;/gv
(2012) Vapor deposition (PECVD). Al doped ZnO (AZO) 3 _‘;7_03' Alem?
contacts were deposited by Atomic Layer Deposition. se m/em
FF =56.2%
[106]
Great improvement of HIT SiNW based solar cells
compared to previous results is observed which is
attributed to a careful cleaning of the residual silver
particles from the MACE process.
SiNWSs were fabricated by
MACE and the junction was
completed by the deposition
of a-Si:H heteroemitter on
top of the SINW arrays by
HIT PECVD. n = 3.97-7.24%
V=0.31-0..37V
(2013) J=21- ,
- . 23.5mA/
[109] Effect of the deposition parameters on the passivation FFE :ngl_gg:%
of SiNWs by a-Si:H was investigated. Minority
lifetime and a-Si:H thicknesses are strongly depending
on the deposition time and on the plasma power.
Correlation of the the V. with the deposition time was
more complex to investigate and seems to be
depending on the length of SINWs.
Si microwires were fabricated by DRIE on low quality
c-Si wafer. The heterojunction was formed by
deposition of 12-16 nm of a-Si:H by PECVD. Diameter
of the microwires was in the range 1.5 -50 um. and the
length was about 22 um.
HIT ¢Si a-Si n=12.2%
==l Voo = 0.591V
(2012) // N J=31.1mA/cm?
3 _ 0
[110] FF =70.9%

The high efficiency was attributed to the excellent
passivation provided by a-Si:H, high collection
efficiency and optimization of the radii of the
microwires. These results have to be balanced by the
fact that the passivation is less challenging as
compared to SiNWs as the latter exhibit higher surface-
to-volume ratio due to the small diameter involved.
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HIT
(2013 & 2014)

[107], [108]

NWs
a-Si (i)
a-Si(p)
AlOs

SiNWs were
fabricated by
MACE and the
heterojunction

was formed by

plasma
deposition of a-
SitH  film. A

thin  insulating
layer of Al,O,

was then
deposited  on
top of the

structure by
ALD.

This  concept
was further
transferred  to
the thin film
technology. Indeed mc-SiWs on glass were fabricated
by applying the MACE process to a thin layer of mc-
Si. The mc-Si layer was obtained through the laser
crystallization of a (n) a-Si:H film deposited by
PECVD on glass. The SiNWs underwent the same
fabrication process described above.

glass

Improvement of the HIT devices based on SiNWs was
attributed to the insertion of the Al,O3 layer whose role
is to eliminate surface recombination and allow
tunneling at the front contact. The process was
successfully transferred to the thin film technology
with an efficiency of 8.8% for a 8um thick mc-Si film.
However, an additional hydrogen passivation step of
the mc-Si film prior MACE etching was required to
achieve such efficiency.

c-Si
5 =10.04%
Vo = 0.517V
J=26.46mA/cm?
FF = 73.4%

mc-Si
n=28.38
Voo = 0.53V
Jsc ~25mA/cm?

Homojunction - Junction formed by Diffusion

p-n
homojunction

(2010)

[46]

Combination of RIE
and silica bead
assembly and boron
diffusion on 8 and 20
pm thick epitaxial film
on highly doped n++
substrate. The SiNWSs
were 5 um long with an average diameter of 390 nm.
The junction depth was estimated at 160 nm

Investigation of the effect of SINW length shows that
longer NWs increased both recombination and
absorption. A path length enhancement between 1 and
73 was calculated for different SINW geometries

n=56%
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p-n
homojunction

(2010)

[104]

Si nano-
conical-
frustum
(NCF)
were
fabricated
via self-
powered
parallel
electron
lithograp
hy
(SPEL) and RIE. Arrays with a periodicity of 800 nm
and a length of 3.5 um SiNWSs on top of a c¢-Si thin
film of 1.5 um (SOI wafer) were fabricated. The radial
junction was formed by boron ion implantation and
further annealed at 900°C to activate dopants and repair
damages caused by the doping process. The junction
depth is estimated at 80 nm. The overall structure was
passivated by 20 nm of SiO,. Planar cells based on 5
um thick Si-layer were fabricated as a reference.

M Sio, M Si MW p' Si A% Si

Considering the thickness of the Si film, NCF solar
cells have achieved excellent efficiency. NCF solar
cells performances are much higher than their reference
counterpart (5.2%) which is explained by the large
difference in Js.. Indeed while NCF solar cells exhibit a
Jsc Of 26.4 mA/cm?, the J.; of reference planar cells is
only 13.6 mA/cm® Therefore the improved
performances are explained by the strong light trapping
of SiINWs over a wide range of the light spectrum.
Surface recombination losses are still an issue to be
addressed as they limit both V.. and FF of NCF solar
cells

n = 10.8%
Ve = 0.59V
J=26.4mAlcm?
FF=69%

Heterojunction - Hybrid Solar cells

Hybrid solar
cells

p-n
heterojunction

(2009)

[115]

SiNWSs were fabricated by MACE on n-type c-Si (111)
wafers. The junction was formed by drop casting p-type
poly(3-octylthiophene) (P30T) polymer on the SiNW
arrays. Carbon nanotubes were added to the organic
mixture to improve carrier transport and exciton

dissociation.
Light
Au

WU

3D photoactive
heterojunction n-Si Nw

n-5i bottom surfac

Metal electode

Poor band alignment between Si valence band and the
HOMO level of P;OT, the poor transparency of the gold
electrode and high series resistance are limiting the PCE
of such cells.

n=0.61%
Voo = 0.353V
Jy.=7.85mA/cm?
FFE=22%
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Hybrid solar
cells

p-n
heterojunction

Si wafer
SiINWs were first  gor.

incorporated to
an organic blend
of P3HT/PCBM.
SiNWs
fabricated by
MACE were subsequently separated from the Si
substrate by mechanical force, so that the final structure
is composed of free standing SiINWs embedded into an
organic material. Solar cells with and without SINWs
were fabricated. Upon insertion of SiNWs, the cell’s

SiNW

P3HT:PCBM
PEDOT:PSS
ITO

n=1.93%
Voo = 0.425V

J=11.61mA/cm?

L . 0 0 - 200
(2009) efficiency increases from 1.21% to 1.93%. FF=39%
[116] . . .

SiNWs are believed to improve transport of electrons
and exciton dissociation as well as increasing light
absorption compared to the reference cell without the
SiNWSs. The originality from this work relies on the
separation of SiNWs from the substrate, therefore the
contribution of SINWs can be really investigated.

SiNWs were fabricated by sm\-.mo;,/*': !
MACE on n-type c-Si (100)  coroseas < j

Hybrid solar | wafers and PEDOT:PSS
cells was spin coated over the

arrays in order to form the — _
p-n p-n junction. The length of 7 =5.09%

heterojunction | SINWs was 2.78 pum. Voe =047V 2

J5c=19.28mA/cm
= 0,

(2010) FF=61%

An efficiency of 5.09% was reported. Long SiNWSs
[65] agglomerated and changed the morphology of the

PEDOT:PSS films, resulting in poor coating and low

efficiency.

SiNWs were fabricated by MACE on n-type c-Si

wafers. The junction was formed by spincoating

PEDOT:PSS combined with spiro-OMeTaD. The effect

of the length was investigated.

Hybrid solar Agﬁ'id“‘
cells —> PHS00

Spiro- —
p-n T OMeTAD n=10.3%

heterojunction Voe = 0.57V 2

Jsc=30.09mA/cm
—> Al - 0,
(2011) FF=58.8%
[20] Highly efficient hybrid solar cells produced at low cost

are reported for the first time. The reduced efficiency
with increasing length is attributed to SiNWs
agglomeration which prevents proper coating of the
SiNWs by the organic material.
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"

SiNWs were fabricated by
MACE on n-type c-Si wafers. /{

b ‘/1

DAL

Hyb;:jlzolar The junction was formed by spin
coating PEDOT:PSS. _ 0= 9.0%
p-n Voo = 0.53V
heterojunction J=26.3mA/cm?
= 0,
High efficiency hybrid solar cells was reported with FF=64.2%
[111] only a single layer of PEDOT:PSS. Once again,
agglomeration of long SiNWSs is pointed out as a
limiting factor to achieve higher efficiency.
SiNWs were fabricated by MACE on 2.2 um n-type
epitaxial thin films deposited on highly doped (n++)
substrate. The junction was formed by spin coating
PEDOT:PSS.
Hybrld SOIar 2.2 ym epitaxial Si on n** wafer Fabrication of SINWs
cells
HF/AgNO3
—_—
p-n n =5.6%
heterojunction Vo =057V
Spin coating Js=13.6mA/cm?
I. . FF=71.9%
(2012) - Evaporation
[117]
Front Ag-grid and back Al contact Coating of PEDOT
Proof of concept of the viability of highly efficient
hybrid thin film solar cells based on SiNWs.
Si nanocones were fabricated by colloidal lithography.
The junction was formed by spin coating PEDOT:PSS
Hybrid solar Evaporation of
cells metal electrode
p-n n=111%
heterojunction Vo = 0.55V
J=29.6mA/cm?
FF=67.7%

(2012)

[118]

High efficiency was achieved by replacing SiNWs by
nanocones as this geometry might be easier to coat
conformally. This high efficiency was achieved by
adding a back surface doping.

SiNWs by VLS - Radial heterojunction
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SiNWs were grown by PECVD
and were covered by (i) a-Si:H o L
and a window layer of n-type a- e a-SiH —
Si. Effects of the doping and "S-
SiNW length on the performance

p-type a-Si:H

Radial of SiINWs cell were investigated. Zno - 5 6%
heterojunction - goze i1 = 9.070
Voc = 0.80V
VLS Je=13mA/cm?
Jsc was drastically improved when the SiNWSs length S|C:|:— 53.8%
[119] was tuned from 1 um (8.8 mA/cm?) to 3 um (13 e
mA/cm?). Improvement in V,, was achieved by the use
of Sn catalyst and by boosting the doping of c-SiNWs.
Thinner (n) a-Si:H improved the spectral response in
the blue regime but to the detriment of the FF.
The SiNWSs based solar
cells were fabricated in
one pump-down
PECVD process. P-type
c-SiNWs  were  first
grown  on  glass 200! conted dinee
substrate, followed by
Radial the depositic_Jn of_ (i) a-Si:H and (n) a-Si:H. The
heterojunction - absorber a-Si:H thickness was about 100 nm. In this n =8.14%
VLS type of junction, charge carriers are generated in the (i) Voc = 0.80V
a-Si:H layer and not in the c-SiNWs. Jse=16.1mA/cm2
[55] FF=62.8%
Light induced degradation of such samples is only of
6% while standard light induced degradation of planar
p-i-n junction is in the order of 15 to 20%. The
improved stability is attributed to the thin thickness of
(i) a-Si:H required in radial SiNWs cell. Such high
efficiency was achieved through the optimization of the
SiNW density.
Further optimization was carried out on the VLS
SiNWSs based solar cells introduced above. Some
modifications to the p-type c-SiNWs / (i) a-Si:H / (n) a- Effect of
Si:H radial solar cells were investigated. The effect of | additional (p) a-
the addition of a (p) a-Si:H with a proper doping SitH
gradient on the c-SiNWs prior deposition of (i) a-Si:H
was studied. Finally the (n) a-Si:H window layer was \7= 7(-)633/
replaced by n-type pnc-SiO,:H. oc = U.
Radial P y P M " S e J=13.6mA/cm?
heterolunctlon ) Droplet formation S::;yx er:r‘:;f:a a-;i:szept:sition FF=62%
VLS T>231°C l l
i H (. \ | Effect of n-type
[56] l \ / uc-Sio x :H layer
\

Substrate | Substrate | | Substrate |

Improvement of the V. up to 0.9V was achieved by the
insertion of 10 nm (p) a-Si:H with a doping gradient.
The Js. can be improved by replacing the window layer
with a material of wider band gap to reduce parasitic
light absorption in this layer. This was achieved by
replacing the n-type a-Si:H by n-type uc-SiO,:H.

n=92%
Vo, = 0.82V
Je=15.2mA/cm?
FF=73.7%
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This literature review shows the large diversity of solar cell devices
based on SiNWs that have been studied so far. As mentioned earlier, we will be
working on SiNWs fabricated by the top-down MACE process. NWs will be
integrated into two different solar cell technologies: hybrid devices and
heterojunction with intrinsic thin layer (HIT) devices. The best efficiency
reported by HIT solar cells based on SiNWs fabricated by MACE is 10.03%
[107], [108]. In 2011, our group was the first to report highly efficiency hybrid
devices based on the combination of etched SiNWs with an organic layer.
These solar cells exhibit efficiency about 10% (9% [111] and 10.3% [20]).

2.4 Heterojunction with Intrinsic Thin Layer Solar Cells

This section is devoted to the description of the heterojunction with
intrinsic thin layer (HIT) solar cell structure that we have used in this work.
Basically a HIT device relies on the combination c-Si and a-Si:H thin films in
order to form the junction at low temperature. HIT is a mature technology that
holds the world record efficiency (25.6%) for single junction silicon devices.
First we describe the materials used in this structure before introducing the

working principle of a HIT device.

2.4.1 Hydrogenated Amorphous and Crystalline Silicon properties

2.4.1.1 Atomic structure

Silicon is the cornerstone of modern electronic industry, being the main
material in use in the semiconductor and MEMS industries. Therefore silicon is
a well known material which has been extensively studied. As such its
characteristics and processing are quite well mastered. In crystalline silicon,
atoms are arranged in an ordered structure with a long range order as shown in
Figure 2-9 ([120]). Each silicon atom is systematically coordinated to four
other silicon atoms by covalent bonds of the same length with equal angles
between them [120]. As displayed in Figure 2-9, the atomic structure of
hydrogenated amorphous silicon (a-Si:H) differs from that of crystalline silicon.
Most of silicon atoms within a-Si:H film are likewise fourfold coordinated, but

with small variations in the angle between the bonds (+/- 10°) and in the
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bonding length [120]. As depicted in Figure 2-9, there is nothing like a long-
range order in the atomic structure of a-Si:H. Such structure, characterized only
by a short-range order over a few atomic distance, is commonly named as a
continuous random network. The distorted covalent bonds within a-Si:H films,
called the strained bonds, are more energetic than covalent bonds in crystalline
structure and are therefore less stable and are more likely to break [120]. Most
of the defects in a-Si:H films are consequently coordination defects, in
particular one covalent bond missing resulting in apparent dangling bonds
(unpaired electron) with some silicon atoms having a coordination of two or

three instead of four.

o Siatom — Covalentbond O H passivated — unpassivated
dangling bond dangling bond

Figure 2-9: Schematic representation of the atomic structure of crystalline silicon
(a) and hydrogenated amorphous silicon (b). For c-Si, every Si atom is linked to
four other Si atoms and the overall structure is long range ordered. For
amorphous silicon, only a short range order is visible because of variation in the
angle and length of covalent bonds. Many coordination defects which are not
passivated by hydrogen are present within the structure [121].

2.4.1.2 Band diagram

c-Si is an indirect semiconductor with a band gap of 1.12 eV at 300 K.
As illustrated in Figure 2-10 ([121]), there is no forbidden gap for a-Si:H
material with a clear separation of the non-localized conduction and valence
bands extended states as in crystalline silicon. Instead of the classical transition
at the valence and conduction band edges, the density of states of the valence
and conduction bands are spreading, forming the so-called “band tail states”,
following an exponential distribution [122]. These band tail states have
localized wavefunctions and are induced by the bonding distortion in a-Si:H

[122]. Moreover, the dangling bonds present within the a-Si:H structure (as
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depicted in Figure 2-9) are responsible for a continuum of localized states,
called the “defect states” within the band gap as illustrated in the Figure 2-10.
Both band tail and dangling bond states have localized wavefunctions with
reduced mobility compared to the non-localized states of the valence band and
conduction band extended states [122]. Figure 2-10 enables us to understand
the importance of the incorporation of hydrogenated atoms inside the crystal
structure. Indeed pure amorphous silicon is not interesting for electronic
applications as it does not have a real band gap. Because of high dangling
bonds density in pure amorphous silicon, its electrical properties are very poor.
Alloying amorphous silicon with hydrogen can solve this problem. Indeed,
hydrogen atoms passivate the dangling bonds and reduce their density by about
four orders of magnitude, from about 10* cm™ in pure amorphous silicon to
10%-10% cm™ in a-Si:H [121]. By passivating these dangling bonds, the density
of the localized states is lower than the delocalized density of states of both the
conduction and valence bands, hence resulting in the formation of a kind of
band gap, called the mobility gap [121]. Typical band gaps of a-Si:H are
suitable for photovoltaic application and range between 1.5 eV and 1.9 eV
[123]. Both localized band tail and dangling bond states have a great impact on
the electrical properties of a-Si:H, as they act as recombination and trapping

centers respectively.

(a) ()
Single crystal silicon Hydrogenated amorphous silicon
p N _
. R m 8| gl Ew=t8ev [mo
- o ale) o i 20
8 os @3 w g8 / g3l
Y
2 g° E1ev| B8 5 |80 88
5|20 8= Qo 23 0 ~H3Z
o @ Q5 > 00 |0 o 9
> | Q00T 3 =2 10T |5 (S 2
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Figure 2-10: Schematic representation of the band diagram of crystalline silicon
(a) and hydrogenated amorphous silicon (b). In a perfect crystal, the band gap is
well defined and Eg = Ev-Ec. Blue color represents sates with delocalized
wavefunctions. For a-Si:H states are present within the band gap. Orange and
purple colors represent the localized wavefunctions, responsible for the reduced
mobility properties of a-Si:H. Defects states are due to the dangling bonds defects
and tail states are induced by bonding distortion [121].

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

83



2.4.1.3 Optical properties

Contrary to crystalline silicon, amorphous silicon behaves like a direct
band gap semiconductor [120]. As a consequence, a given thickness of a-Si:H
absorbs about 100 times more than c-Si (in the visible spectral range) which
means that only 1 um thick a-Si:H film is enough to absorb about 90 percent of
usable solar energy [121]. To achieve similar absorption in c-Si, a thickness of
about 180 um is required. As illustrated in Figure 2-10, the density of states
diagram of a-Si:H presents both a quadratic and exponential parts responsible
for band-to-band and tail-to-tail optical transitions respectively. The optical
band gap can be extrapolated from the study of the absorption coefficient
according to the following equation: a(hv)=(A/ hv)(hv-Et1)? where Er is the so-
called Tauc gap and is generally used as the value of the optical band-gap. From
this study, a band gap of 1.75 eV is commonly obtained, although deposition
conditions have a great impact on this value. An interesting optical property of
a-Si:H is the ability to vary its optical band gap over a wide range by alloying
the material with carbon or germanium [121]. Small variations of the hydrogen
content of a-Si:H can also modify the optical band gap of a-Si:H to a smaller

extend.
2.4.1.4 Electrical properties

As for all amorphous materials, the carriers” motilities are lower than in
crystalline but are still acceptable with typical mobilities in the order of 10
cm®Vist for electrons and 1 cm?V's® for holes [121]. As a reference,
mobilities in the range of 1500 cm?V*s™ for electrons and 450 cm? V'is™ for
holes have been measured for silicon with a doping concentration of 10* cm,
Conduction in a-Si:H can be accounted for by three main mechanisms [121]:

a) band conduction as in crystalline silicon in the delocalized
extended band states (valence and conduction),

b) hopping between band tail states and

c) tunneling within deep dangling bond states
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2.4.2 Heterojunction with Intrinsic thin layer (HIT ) devices:

HIT stands for heterojunction with intrinsic thin layer (HIT). HIT [124]
solar cells are devices based on crystalline silicon wafer coated by thin films of
a-Si:H as illustrated in Figure 2-11 ([125]). This technology, pioneered by
Sanyo back in 1992 [105], is a combination between the c-Si and the thin film
technologies. The name HIT summarizes the main features of this type of
devices:

- Heterojunction = two different semiconductors (c-Si and a-

Si:H) form the p-n junction.

- Intrinsic = an intrinsic layer of a-Si:H is sandwiched between
the c-Si and the doped a-Si:H layers.

- Thin films = The total thickness of a-Si:H films is in the order
of 20 nm.

TCO
p a-Si:H
i a-Si:H
AV AVEA VNN

n c-Si

i a-Si:H

VAVAVAVANVEN

n a-Si:H
TCO

Y

Figure 2-11: Schematics of a standard HIT heterojunction solar cell [125].

The main advantage of HIT solar cells over the standard homojunction
c-Si solar cells is the possibility to manufacture the device, including formation
of the p-n heterojunction and back surface field, by the PECVD technique at
low temperature (200°C) while classical c-Si solar cells require diffusion,
passivation and photomasking steps (up to 1000°C). Recently, Panasonic,

adapting the HIT to a back contact architecture has broken a new world
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efficiency record of 25.6% [10], making HIT solar cells the most efficient Si
based technology.

The main feature of heterojunction is the band gap mismatch between
the 2 materials as shown in Figure 2-12, resulting in band offsets. Indeed band
gaps of c-Si and a-Si:H differ by 0.5 to 0.7 eV. The conduction and valence
bands cannot be therefore continuous over the entire junction as for
homojunctions. The bending of the band is essentially supported by c-Si, the
energy bands of a-Si:H being almost flat. This is explained by the concept of
“charge neutrality level” where bands are bending in order to achieve charge
neutrality. As a-Si:H has much more rechargeable state, most of the bending is

observed in the c-Si.

Strong hole
inversion

Figure 2-12: Schematics of the band diagram of a HIT for a n-type c-Si [126].

At the I/N heterojunction interface (on the right of the band diagram)
holes are the minority carriers and electrons the majority carriers while at the
P/l heterojunction interface (on the left of the band diagram), electrons and
holes are the minority and majority carriers respectively [127]. At each
interface, the band offsets due to the difference in the band gaps between a-Si:H
and c-Si is responsible for an unfavorable blocking barrier for majority carriers
and a favorable reflection barrier for minority carriers. The barrier experienced
by the electrons on the (n) a-Si:H side is quite small and several works have
shown that electrons are effectively collected and this barrier does not pose any
problem. At the (p) a-Si:H, the barrier height experienced by the holes is more
problematic. Majority carriers have to overcome the barrier by tunneling, trap-
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assisted tunneling or thermionic emission which is only possible if the a-Si:H
layers are really thin and the (p) a-Si:H layer heavily doped. In the case of poor
hole collection, s-shape curves (I,V) curves can be observed.

Another key feature of HIT devices is the excellent passivation of c-Si
provided by (i) a-Si:H with reported surface recombination velocities below 5
cm/s. If the thickness of the (i) a-Si:H layer is kept very thin, charge carriers
transport will not be affected significantly. The optimal thickness of (i) a-Si:H
is about 4-5 nm. This intrinsic thin layer was first introduced by Sanyo. Upon
insertion of this “buffer” layer, the Vo improved by 30 mV, and a FF of 80%
was achieved. The efficiency increases from 12.3% to 14.8% [105]. Since then,
continuous improvement of the structure [105], [128]-[132] (textured surface,
BSF, symmetrical structure, reduction of absorption in a-Si:H and TCO, grids
electrode, improvement of the a-Si:H and c-Si interface, back architecture....)
has led recently to a new world record efficiency of 25.6% achieved by
Panasonic [10].

Finally, it is worth to mention the excellent stability of HIT devices
under light and temperature exposure.

We will now introduce the standard structure used in our work. We used
n-type wafer with typical resistivity of 1-5 Q.cm whose surface has been
nanostructurated by SiNWs fabricated either by MACE or MACE assisted by
nanosphere lithography. The front contact consists of a thin (i) a-Si:H layer
recovered by a thicker (p) a-Si:H layer. The BSF is made of a thin (i) a-Si:H
layer capped by a (n) a-Si:H layer. The symmetrical structure has been shown
to reduce both thermal and mechanical stress. ITO is then sputtered both at the
front and backside of the cells. ITO on the front side serves as a transparent
electrode and an anti-reflective layer. Backside ITO, whose role is to increase
the reflection, is then covered by a metallic back contact. The structure is

summarized in Figure 2-13.
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Figure 2-13: Schematic of a HIT structure based on SiNWSs. The n-type c-Si wafer
has been nanostructured to improve light trapping

2.5 Hybrid Solar Cells

In this section, we review the concept of hybrid devices as we will study
the potential of SINWSs for hybrid solar cells in this thesis. A hybrid device is
composed of an organic layer combined with an inorganic semiconductor. Light
absorption and charge transport in organic solar cells is ensured by the use of
conductive small organic molecules or polymers instead of the classical silicon
wafers. The principle is similar to that of inorganic solar cells, except that there
are no valence or conduction bands involved but we talk rather of the Highest
Occupied Molecular orbital (HOMO) and the Lowest Unoccupied Molecular
Orbital (LUMO). When light of sufficient energy is absorbed by the organic
material, electrons in the HOMO state will be excited above the LUMO level,
leaving holes in the HOMO and generating excitons. This kind of solar cells,
though less efficient, offer many advantages such as low material cost and
simpler fabrication process. Due to their processability, organic materials have
great potential in terms of realizing cheap and large scale solar cells fabrication.
Moreover, organic materials have a very high optical absorption coefficient, in
the order of 10" cm™ [133], thus enabling the use of very thin layers. On the
other hand, some typical features of organic semiconductors prevent them from
reaching high efficiency. These include small dielectric constants and poor

dissociation of carriers into free holes and electrons. The latter is attributed to
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the high binding energy of photogenerated excitons of about 400 meV [134],
which is much higher compared to just several meV in inorganic
semiconductors. Besides, the exciton diffusion length, that is, the distance over
which an exciton can travel before recombination, is typically very low , about
10 nm [135]-[137]. Therefore, only the part of organic material that is near the
interface and within the diffusion length contributes significantly to the
photocurrent. Typical lifetime of an exciton is in the order of hundreds of
picoseconds [136], [138] before its undergoes recombination. Thus carrier
mobility in conducting polymer is a limiting factor: hole mobility typically
ranges from 107 to 107 ecm®v*s™ [137], [138] and electron mobility from 107
to 10° cm?v?'s? [139], [140]. Therefore, organic solar cells are still
characterized by rather poor efficiency, and furthermore are not sufficiently
stable enough to compete with inorganic devices.

In this work, we have mainly used PEDOT:PSS as the organic material
because of its high conductivity and quite high transparency to visible radiation.
PEDOT:PSS is a transparent hole conducting mixture of polymers. It is
composed of two polymers: a sulfonated polystyrene (PSS) and a conjugated
polymer Poly( 3,4-ethylenedioxythiophene), commonly named PEDOT.
PEDOT is made of repetitive units of the monomer EDOT. PSS plays the role
of dopant for PEDOT, making PEDOT both conductive and soluble. With
proper additives, conductivity of PEDOT as high as 1000 S/cm can be
achieved. As PEDOT:PSS is highly doped, it is sometimes considered as a
metal.

As mentioned in the introduction, hybrid solar cells generally include
the use of inorganic nanoparticles or inorganic nanowires embedded in an
organic matrix. The idea behind is to overcome the poor charge carrier transport
properties of organic materials by coupling them with inorganic semiconductor
nanostructures that provide a good medium for fast carrier transport while
keeping the advantage of fabricating the devices at low cost and low
temperature using the spin coating or printing technique. Hybrid solar cells
based on the use of nanowires have been investigated in this research work, as
this design is theoretically more suitable to achieve morphological requirements
for an efficient charge carriers collection than hybrid solar cells based on

nanoparticles. Indeed for hybrid solar cells based on nanoparticles, the carrier
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transport is limited to hopping between the inorganic nanoparticles while hybrid
solar cells based on nanowires offer a continuous path for charge transport from
the interface to the electrode as depicted in Figure 2-14. Although we expect
most of the charge carriers being generated in the c-Si, hybrid solar cells based
on SiNWs can improve exciton dissociation if the separation distance between
two nanowires is about two times the diffusion length of an exciton.

Until 2010, best hybrid SiNW based solar cells, consisting of a
transparent polymer (PEDOT) on an n-SiNWs array fabricated by electroless
etching [13] and reactive ion etching coupled silica bead assembly [21] ,
showed a promising efficiencies of 5.08% and 6.1% respectively. The research
in the field has undergone a remarkable progress in 2011 when our group
reported an efficiency as high as 9% [111] for a similar structure, and 10.3%
[20] and 9.7% [141] for a structure using a new small organic molecule
(SPIRO-O-MeTAD). Such enhancement was possible through the use of more
suitable organic material and a better understanding of the interface between the
organic and inorganic materials. Such results are highly promising for future
industrial application and prove that the concept of hybrid solar cells is

valuable.

TOP ELECTRODE

Organic semiconductor

BACK ELECTRODE

Figure 2-14: Schematic representation of an ideal nanostructure hybrid
silicon/organic material solar cell. The nanowires offer a continuous conductive
path to the electrode. L is the diffusion length of the exciton. The nanowires are
separated by a distance of about 2L, in order to reduce loss in photocurrent due
to exciton recombination.
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Conclusion:

In this chapter, we have discussed the working principle and the most
fundamental concepts of a solar cell. Then we did a detailed literature review on
the properties of SINWSs (optical, electrical and charge carrier collection) and
their methods of fabrication (top-down and bottom-up). In particular, we have
introduced the wet etching technique, MACE, used in this research work. The
key features of NWs based solar cells have been explained and the most
significant research work related to solar cells based on SINWs were reviewed
and summarized. Finally, we have described the main features of the two solar
technologies studied in this project, HIT and hybrid solar cell, and introduces
the main properties of the materials involved (a-Si, a-Si:H, c¢-Si and
PEDOT:PSS).

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

91






Chapter 3 : Fabrication and Characterization

Techniques

This chapter describes the methods of fabrication of random and ordered
SiINWs by MACE and by MACE assisted by nanosphere lithography
respectively. We also detail the working principle of all the equipments needed
to complete HIT and hybrid solar cells. Finally, we describe the different

characterizations tools used for this research work.
3.1 Silicon Nanowires Fabrication by Wet Etching

Experiments were carried out in a class 100 cleanroom (100 denotes the
maximum number of particles of diameter 0.5 um or larger that are allowed per
cubic foot of air).

Two types of SINW arrays have been fabricated and characterized:
random and ordered SiNW arrays. SINWs were fabricated either by direct use
of the standard Metal Assisted Chemical Etching (MACE) process or by
coupling the MACE process with the nanosphere lithography (NSL) method.
While the cost-effective MACE process allows the fabrication of high density
with high aspect ratio random SiNWs arrays, the NSL step further allows for an
almost perfect control of the geometry of fabricated arrays in terms of pitch,
length and diameter.

3.1.1 Random / Disordered Silicon Nanowires

SiNWs directly fabricated by MACE are considered as random, as there
is no control over the pitch or the diameter. The only controlled parameter is the
length of the SINWSs which is tuned by the etching time.

The fabrication of SINW arrays by MACE is simple and
straightforward. SINWs were fabricated as follows: single-crystal n-type wafers
[100] were successively cleaned in acetone, IPA and deionized (DI) water for
10 min each by an ultrasonic bath at room temperature. A solution of 4.6 M HF
(Sigma Aldrich) and 0.02 M AgNO; (Sigma Aldrich, Purity = 99.9999%) at

room temperature was used for the etching process. The silicon substrates were
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introduced into the etching solution and the length of the NWs was tuned by the
etching time. Typically NWs with lengths of 500 nm, 2 um and 5-6 pum were
obtained for etching times of 5 min, 12 min and 25 min respectively. Figure
3-2 displays the length of the SiNWSs as a function of time with y ? being the

fitting error of the experimental curve by the theoretical model.

35
30| Linear fit

-y =0.165x
2 42=0.999
20

15

Length (ptm)
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— 7T r T T r T T T T T T T T
0 25 50 75 100 125 150 175 200
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Figure 3-1: Schematics of the nanosphere lithography method coupled with the
MACE process

Following this etching step, the SINWSs are capped by a dense greyish
foam, called the silver dentrites. These silver dentrites, which resulted from the
continuous reduction of the silver ions, have the shape of a tree with
ramifications as shown in Figure 3-2(a) ([142]).The silver dendrites were
subsequently removed by a 15 minutes concentrated nitric acid bath (65%,
sigma Aldrich). The samples were finally rinsed through fully in DI water.
Figure 3-2 shows the top-view and the cross-section of the typical SINW arrays
we produce by this method. As illustrated, the SINW arrays are straight and
extremely dense. Typical diameters of the SINWs lie in the range 20 - 200 nm.
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Figure 3-2: (a) SEM picture of silver dentrites covering the SiINW prior the HNO;
chemical bath [142], (b) cross-section SEM picture of 30 um long random SiNWs, (c)
inclined (15°) SEM picture of 5 um long random SiNWs, and (d) inclined (30°) SEM
picture of 5 um long SiNWs.

3.1.2 Ordered Silicon Nanowires

The fabrication of an ordered SiINW array requires additional steps to
form a metallic mask which will serve as a template during the etching
procedure [64].

The overall process is summarized in Figure 3-3. Single-crystal n-type
wafers ([100]; resistivity 1-5 Q-cm) were successively cleaned in acetone, IPA
and deionized (DI) water for 10 min each by an ultrasonic bath at room
temperature. A monolayer of Polystyrene (PS) balls was first deposited on the
Si wafers using a floating—transferring technique which will be detailed later on.
The initial diameter of the PS balls determined the pitch (center to center
distance) of the fabricated structure. Next step included the reduction of the PS
balls diameter by an oxygen plasma treatment (30 Watt, 20 sccm). The time of
etching determined the diameters of the fabricated SiNWs. Therefore different
treatment times will result in different diameters. Finally a thin film of gold of
25 nm was deposited by e-beam evaporation. The PS balls were subsequently

removed by immersing the sample into a toluene solution leading to the
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formation of a gold membrane with holes. A solution mixture of HF, H,O and
H,0, was used for the etching procedure. The length of the resulting nanowires
was again tuned by the etching time. At the end of the etching process, the gold
film was etched away by potassium iodide, completing the fabrication of an

array of SINWs with a controlled geometry.

Deposition of a .
Initial substrate: silicon - monolayer of Reduction by
wafer <100> spheres oxygen plasma

—> Gold deposition

l

Gold removal «— Metal Assisted «— PS spheres removal
Wet Etching

Figure 3-3: Schematics of the nanosphere lithography method coupled with the
MACE process

In this section, we will review the details of the different steps of
fabrication.

We first deposit a compact monolayer of PS balls on a c-Si substrate by
the floating transferring technique. Polystyrene (PS) balls (microParticles
GmbH, Germany) with different nominal diameters of 330 nm £ 7 nm ( 10%
w/w aqueous suspension), 476 nm + 14 nm ( 5% w/w aqueous suspension), 617
nm £ 20 nm ( 10% w/w aqueous suspension), 803 nm = 26 nm ( 10% w/w
aqueous suspension) were used for the self-assembly deposition process. These
commercial aqueous suspensions of PS spheres were first mixed with ethanol
(1:1) and the solutions were ultrasonicated for 10 minutes. Ethanol, a low-
surface tension solvent, is used as a spreading agent.

Figure 3-4 ([143]) shows a schematic of the floating transferring
technique. In this method, a high quality monolayer of colloidal particles was
first formed on the water surface before being transferred to a substrate. The
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floating transferring process was carried out inside a glass Petri dish. The Petri
dish was treated under plasma oxygen (60 watt, 20 sccm, 200 mTorr) for 15
minutes in order to achieve a highly hydrophilic surface, before it was filled
with highly resistive DI water (about 18 MQ).

Floating

d)

Monolayer

Transfer

Figure 3-4: Schematics of the floating-transferring technique to achieve an
hexagonal compact arrangement of PS spheres on a silicon substrate [143].

The colloidal dispersion of PS spheres in ethanol was pipetted on a clean
water surface. A long sharp tip glass Pasteur pipette, whose tip was
subsequently sharpened (tens of microns) and bended by thermal treatment, was
used. This helped to control the flux of the colloidal solution when dispersed on
the water surface. The pipette was then placed towards the sidewall of the Petri
dish, just in contact with the water surface. This is a critical step, as the addition
of the PS suspension on the surface of water has to be adjusted carefully in
order to achieve a high quality monolayer with no sedimentation. The
introduction of the PS spheres was stopped when about 70-80% of the water
surface was covered by the colloidal solution. Indeed, this will ensure that the
PS spheres can freely diffuse at the surface of the water to find their
configuration of lowest energy. The spreading of the colloidal suspension at the
surface of the water is a direct consequence of the Marangoni effect, commonly
named “the tears of wine” phenomenon. The Marangoni effect describes the
effect of a surface tension gradient along an interface on the movement of a
fluid. The presence of a surface tension gradient forces the low surface-tension

liquid to be pulled towards the region of high surface-tension. The large
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difference of surface tension between water (72 mN/m) and ethanol (22 mN/m)
creates a gradient in surface tension which induces a Marangoni flow of ethanol
containing the PS spheres along the fluid-fluid interface and into the water,
pulling the nanospheres/suspension towards the edges of the Petri dish [144],
[145]. During the next crystallization step (b), the PS spheres formed a compact
hexagonal arrangement because of attractive forces between the particles.
Indeed, strong attractive flotation capillary forces arose between the PS spheres
with the evaporation of ethanol which is much more volatile than water [146],
[147]. Figure 3-5 (a) illustrates the effect that flotation capillary forces induce
by the deformation of the water surface because of the weight of the PS
particles. These attractive forces cause reorganization of the PS balls into a
compact hexagonal arrangement. The compact hexagonal arrangement is
thermodynamically favored because this is the configuration with the minimum
Gibbs free energy. This process required about 4 hours. Figure 3-5 (b) shows
the PS spheres monolayer obtained on the water surface inside the Petri dish.
This shiny aspect is due to the arrangement of the PS spheres into a hexagonal

compact arrangement.

Figure 3-5: (a) Schematics of the flotation capillary forces, the driving force for
the self-assembly of the PS spheres [147]. (b) Photograph of the monolayer
obtained onto the water surface.

In the meantime, silicon substrates (1-5 ohm. cm, n-type, [100]) were
cleaned in acetone, IPA and deionized (DI) water for 10 min each by an
ultrasonic bath at room temperature to ensure the hydrophilicity of the surface.
The silicon substrate was then inserted below the monolayer of PS spheres
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inside the water and then the substrate is dragged upward, so that the monolayer
is deposited on the wafer surface as shown in Figure 3-6. The samples were

then allowed to dry naturally in air for a few hours.

Figure 3-6: Photograph of the "transfer' stage where the silicon substrate is
placed below the PS monolayer and dragged upward to coat the sample by the PS
suspension.

Figure 3-7 shows (a) a photograph and (b) low magnification and (c)
high magnification SEM pictures of the PS monolayer we achieved for an
initial diameter of 800 nm. The PS spheres formed a compact hexagonal
arrangement as shown in Figure 3-7(c). Figure 3-7(d) shows that the PS self-
assembly is not always perfect in the long range. The smaller the PS spheres,
the more difficult it is to obtain a perfect order. Usually we obtained a kind of
multicrystalline structure in the sense we observed uniform domains with
different size, each of them is organized hexagonally but with different domain

orientation.
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Figure 3-7: (a) Photograph of the Si substrate covered by a monolayer of PS spheres.
(b) Low-magnification SEM image of perfectly ordered PS spheres arranged into an
hexagonal compact arrangement. (c) ) High-magnification SEM pictures of perfectly
ordered PS spheres arranged into an hexagonal compact arrangement. (d) SEM
picture of the PS film showing that the film is not uniform everywhere. Small
domains coexist with different orientations.

The next step is the reduction of these PS spheres by a oxygen plasma
treatment. The initial diameter of the PS spheres determines the pitch (center to
center distance) of the fabricated structure. A flow rate of 20 sccm, a power of
30 Watt and a pressure of 180 mTorr was used. The time of the oxygen plasma
treatment defines the diameter of the fabricated structures. Different treatment
times will result in different PS spheres diameters that will consequently

produce SiNWs with different diameter as illustrated in Figure 3-8.
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Figure 3-8: Schematics illustrating the effect of the plasma etching treatment on
the PS spheres.

Prior to the plasma treatment, the samples were annealed at 90°C for 5
min in order to improve the adhesion of the PS spheres to the substrate. The
objective is to allow the PS spheres to melt a little bit in order to adhere more to
the surface as illustrated in Figure 3-9 (a). The temperature has to be carefully
adjusted. Indeed, there is a risk of melting the PS spheres and to form rings of
melted PS around the PS balls, as observed for annealing treatment of 105°C

shown in Figure 3-9 (b).

Figure 3-9:SEM picture of (a) slightly annealed PS spheres. The red circles shows the
small area melted. (b) Overheated PS spheres causing the excessive melting of the
colloidal particles.

The etch rate of the PS spheres varies slightly with the nominal diameter

of the initial PS spheres. The etch rate typically lies in the range of 0.70-1 nm/s.
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Figure 3-10 shows the evolution of the PS spheres diameter as a function of the
plasma treatment time, for different initial nominal PS spheres diameters of 800
nm, 600 nm and 500 nm. We observe that the etch rate varies linearly with the
etching time and that the smaller the PS sphere the faster is the etch rate. Note
that at some point all the PS spheres are etched away when the plasma
treatment time is too long as the adhesion of the PS spheres on the substrate is

becoming too weak.
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Figure 3-10: The etch rate of the PS spheres with initial nominal diameter of 500
nm, 600 nm and 800 nm by oxygen plasma as a function of time.

Figure 3-11 shows typical SEM pictures of PS spheres treated by
oxygen plasma. The initial diameter of the PS spheres was ~600 nm and the
plasma oxygen treatment lasted 250s, resulting in a new average diameter of
392 nm.
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Figure 3-11: SEM picture of the PS spheres arrays after 130s of oxygen plasma
treatment. The PS spheres are separated from each other. The initial diameter of
PS spheres of 600 nm was reduced down to 392 nm.

Following this step, a 25 nm thick film of gold is deposited on the
substrate. The film was deposited by e-beam evaporation at a deposition
pressure of 3-5x10° Torr. The sample holder was rotating during the deposition
to ensure a uniform deposition of the metallic film. Figure 3-12 displays a
typical SEM picture of this fabrication step, showing the PS spheres covered by
a thin film of gold of 25 nm.

Figure 3-12: SEM pictures of PS sphere arrays covered by a 25 nm gold thin film.

The next step is the removal of the PS spheres. To remove the PS
spheres, the samples were ultrasonicated at low power in toluene. The PS
spheres with small diameter required more time to be completely removed.
Figure 3-13 (a) shows the SEM pictures of the sample after removal of the PS
spheres. A gold film with holes is obtained which forms the etching template
mask. It is easier to remove the PS spheres at this stage of the process when the
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surface is still flat, rather than after the fabrication of the SiINWs. When the
SiNWSs have been formed, the PS spheres can fall between them, making the
removal more challenging, as illustrated in Figure 3-13 that shows the two
cases when the PS spheres have been removed after the metallic deposition (a)

or after the wet etching procedure (b). In Figure 3-13(b), we still observed

many residual PS spheres present within the SINWSs.
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Figure 3-13: (a) SEM pictures of the gold etching mask after the removal of the
PS spheres. (b) SEM pictures of SiNWSs arrays where the removal stage of PS
spheres has been carried out at the last step of the process. The PS spheres are not
effectively removed since they are trapped inside the nanostructure.

The samples were then immersed into a chemical etching solution to
produce SiNWSs. A solution mixture of HF, H,O and H,0, was used for the
etching procedure. The concentration of HF and H,0O, are 4.6 m and 0.44 M
respectively. The length of the SINWs were tuned by the etching time. Note
that an addition of an oxidizing agent was required in comparison with the
standard MACE process as the metallic film was already in the “reduced” form
and therefore it could not oxidize the Si wafer. As a consequence H,O, was
used to oxidize the silicon wafer. The etching would take place everywhere
where the metallic film is deposited. Indeed, the silicon surface in contact with
Ag is etched preferentially due to a much faster etching rate compared to bare
Si surface. This is explained by the role of microscopic cathode played by the
silver which promotes charge transfer (holes injection).Finally the metallic film
was removed. The gold film was etched away by potassium iodide (28 A/s).
Figure 3-14 shows typical SiINWSs produced by this method. We are able to
produce SINW arrays with various geometries (different pitches and diameters)
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with different densities (low, medium, high density) and different lengths (from
100 nm to tens of um) as shown in Figure 3-14. The NSL process coupled with
the MACE process is extremely interesting as it a versatile method which
provides an easy and almost accurate control over the pitch, diameter or length

of the fabricated structures.

Figure 3-14: (a) SEM pictures of (a) high density SiNWSs ordered arrays (inclined
30°) samples with 800 nm pitch , (b) low density SINWSs ordered arrays (inclined
30°) with 800 nm pitch, (c) cross section of short SINWSs, and (d) cross section of
long SINWs.

3.2 Fabrication of Solar Cells based on Silicon Nanowires

3.2.1 Plasma Enhanced Chemical Vapor Deposition System

In this section, we describe the working principle of a Plasma Enhanced
Chemical Vapor Deposition (PECVD) system. We first review the physics of
plasmas before introducing the PECVD reactor "ARCAM" that we have used in

our experiments.

Thin films are commonly deposited by the chemical vapor deposition
(CVD) or by the plasma enhanced chemical vapor deposition (PECVD)
techniques. The PECVD is in fact derived from the CVD technique. In a CVD
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process, gas precursors are reacting on a hot substrate via chemical reactions
which require usually quite high temperatures (500-800°C) to take place. In the
PECVD process, an electrical discharge is used to decompose the precursors,
generating reactive species such as radicals or ions which will induce chemical
reactions and result into the growth of a film at lower temperature (100-350°C).
The PECVD technique is therefore a low temperature process which enables the
growth of films with good adhesion and uniformity properties. Another possible
technique includes the hot wire chemical vapor deposition (HWCVD), another
derivative from the CVD, where gas species are dissociated upon a catalytic
reaction by a hot filament. The main advantage of the HWCVD technique is its
high deposition rate. However the uniformity and quality of the films are still

not as good as those of films grown by the PECVD technique
3.2.1.1 The Physics of Plasma

Plasma is often considered as the 4™ state of the matter, the others being
the solid, liquid and gas states. Interestingly, plasma is the most common form
of matter, since more than 99% of the visible universe is comprised of plasma.
Plasmas have unique properties which differentiate them from the other states
of matter.

Plasma is basically an ionized gas, i.e. a gas which has been provided
with enough energy to release electrons from a significant number of gas
atoms/molecules, so that a mixture of electrons, ions and neutral particles can
co-exist. Plasma is therefore a collection of electrons, ions (multiple or singly
charged) with neutral atoms / molecules / molecular fragments. The type of gas,
the ratio of ionized particles to neutral particles, and the particles energy can
affect significantly the properties of the plasma and therefore we are able to
generate different types of plasmas suitable for a wide range of applications that
include etching and growing of materials.

Plasma can be generated by applying an electric field between two
electrodes. Negatively charged electrons will be accelerated towards the
positive electrode (the anode) and will undergo on their way a series of
collisions with the different plasma components. These collisions can either

lead to further ionization and excitation of the neutral species (inelastic
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collisions) or lead to neutralization via collisions with the reactor wall. At some
point, equilibrium is reached and the average number of charged particles
remains the same. The ions and the electrons density are equal to ensure overall
balance of charges, so that the global charge neutrality is respected.

The disparity between the electronic and ionic mass can account for the
plasma electrical properties. Indeed, the very light and fast moving electrons are
faster drained to the electrodes while the movement of the heavy ions is much
slower. At the cathode, we observe a zone depleted of electrons because they
are repelled from the negative electrodes. This area, where only few excitations
are taking place is named the dark space or the cathode sheath. Although ions
are attracted toward the cathode, because of their large mass, only a few of
them will reach the interface between the plasma and the dark sheath and be
effectively attracted. The situation is different at the anode where the negatively
electrons are strongly attracted by the positive electrode. At some point, the
charged surface of the anode is becoming negative that will cause a balance flux
between the attracted positive ions from the plasma and the repulsed electrons.
This is the so-called anode sheath. The density of electrons falls to zero at the
walls while the density of the ions is small because of their low mobility.
Therefore the charge neutrality is broken in these dark sheath regions. The term
dark sheath comes from the fact that in these zones, only very few ionization or
excitations are taking place due to the quasi-null density of electrons, and
therefore there is less luminosity. These dark sheaths induce positively biased
plasma with respect to the electrodes. Figure 3-15 displays the case where the
two electrodes have different sizes. In symmetric RF systems, the voltage
distribution is symmetric while for asymmetric systems, the voltage drop at the
smaller electrode with respect to the plasma is much more important. The
relationship between the surface area of two electrodes A; and A, and the
observed electrode voltage drop V; and V; is as follows, with g being an
exponential factor typically comprises between 1 and 2:

Vi _ (ﬁ)" 3.1
V2 \4;
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Figure 3-15: Schematics illustrating the voltage distribution of a plasma in the
case of asymmetric electrodes [148].

3.2.1.2 Plasma Key Parameters

A key parameter to describe the local non neutrality of plasma is the
Debye length (Ap) [149]. Indeed, plasmas are conductors but there is no
electrical field. This is due to the screening of the electrostatic fields by the free
charges in the plasma. The Debye length is the distance over which a significant
charge separation may exist. Beyond a few Ap, the perturbation is screened and
its effect on the charge density or potential of the plasma is negligible. The

Debye length can be expressed in the case of electrons screening by:

ekgT, 3.2

Ap =
D
nye?

where ng is the number of electrons, kg the Boltzmann constant, T, the effective
temperature and & the dielectric constant. Dark space or plasma sheaths for
example are in the order of a few Debye lengths.

Another fundamental parameter of plasma is the plasma frequency [149]
which is basically the frequency of oscillations of the electrical charges in the
plasma. For example if electrons are moved from a zone of the plasma, the ions
in this zone will attract back the electrons via columbic interactions as they only
have slightly moved due to their heavy mass. Electrons will be pulled back and

so on, leading to oscillations. Note that the observed movement is a collective
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effect, caused by the coordinated motion of many particles. The plasma

frequency can be expressed by [149]:

p2 p2

_ 4nn]e | nje 3.3
wp;j - m:* - m:*e
§ j €0

where n; is the species density, e is the electrical charge, g the permittivity of

vacuum and m” the effective mass of the considered species.

The plasma frequency is dependent on the effective mass and will be
therefore different for ions and electrons. As the effective mass of electrons is
much smaller than that of ions, the frequency of electrons is the most important
and usually we refer to the plasma pulsation of electrons when we refer to the
plasma frequency. This plasma frequency is of high interest as it dictates the
behavior of the oscillating species in the plasma when a periodic external
electrical stimulation ws is applied. If ws < wp, the species will have enough
time to react to the perturbation and electrons will oscillate at the same
frequency of the applied stimulation. On the other hand, if ws > wp, the
species will not react and remain fixed.

A common way to categorize plasmas is to consider their electron
density and their electrons energy (or temperature). In this work, we are
interested in RF-PECVD powered plasma which shows typical electron density
of 1x10° cm3-1x10** cm?® and electron energy of 1-10 eV. RF-PECVD powered
plasma is a low-temperature plasma. In low-temperature plasmas, there is still
an important proportion of neutral species which are playing an essential role
by contributing to energy exchange or transport via collisions. A plasma can be
described by its degree of ionization o [149], the ratio between the electron

density to the total density of both electrons and neutral species:

e 3.4
Ny + 7

where ng is the density of the neutral species and ne is the density of electrons.
This ionization degree is in the range of 0.1%-6% for the reactor we
used. Reactions happening in the plasma are generally divided into two main
categories: primary and secondary reactions. The primary reactions concern the
interaction of the electrons with the parent neutral gas. They are the most

important reactions in the sense they are generating the key plasma particles:
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ions and radicals, excited species and photons which gives the plasma its
“glow” aspect. These species can further react with the substrate, electrons or
even with themselves. These reactions are named the secondary reactions.

In this work, we have mainly used the PECVD system to deposit thin
films of hydrogenated amorphous silicon (a-Si:H). Depositions of such films
are usually taking place at low pressure and RF power. Under such conditions,
primary reactions are playing a crucial role while secondary reactions are
limited. The number of secondary reactions can be increased by raising the

pressure or the temperature.
3.2.1.3 Description of a capacitive coupled RF-PECVD reactor

A RF-PECVD reactor is composed of two parallel metal electrodes,
separated by a short distance d. One electrode is connected to a radio frequency
(RF) power supply (the RF electrode) while the other one is grounded (the
ground electrode). An alternative potential with a frequency of 13.56 MHz (or
multiples) is applied between the two electrodes. In this system, thin films are
deposited by interaction between a vapor phase and a heated substrate (170°C-
200°C) which is placed on the grounded electrode. Electrical energy (RF
voltage) is used to create a glow discharge (the plasma) between the two plates,
the energy being transferred by capacitive heating to the gas mixture, which
will generate reactive species such as radicals and ions. Another interesting
point is that the walls are usually also grounded, therefore the area of the
ground electrode is larger than that of the RF electrode. According to Eqg. 3.1,
we will observe a larger voltage drop at the RF electrode than at the ground
electrode as shown in Figure 3-15.

The minimum voltage required to start the plasma is called the
breakdown voltage and is a function of the product of the distance d between
the two electrodes and the gas pressure p. This relationship is known as the
Paschen law and is given by Eq. (3.5) [150], [151]:

yo . apd 3.5
In(pd) + b

where V is the breakdown voltage, d is the distance between the two electrodes,
p is the gas pressure and a and b are both constants depending on the gas

mixtures.
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Figure 3-16 ([152]) shows the typical breakdown voltage of a plasma V

as a function of the product (p x d).

VA

—

pd

Figure 3-16: The Paschen curve showing the breakdown voltage as a function of
the product of the pressure p with the interdistance between the electrodes d
[152].

Finally an impedance matching network between the RF source and its
load is required in order to maximize power transfer. This is achieved by the
use of a matching box which will also protect the RF generator from excessive

reflected power.
3.2.1.4 The ARCAM reactor

In this work, we have used the ARCAM reactor to deposit amorphous
silicon thin films. The ARCAM reactor is at the centre of the LPICM research
activities. Specificities of the ARCAM reactor have been described in details in
Cabarrocas et al. [153]. The main features of the ARCAM reactors which
differentiate them from standard RF PECVD reactors include:

- Temperature homogeneity which is achieved by the use of a
thermocoax cables installed in the reactor’s walls.
- This is a multiple chamber system with 3 RF chambers.

Therefore deposition of different films such as (i) a-Si:H, (n) a-Si:H and

(p) a-Si:H can be carried out in the same pump down process, in

separated chambers with no cross contamination.
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- Finally, ARCAM, by a smart rotating system of substrate
holders, allow us to deposit up to three different conditions in a single

run.

Typical conditions used in our experiment include an electrode distance of 28

mm and a temperature of 200°. Figure 3-17 shows photographs of the ARCAM

reactor.
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Figure 3-17: Photographs of the (a) ARCAM chamber and (b) ARCAM control
panel

3.2.2 E-beam deposition

The contacts were deposited by e-beam evaporation. This technique
allows an accurate control of the deposition rate. An e-beam is an ultra-high
vacuum system (107 Torr) which uses a beam of electrons to evaporate a metal
on a substrate. During the first stage of the process, a hot filament is heated in
order to produce a beam of electrons by thermionic emission. Basically
electrons are released from the hot filament as they gain enough energy to be in
an excited state and to move freely. This high kinetic beam of electrons is
further directed at the centre of the crucible containing the material to be
deposited. The path of the electron beam is controlled by two magnets: a
focusing magnet whose role is to attract the beam of electrons and a deflecting
magnet which will deflect the path to the crucible. Conversion of this kinetic

energy to thermal energy will heat and evaporate the target material. The
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released molecules inside the chamber can move freely due to the high vacuum
and therefore condensate on all the surfaces, including the substrate. The
thickness is monitored by a quartz crystal. Various materials were deposited
during this PhD work (Titanium, Gold, Silver, Palladium, Aluminum...). Figure
3-18 shows the schematics of the e-beam set up (a) ([154]) and the
corresponding photograph (b).

a)
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Figure 3-18: (a) Schematics [154] and (b) corresponding photograph of the e-
beam evaporator.

3.2.3 Sputtering

ITO (Indium Tin Oxide) was deposited by sputtering. The principle is
the same as e-beam evaporation in the sense that a material is released from a
source and is then deposited on a substrate. Both techniques are classified as
Physical Vapor Deposition processes. Sputtering is a low temperature process
which is one of its main differences over other evaporation techniques. The
working principle of a sputtering system is to use an ionized gas (a plasma) to
bombard the source material, commonly named the target, inside a vacuum
chamber. An inert gas such as argon is commonly used. The highly energetic
ions will cause atoms to break off and to be ejected from the source. The
substrate is then placed in the path of these ejected particles, resulting in the
coating of the substrate by the source material. The working principle of a

sputtering system is summarized in Figure 3-19.
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Figure 3-19: (a) Schematics [155] and (b) photograph of the sputtering system. (c)
O2:Ar plasma during the ITO deposition.

3.2.4 Spin coating

The working principle of a spin coater is very simple and allows the
uniform deposition of a thin film on a substrate. The substrate is fixed on a
substrate holder by vacuum suction. A small quantity of the coating material is
dropped in the middle of the sample. The substrate is then simply rotated at
very high speed and the film is spread homogeneously under the action of

centrifugal forces as shown in Figure 3-20 ([156]).

| R
owo
IENH'U.P
s\
Sgin-of
\

i 5 4 4 % Ewapsaratian

Figure 3-20: Schematics illustrating the key steps of the spin coating technique
[156].
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3.3 Characterization Techniques

3.3.1 J-V characteristics

The current density-voltage (J-V) characteristics of cells were measured
under 100 mW/cm? illumination (AM 1.5G) with a commercial solar simulator
(Oriel AAA) at 25°C. This corresponds to the standard conditions under which
performances of the devices should be measured [157], [158]. Indeed solar
radiation reaching the surface of our planet is not constant and depends on the
location, the atmospheric conditions (clouds, ozone layer ...), the day time, the
distance between the earth and the sun, the sun rotation, etc... To standardize
the analysis, the American Society for Testing and Materials (ASTM) has
chosen to use the AM 1.5 spectra "because they are representative of average
conditions in the 48 contiguous states of the United States™ [158]. AM stands
for air mass coefficient. The value 1.5 indicates that the solar zenith angle is
48.2°. The letter G means that the spectrum is received at a surface tilted of 37°.
Therefore the solar simulator reproduces the standard AM 1.5G spectrum. The
equipment is driven by a Keithley SourceMeter unit that sets the voltage across
the electrode and measures the corresponding current flowing through the solar
cell. The intensity of the light source was calibrated using a crystalline Si
reference cell before each series of measurements. A cooling system is used to
set the temperature to 25°C during the measurement.

3.3.2 EQE Measurements

The spectral response (SR), which is expressed as a function of the
wavelength, is defined as the ratio between the current produced by a solar cell
to the power incident on the latter (in A/W). This a powerful tool that can
provide unique information on the generation of current inside a device under
illumination by giving the contribution of each wavelength to the global
photocurrent. ASTM has also defined standardized conditions under which
these measurements should be carried out (E1021-15) [159]. The system
consists of a mechanical chopper, used to create a pulse source of light from a
white lamp and of a monochromator that filtered this incident light. Calibration
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of the set up before each series of measurements was carried out using a
photodiode.

The EQE response, defined as the ratio of charge carriers collected to
the incident number of photons is derived from the spectral response SR
according to Eq. (3.6):

hc

Aq

3.6

EQE = —SR(1)

In fact the EQE response represents the probability that an incident
photon provides one electron to the external circuit. Therefore, the EQE of a
device at a certain wavelength is equal to 1 if all the photons of this particular
wavelength are absorbed and if all the corresponding generated minority
carriers are collected. Front surface recombination, small diffusion length,
reflection or poor passivation are common factors that can reduce the overall
EQE response. Figure 3-21 summarizes the ideal and the typical experimental

EQE response measured for a silicon solar cell.
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Figure 3-21: The ideal and typical EQE response of a silicon solar cell from
www.pveducation.org.
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3.3.3 Time Resolved Microwave-Conductivity

3.3.3.1 Theory

The quality of the passivation provided by a-Si:H can be investigated by
the time resolved microwave conductivity (TRMC) technique [160]-[165]. This
method has initially been implemented to analyze the interface between
insulator and semiconductor before being used to investigate amorphous silicon
and its alloys. The principle of the non-invasive and contactless TRMC
technique is to measure the change in the microwave power reflected by a
sample [160]. A laser pulse is used to generate an excess amount of free carriers
n, (t) which modifies the conductivity of the sample and therefore its refractive
index at microwaves frequency. The relative change in the microwave power -
the so-called microwave photoconductivity or TRMC signal AP(t) /P - is
proportional to the variation of the sample’s conductivity Ac(t) for small
perturbations. Therefore we can write:

AP(t
TRMC signal = % =AAo(t) = AZ ey N (t) 3.7
K

where n,(t) is the number of excess charge carriers k at time t, u; is the
mobility of the carrier k, e is the electron charge and A is a constant.

TRMC enables us to monitor the kinetic decay of excess charge carriers
caused by recombination or trapping and can be used to evaluate the effective
carrier lifetime and assess the surface passivation in a non-destructive way
[160], [161], [163]-[166]. TRMC signals can usually be fitted by an
exponential decay using the following expression:

_1 3.8
y = Ape Te

with 1, being the effective lifetime.

It is important to mention that the TRMC effective lifetime we are
measuring is different from lifetime obtained by other methods such as the
Eddy-current method (SINTON measurement) [167]. This is because the
physics behind is not the same. For example the principle of the SINTON
measurements is based on the Eddy-current method. The excess charge carriers
are generated by a light pulse from a white lamp and the evolution of the excess

charge carriers is monitored by a coil sending electromagnetic waves. The data

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

117



are analyzed by transient photoconductance and the Quasi-steady-state
photoconductance techniques.

The general minority carrier equation can be expressed as:

dAn . B dn 39
= J(x+dx)+]J(x)+ G—R with | = Dﬁ

where n is the minority carrier concentration, D is the diffusion constant, G is
the generation rate and R is the recombination rate.

For TRMC measurements on silicon, the general minority carrier
equation can be simplified. Indeed, we can neglect the generation rate after the
excitation. As for the recombination mechanisms, we can only consider the
Shokley Read Hall recombination which is the most likely to happen and which
is almost constant at the minority carrier concentration we are carrying out the
experiment. Therefore, a constant recombination time Ty 1S assumed. The new

minority carrier equation becomes [168]:

din _ d’An_ An 3.10

dt dx? Ty
where n is the minority carrier concentration, D is the diffusion constant and
Toulk 1S the constant recombination time.

When solving the minority carrier diffusion equation, we can show that
under some assumptions, the general solution is a linear combination of
periodic functions with both a spatial configuration and time decay term that we
named “modes solutions” [168]. If we treat the distribution of free carriers as a
sum of these decay modes, what we are effectively monitoring with TRMC is
the fundamental mode. This mode presents the longest time decay term and the
flattest spatial configuration term. This corresponds to the diffusion of the free
carriers to homogenize the carrier distribution and their recombination. Other
modes have a lower typical decay time and their observation is limited by the
duration of the initial excitation. Therefore these modes are happening during

the laser pulse and cannot be analyzed and fitted accurately.
3.3.3.2 TRMC setup

Carrier lifetime measurements were carried out by using the time

resolved microwave conductivity (TRMC) technique [162]. Figure 3-22
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([169]) shows the schematic of the TRMC set up. The set up consists of an

optical, a microwave source and an acquisition part.
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Figure 3-22: Schematics of TRMC experimental set up [169].

The pulse light source used in our experiments was a Nd:YAG laser
operating at 1064 nm that will generate the charge carriers. Non-linear crystals
could be used to change the wavelengths to 532 nm, 355 nm and 266 nm. In our
experiment we used a wavelength of 532 nm. We obtained laser pulses with
4 ns full width at half maximum (FWHM). The laser beam diameter was less
than 3 mm and its stability was in the order of a few percents. A beam splitter
was used to direct one part of the light to the sample and the other part to a
photodiode that would trigger the acquisition. The light directed in the sample
direction would first pass through an obturator whose role was to cancel
parasite signals such as electromagnetic interferences from the laser. A
divergent lens allowed the laser beam to spread over the sample’s surface.
Another calibrated photodiode was used to measure the intensity of the incident
flux.

The microwave part of the set up consists of a gunn diode (Quinstar
QTM 2720) generating microwaves at a power of 100 mW at 27 GHz (Ka
band), a circulator to direct the generated and reflected microwaves to the
samples and the Schottky detector respectively. The Schottky diode
(Microwave Resources Inc, S/N 347, Mod Ka D) was used to detect the

reflected microwave signal and convert it to an electrical signal. The sensitivity

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

119



of the detector was in the order of 1000 mV/mW. Three waveguides were used
to connect the samples, the gunn generator and the Schottky diode to the
circulator.

The signal was acquired via a digital oscilloscope directly connected to
the PC. An amplifier consisting of a low-pass filter with a cut-off frequency of
either 10 or 100 MHz could be used to amplify the signal. The gain could be
varied between 10-60 dB. The amplifier was used only for devices with very
weak response such as very long nanowires. To minimize the noise during our
acquisition, the measurement was iterated 100 times and the final signal was an

average over these 100 iterations.

3.3.4 Electron Beam Induced Current

SINW based solar cells were characterized by the electron beam induced
current (EBIC) technique [170]. EBIC has been extensively used to characterize
nanowires and provides a unique tool that gives insight into the electrical
parameters of nanowire devices [171]-[177]. This technique uses the
interaction between a device and a focused beam of electrons to generate
carriers which flow and produce the so-called EBIC current. In fact the
energetic electrons from the focused beam excite the p-n junction in a similar
way as photons do, except that electron-hole pairs are generated by an electron
beam instead of light. The electron beam whose size is very small (less than 10
nm) is scanned over the cross-section of the sample with measured variation in
the EBIC current. This EBIC current is used as the imaging signal, enabling a
mapping of the electronic activity of the samples. These mappings are therefore
mapping of currents. The EBIC signal is collected at zero bias. It is extremely
sensitive to electron-hole pair recombination, therefore it is a powerful tool to
analyze defects and their impact on the performances of a device.
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Figure 3-23: (a) Schematics of the EBIC set up [178] and (b) photograph of the
EBIC equipment.

Figure 3-23 shows a schematic of the experimental set up.
Measurements were carried out at a room temperature in a Hitachi SU8000
SEM system. Micro-manipulators are used for contacting the device. The beam
of electrons is scanning the surface of the sample at normal incidence. The
EBIC current signal is amplified via a low-noise Stanford Research System
SR570 preamplifier directly connected to the micro-manipulators. The system
is then connected to a synchronized monitor to visualize the mappings of

currents.

3.3.5 Spectrophotometer

SiNWSs were characterized by using a UV/Vis/NIR spectrophotometer
(PerkinElmer) using an integrating sphere with at the angle of incidence (AOI)
of 8°. The total reflectance was measured in the spectral region between 250 nm
to 1500 nm. The spot size corresponded to an area of a few square millimeters.

Figure 3-24 shows a picture and a schematic of the equipment. A
tungsten and a deuterium lamp are used to generate light in the visible and
ultra-violet regions respectively. The wavelength is selected by passing the light
through a monochromator. The integrating sphere is a spherical chamber whose
walls are coated with spectralon, a highly reflective material that ensures
maximum reflectance over the entire visible spectrum. The spectrophotometer
can be used to measure both transmittance and reflectance. A baseline is first
recorded before each series of measurement by placing a spectralon reference
sample in the reflectance port. The sample is then mounted on the rear mount of
the equipment to measure reflectance. Basically light of the desired wavelength
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is entering the chamber through an aperture and is reflected on the sample. The
light reflected at the surface of the sample is subsequently reflected by the
highly reflective internal surface of the chamber, whatever the angle of
reflection. This ensures that all the light reflected from the sample is effectively
collected by the detector. The system can measure both total and diffuse
reflectance. We use the system in the total reflectance mode, i.e. a specular
white plate is placed at the specular reflectance angle. To measure in the diffuse
reflectance mode, a specular light trap should be used instead. Both

configurations are summarized in Figure 3-24.
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Figure 3-24: Schematics and photograph of the UV/Vis/NIR spectrophotometer
(PerkinElmer) using an integrating sphere.

3.3.6 Mueller Matrix Ellipsometer

The Mueller matrix is an extremely powerful tool to characterize the
optical properties of a sample. The principle is to study the response of a
medium to an excitation with a polarized light (either in a reflection or
transmission configuration). Mueller matrices were acquired via a SmartSE
Mueller matrix ellipsometer. Measurements were taken at AOI of 60 ° with a
spectral range from 450 to 1000 nm. This is a specular optical system (angle of
incidence = angle of reflection). This technique consists of measuring the
change in polarization of light induced by its reflection on the sample of
interest. This change of polarization is dependent on the properties of the
sample such as thickness and refractive index. First an electromagnetic wave

passes through a polarizer whose role is to polarize linearly the light before
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falling on the sample. This light is reflected and passes through another
polarizer named analyzer which analyzes the new polarization of the light
before reaching a detector. Compensators or phase modulators can be added on
the incident and reflected beam path. The schematic of the set up is presented in
Figure 3-25.

Data are further analyzed by the Mueller formalism which describes the
electromagnetic wave as a stoke vector. The transformation is expressed as a
4x4 real-values matrices named the Mueller Matrices. Therefore, by comparing
the polarization change induced by the medium between the incident stoke
vector S; and the reflected stoke vector S,, the Mueller matrix M can be defined

as:

Therefore the Mueller matrix is a mathematical tool that describes
perfectly the polarization change induced by a medium. A wide range of optical
properties can then be derived from the Mueller matrix such as the reflectance,

the isotropic ellipsometry parameters, the depolorization effects...

Light source Detector

Polarizer Analyzer
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Figure 3-25: Schematics illustrating the working principle of Mueller matrix
ellipsometer

3.3.7 Angle-resolved MM polarimeter (ARMMP)

Ordered arrays of SiNWs were characterized by angle-resolved Mueller
Matrix polarimeter (ARMMP) [179]. ARMMP is an advanced polarimeter set
up based on liquid crystals and a microscope objective, able to measure all

incidence and azimuthal angles without involving any mechanical
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displacement, hence its advantage over standard MM polarimeters. It is possible
to measure a small spot on the sample in the range of few to tens of microns.
ARMPP can achieve fast calculations of complete Mueller matrices over a wide
range of polar and azimuthal angles and the setup also provides real space
(microscopic) image.

Figure 3-26 ([179]) shows a schematic of the set up. Both the PSG
(Polarization State Generator) and PSA (Polarization State Analyzer) parts of
the equipment are composed of two nematic liquid crystals in association with a
linear polarizer. Nematic liquid crystals are special transparent/ translucent
liquids able to change the polarization of the light that is passing through them.
Different polarizations are achieved by changing the intensity of the electric
field applied to the liquid. The light is generated by a white halogen lamp
whose incident angles are determined by a mask. This light is partly
illuminating a Nikon microscope objective with a high nominal numerical
aperture (0.95) that will ensure a wide range of polar (from 0° to 60°) and
azimuthal angles (from 0° to 360°). Polar angles are limited by the numerical
aperture while all azimuthal angles are possible. Imaging lenses are used to
image the back Fourier plane of the objective on a CCD detector (512 x 512
pixels). This gives a picture in the Fourier space while the use of a microscope
gives access to real-space pictures. Finally the wavelength of the light on the

CCD was selected by an interferential filter of 633 nm.
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Figure 3-26: Schematics showing the working principle of the Angle-resolved MM
polarimeter [179].
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Chapter 4 : Solving the Agglomeration Effect of
Silicon Nanowires fabricated by MACE

The metal-assisted chemical etching (MACE) [180]-[182] process
offers a simple and low-cost procedure to fabricate SINWs with a high aspect
ratio over large areas. The key step of the MACE technique consists of
immersing Si wafers into an etching solution (commonly HF-AgNO3) at room
temperature. The SINWs’ diameters typically lie in the range of 20-200 nm
while their length is controlled by the etching time. Despite all these
advantages, the MACE process suffers from an inherent problem, which is a
direct side effect of the method itself. Indeed this wet etching process relies on
the use of a liquid phase (chemical solution) which leads to an inherent
undesirable effect: the SINWSs bend progressively until agglomeration occurs
near their tips, leading to the formation of large bundles of SiNWs as illustrated
in Figure 2-6. The Van der Waals forces [183]-[186], the capillary forces and
the associated liquid bridging are often held responsible for the coalescence of
the nanowires [187]-[190]. This agglomeration is an issue and is often
considered as a limiting factor to achieve high efficiency solar cells. Indeed
large bundles prevent from coating conformally the arrays by a photoactive
material [191] (inorganic or organic coating), deteriorate the optical properties
[192], [193] of the array and may induce higher series resistance [191].
Therefore finding a simple way to reduce the bundling of nanowires is highly
desirable [194].

4.1 Theoretical Basis

To understand the tendency for SiNWs to clump into bundles, an
investigation of the forces acting on them during the etching process is
essential. There are mainly three forces: the Van der Waals force (Fvqw), the
force arising from the solvent surface tension (Fsr) and the elastic deformation
force (Fep). Agglomeration of SINWSs results from the interaction and balance
between them [194].
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4.1.1 Van der Waals force

Van der Waals force is a weak intermolecular force between two bodies
that arise from mutual electric interaction. Although often neglected at the
macro/micro scale, it becomes non-negligible and plays a fundamental role at
the nanometer scale. This interaction energy is generally attractive between two
bodies of the same material and depends on the geometry and material
properties. The expression for the Van der Waals force between two parallel
cylinders or rods of radii R; and R, separated by a distance d, as depicted in
Figure 4-1, is well assessed [195], [196]:

1
2

4.1

AL ( R{R, )
5

8\/idi R1 + RZ

where A is the Hamaker constant of the silicon-water-silicon system

(A=8.88x10%°J [197], [198]) .

Fyaw = —

AIR 2R

Figure 4-1: Schematic representation of two cylinders of the same length L and
radii R, separated by a distance d and partially immersed in a liquid. Once the
water level falls below the tip of the cylinders during the drying process, the
surface tension of the liquid/vapor interface y., induces a small curvature of the
solvent to reduce the active surface area

4.1.2 Surface Tension/ Capillary effect

The experimental procedure to fabricate SINWs involves the use of
solvents. Once the solvent level falls below the tip of nanowires during the
drying process, a Liquid (solvent)-Vapor (air) interface appears, characterized

by an interfacial tension y which tends to reduce the active surface area by

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

128



inducing a small curvature of the liquid as illustrated in Figure 4-1. The
interfacial tension y is at the origin of the capillary phenomena. Indeed the latter
are due to surface tension forces acting on all points of the meniscus. The exact
way interfacial tensions and capillary forces act on nanowires is still not well
clarified, however different models have been developed to explain the
aggregation due to surface tension. It has been suggested that the bending
would most likely be due to the surface tension force of the advancing water-
gas interface during the drying process [188], [199].

In the literature, the collapse has also been attributed to Laplace pressure
variation in an array [200]-[203]. The Laplace pressure is the difference of
pressure between the inside and outside of a curved surface. The Laplace
pressure arises from the difference in pressure at the Liquid-Vapor interface and
balances the surface tension force. Irregular spacing between nanowires induces
different values of pressure since the pressure is inversely proportional to the
diameter of the pore. This kind of isolated capillary bridge is often held
responsible for the bending of NWs, all the more because the pressure variance
induced by surface tension can be very large owing to the irregular spacing
between nanowires, which can vary from 20 to 100 nm.

However this point of view has been challenged in the case of 2-D
arrays [204]. Indeed Chandra and Yang explained that the previous hypothesis
is only valid and proven for 1-D cases [205], [206]. The 2-D array should be
surrounded by a continuous liquid body, therefore the mean curvature and the
Laplace pressure may be constant everywhere. As a result, there should be no
Laplace pressure variation and hence no bending of the SINWSs. The bundling is
instead due to the lateral capillary meniscus interaction between two adjacent
nanowires. This interaction force, which can either be attractive or repulsive,
has been estimated between two cylinders partially immersed in a liquid [204],
[207]:

myyR? cos? 0
For = — =4 4.2

JE2) -

where 0 is the contact angle (e.g. the angle that the tangent to the liquid/air

interface makes with the solid/liquid interface ( 6 ~ 0° [188]) ) and yy is the

surface tension of the liquid/air interface (y_y (water) = 72.8 mN/m [208]).
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It should be emphasized that even though it is commonly recognized
that the driving force for the nanowires agglomeration stems from capillary
forces, the interaction between liquid and arrays of nanowires of high aspect
ratio is very complicated, and not yet clarified. For example, the relation
between the size of the bundles, the chemical and mechanical characteristics of
the nanowires (diameter, wettability, etc...) and that of the solvent is not clearly
established.

4.1.3 Elastic deformation force

Due to their own stiffness, SINWs can hold out, to a certain extent,
against the deformation forces they experience. To make two nanowires contact
each other, the bending force has to overcome the parallel elastic deformation
force due to the tensile strength of the material. The relation between the lateral
displacement ¢ perpendicular to the nanowire and the resulting elastic
deformation force on the top of the nanowires is given by [209]:

3EIS 43
B =T

where L, E, | and ¢ are respectively the length, Young’s modulus (E= 1.30x10™
Pa [210]-[212] for SiNWs), moment of inertia and deflection of the SINWs.

The moment of inertia of a circular cross section nanowire is | = zR/4.
Therefore, the elastic deformation force is as follows:

3nER*S 4.4

All the fundamental forces acting on the nanowires are summarized in Figure
4-2.
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Figure 4-2: Schematic illustration of the forces acting on two SiNWs partially
immersed in a liquid. The bending of the SINWs stems from a balance between
the Van der Waals (Fvaw) and the surface tension (Fst) attractive forces and the
repulsive elastic deformation force Fgp. pv IS the surface tension which
characterizes the liquid/vapor interface. dis the deflection of the NW.

4.1.4 Modeling - array of three nanowires

First we consider the simple case of a pair of identical SINWSs partially
immersed in a liquid as depicted in Figure 4-2. We assume two SiNWs with a
radius R of 30 nm and a length L of 2 um separated by a distance d of 50 nm.
Assuming contact at daghesion = 0.5 nm of distance [213], [214], adhesion
between the two symmetric SINWSs occurs when the attractive forces (sum of
the surface tension Fsr and Van der Waals Fyqw forces) overcome the recovery
elastic deformation force for (d-dagnesion)/2 displacement. The force required to
bend a nanowire is computed as the value of Fgp for 6 = (d — 0.5 nm)/2, where
the deflection undergone by the nanowires enables the contact. Note that the
bending moment is maximal when the meniscus is at the tip top of the
nanowires. Each specific geometry has given values of Fsr, Fygw and Fgp. For
such geometry, the calculations gave: Fst = 4.47x10° N, Fyqw = 3.44x10"? N
and Fep = 7.68x10™° N. We note that the Van der Waals and capillary forces
differ by three orders of magnitude. Therefore the capillary forces are the
driving force for the SiNWs agglomeration. Nevertheless, calculation shows
that the Van de Waals forces increase by more than five orders of magnitude
and become stronger than the capillary forces at d = 1.3 nm. SINWs can
therefore be plastically deformed when the capillary bending force overcomes
the elasticity resistance deformation limit of the material or when this force
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pushes the SiNWs so close that the VVan der Waals force becomes prevalent,
making the SiNWs irremediably stick together. Once the nanowires are too
close, the adhesion of the nanowires will persist.

However the situation in an array is much more complex since
superposition of pairwise interactions between one SiNW and its neighboring
SiNWSs have to be taken into account. A nanowire undergoes interaction forces
from the surrounding environment and its bending results from a complex
equilibrium between all these forces. To exemplify this point, a simple model
composed of one nanowire (labeled SINW #2) situated between two fixed
nanowires (SINW #1 and SiINW #3) is considered, as shown in Figure 4-3. The
distance d’ between SINW #1 and #3 at the edges is a constant defined by d’ =
2 = 2A+4R where B and A are defined in Figure 4-3. The position of SINW #2
is varied within the range [-A, A] in order to enlighten the effect of
superposition of pairwise interaction according to the distance. Fxy is the force
exerted by SINW #X on SiINW #Y. The forces exerting on SINW #2 are added
up to obtain the resulting force Frorac:

FrotaL=Fst 32 — Fst 12 + Fvaw 312 —Fvaw 12 — Fep.

At equilibrium, the different forces balance each other so that FroraL =
0. By using the expressions of the forces defined above and equating FroraL t0
zero, the bending displacement X, as defined in Figure 4-3 (b) can be

retrieved:

X2:

8L3y cos 92< 1
3ER? \/(B—X)2—4R2

1
- JBx? —4R2> 45

§ A ( 1 1 )
127ER \B=X—2R)"2  (B+X—2R)"2
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Interspacing A Interspacing A
-B 0 B
SINW#1 (b) SINWH#2  SINWH3

(©)

-B 0 B
Figure 4-3: Schematic model of an array composed of three 2 um long-nanowires
labeled 1, 2 and 3. Definition of the original geometry- the ideal case (a).
Definition of the forces: Fyy is the force exerted by SINW #X on SiNW #Y (b).

Definition of the equilibrium position before (nanowire in dotted lines) and after
bending (c).

We considered three identical SINWSs of 2 um length with a diameter of
30 nm. We vary the position X of SINW #2 and study its resulting equilibrium
position Xeq. Figure 4-4 shows the equilibrium position Xeq of SINW #2 as a
function of its initial position X. Different values of A have been investigated
and the results normalized to A for comparison. We only display results for X
varying from 0 to A, the case being symmetric for X varying from 0 to — A. The
line X¢q = X is the ideal case when the nanowires do not bend, e.g. the tip and
the bottom of the nanowire are aligned. X enables the quantification of the
regularity of an array. In a perfect array, i.e. X =0, all the forces exerting on the
nanowires are supposed to balance each other: therefore no bending should be

observed. For X # 0, we step aside from the ideal case, since the interspacing
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between the nanowires varies. Each curve in Figure 4-4 shows that for a critical
value X = Xgi(A), adhesion of the nanowires occurs. Indeed, when Xeg/A = 1/-1
(e.9. Xeq = A or Xeq = -A), SINW # 2 touch SINW #3 (Xeq = A ) or SINW #1
(Xeq = -A) respectively.

10 X1 A X, !A X,/ A
= y A : i
' 1 A
) ' vl
: .
| G A
. W
: /I/
| ol
! S0
' P
! A i
< i .
~, 05F P 1 _a
g S F
» A : !
! // | —— ldeal case : no bending
T : ~— 50 nm interspacing
Y -:('/ E —— 100 nm interspacing
/ : : 300 nm interspacing
i i i -— 1 um interspacing
0,0 i - : 1 A H 1
0,0 0,5 1,0
X/ A

Figure 4-4: Equilibrium position of SINW #2 as function of its initial position.
When the interspacing A between two nanowires in the array is short, any minor
irregularity ( X/A > 0.2 or X/A < -0.2)) lead to adhesion of the nanowires (Xeg/A =
1/-1) whereas for larger nanowires-interspacing A, adhesion occurs for larger
irregularities (X/A > 0.6 or X/A <-0.6).

When the NWs interspacing in an array is short (f < 50 nm in our case),
any irregularity of the array i.e. small variations of X around its initial position,
leads to an adhesion of the nanowires (X small). For larger values of  (the
case of case B = 1 um), the adhesion only occurs very close to the extrema, and
the behavior is close to the ideal case where no bending is observed (i.e. X =
Xeq). An array fabricated by the MACE technique is characterized by very
small interspacing (in the order of tens of nanometers) and irregularly spaced
NWs. This can explain why large bundles are usually observed for the MACE
process. Such calculations prove that the inherent irregularity of the nanowires
array fabricated by MACE is responsible for the bundling as pairwise
interactions between nanowires do not compensate and that the larger the
irregularity is, the more likely the bundling is [194].
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4.1.5 Effect of the SINW length on the agglomeration

The length of the SINWSs has a drastic effect on the agglomeration. The
longer the SINWSs are, the larger are the bundles observed. To understand this
effect, we can consider the simple case of a pair of identical SINWSs partially
immersed in a liquid as depicted in Figure 4-2. We assume two SiNWs with a
radius R of 30 nm separated by a distance d of 50 nm. Figure 4-5 is depicting
the effect of the length on the different forces acting on the SiNWSs and
responsible for their agglomeration. We can observe that:

- the elastic deformation force is plummeting with the increasing SINW
length,

- the capillary forces are independent of the SINW length,

- the Van der Waals forces are increasing slightly with the length of the
SiNWs.

The Van der Waals forces being weaker than the capillary forces of
several order of magnitude, the agglomeration of SINWs is observed when the
blue curve depicting the capillary forces (attractive force) is crossing the green

curve of the elastic deformation force (repulsive force).

Length (Hm)

- iA 1
1,00E-06 d)'\ 1 .2 3 4 5 6 7

1,00E-07 No I
Adaalo ationi Agglomeration

1,00E-08

1,00E-09

Force (N)

1,00E-10

1,00E-11

1,00E-12

1,00E-13

—&— Capillary forces —#—Van der Waals —&— Elastic Deformation force

Figure 4-5: Effect of the length on the Van der Waals, capillary and elastic
deformation forces
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From this graph, we can clearly observe that the strong agglomeration
observed for long SiINWs is due to the collapsing of the value of the elastic
deformation force with the increasing length of SINWs (4 orders of magnitude
when the length is increasing from 200 nm to 7 pum). This is due to the fact that
the elastic deformation force is inversely proportional to the cube of the length
of the nanowire. Basically, the stiffness of the wires is decreasing drastically
with the length of the nanowires. As a consequence, long SINWSs have more
difficulty to counter balance the attractive force, hence the strong agglomeration

observed for long SINWs.

4.2 Investigation of the Solutions proposed in the Literature to avoid

the Bundling of Silicon Nanowires

Several attempts have been reported in the literature to solve the
agglomeration issue of the SINWSs. They basically fall into 3 categories: use of
low surface-tension solvent, post-treatment and special drying technics. We first
investigate and test the different methods reported in the literature:

Then, in the next section, we proposed our own method to reduce
significantly the bundling of SiINWs. Our method enables to overcome the main
drawbacks of the methods listed above. Our process shows that the control of
the wettability properties of both the initial wafer substrate and the SINWs’
surface can be an effective way to achieve dense and uniform SiNW arrays with

good lateral separation.

4.2.1 Literature Review

4.2.1.1 Low surface-tension solvent

One way to reduce agglomeration of SINWSs is to reduce the attractive
forces exerting on the SiINWs. According to equation 4.2, the capillary forces
Fst, responsible for SiNWs agglomeration, are directly proportional to the
surface tension y;, of the solvent used. Therefore a straightforward way to
minimize the attractive forces is to use a solvent with a low surface tension. The
etching process is normally conducted in water whose surface tension y;, is

high (Yywater = 75.64mN/m). Water can be replaced by solvents with a lower
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interfacial tension [215] such as ethanol (yethanot = 22.27 mN/m), methanol n
(ymethanol = 22.6 MN/m), n-hexane (yn-nexane= 18.4 MN/m), n-octane (yn-octane =
21.8 mN/m). Using such solvents might considerably reduce the strength of the
capillary forces. For example, using ethanol instead of water can decrease more

than 3 times the amplitude of the capillary forces(2%er = 3.4). The

Yethanol

replacement of solvent can be done at different stages of the fabrication process.
For example, we might prepare the HF based etching solution by replacing
water by another solvent. Nevertheless, it has been reported that the solvent can
greatly influence the etching process which is undesirable. Indeed, Li and al.
[215] have used ethanol as a low-surface-tension solvent and found that the
ideal ethanol concentration is about 12.5%. Another possibility is to perform
the last step of the SINWSs fabrication process - the rinsing step - with low-

surface-tension liquids.
4.2.1.2 Post treatment

Two kinds of post-treatments were tested: wet etching and dry etching.
These processes took place after completion of the SiNWSs fabrication, e.g.
SiNWs are already forming large bundles and the objective of these post-

treatments is to separate them.

4.2.1.2.1 Wet etching:

Jin-Young Jung et al. [193] have proposed to taper the top-end of the
NWs by a post-wet etching treatment based on KOH solution. The principle is
to use the typical anisotropic etching of silicon by KOH solutions, whose etch
rate depends heavily on the surface bond strength of the silicon atoms. Indeed,
strong alkaline solutions like KOH (Potassium Hydroxide) or TMAH
(Tetramethylammonium Hydroxide) etch silicon anisotropically according to
the following reaction: Si + 4 OH™ - Si(OH), + 4e".

It is more common to use KOH solutions instead of TMAH solutions
because KOH has an etch ratio eight to nine times more than TMAH. The
etching by KOH or TMAH is not diffusion but etch rate limited. Si is etched
anisotropically because the bonding strength of the Si atoms are depending on

the crystal plane considered: for example KOH has no effect on the (111)
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planes whereas the (100) and (110) crystal planes are attacked by the etching
solution [216]. According to the wafer orientation, we observe:

- (111) c-Si wafers are stable and are almost left intact by the etch

- (100) wafers lead to the formation of pyramids with (111) surfaces. This is a
common process to form pyramids for enhancing absorption and reduce
reflection on c-Si solar cells.

- (110) wafers are resulting in the formation of vertical trenches whose

sidewalls are (111) oriented. This is a common process to form microchannels.

Atoms located on the edge of the NWs present weaker bonds and will be
etched faster, hence the formation of tips. The principle of the method is
summarized in Figure 4-6.

The idea is therefore to achieve separation by sharpening the top end of
the SINWSs. Jin-Young Jung et al. [186], [193] claimed to obtain vertically
aligned, tapered SiNWs through this simple and cheap method. They used an
aqueous solution of 30 wt% KOH at 20 °C just after metal-assisted etching. The

SEM images in Figure 4-7 show the results they have obtained.

(a) *Electroless Etching (EE)
Agnanoparticles  Bunched NW Tapered NW

(b) KOHetching ]

—> Fasteretching

Figure 4-6: (a) Schematic detailing the fabrication process of agglomerated and
tapered SiNWs. (b) Schematic showing the effect of KOH post-etching treatment
to taper the top-ends of SINWSs [186], [193]
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Figure 4-7: (a) Cross-section SEM images of the SINW array after MACE with a
scale bar of 10 um. Inclined (30°) SEM images showing the effect of KOH post-
etching treatment on the morphology of SiNWs as a function of the etching time:
(b) 0's, (¢) 30 s, (d) 60 s,(e) 120 s, and (f) 240 s. Scale bars in (b)—(f) are 5 pm [186],
[193].

First we observe that this is a destructive method, as the density of the
SiNWSs reduces drastically with the etching time. Moreover, from the
observation of the SEM images (Figure 4-7), it is not true to claim that
individual nanowires are sharpened and separated from each other. We cannot
see the sharp tip-shape of the nanowires themselves, as this is more the bundles
of SINWs that show a sharp tip-shape rather than individual nanowires. Finally,
the post-treatment still took place in liquid phase, which means that capillary

forces are still there and are still exerting attraction between the SINWs.

4.2.1.2.2 Dry etching

Another possibility includes a post-dry etching process [215]. The NWs
array undergoes a post-plasma treatment in a RIE system. The positive aspect of
this method is that the post-treatment is carried out in dry-phase, therefore at
this stage, no more capillary forces are underwent by the NWs. NWs are stuck
to each other only by the Van der Waals forces. A good separation of the NWs
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is achieved. However the process induces slimming of the NWs and formation
of surface defects, without mentioning the extra-cost and process-time induced
by RIE.

4.2.1.3 Special Drying techniques

An effective way to eliminate the capillary effect would be to suppress
its origin by preventing the formation of a liquid-gas interface in the first place.
In the ordinary drying process, liquid evaporates and capillary forces arise as a
result of the surface tension of the Liquid—Vapor interface. Two special drying
techniques are often considered to eliminate the surface tension: the freeze-
drying process and the supercritical drying process. The first method, the
freeze-drying process, enables the removal of liquids by first freezing the
system before decreasing the pressure and supplying enough heat so that the
frozen water in the system can directly sublime from the solid phase to the gas
phase. Li et al. successfully managed to achieve separation of NWs using this
method [215]. In the supercritical drying process the liquid is transferred to
vapor via the supercritical phase. Carbon dioxide is generally used because of
its low critical temperature and pressure (T, =31,1°C, P.= 72,8 atm). During
evaporation of the supercritical carbon dioxide, no Liquid—Vapor interface
exists, so there are no capillary forces involved, and the driving force of the
agglomeration is suppressed. In this way, SiINWs with reduced agglomeration
have been fabricated [188]. Although good results have been reported with
these methods, they make the NWs fabrication process more complicated and

expensive to implement.
4.2.1.4 Other approaches

Two other approaches can be considered to avoid the bundling of
SiINWSs. According to Eq. (4.2), the capillary forces Fsr, responsible for SINWs
agglomeration, are directly proportional to the contact angle 6. Therefore by
changing the combination of the surface and the liquid to be dried, a contact
angle close to 90° (i.e cos(0)=0)) can be achieved in order to suppress the
capillary forces. However, in practice, it will be very challenging if not

impossible to obtain a contact angle equal to zero.
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Another approach is to strengthen the nanowires mechanically [217].
The idea is to erect momentary polymer structures to reinforce flexible
microstructures during the drying stage. The polymer is at the end of the
process removed by plasma since plasma does not involve any liquids (no
phenomenon of interfacial tension). It enables to counteract the surface
tensional forces during drying. The principle of this method is illustrated in
Figure 4-8. To prevent the sticking of the structures, Kozlowski and al. [217]
have substituted the rinsing liquid by a monomer (divinylbenzene) which
polymerization was initiated by irradiation under ultraviolet light. The solid
polymer obtained was then removed by oxygen plasma. We think that this
approach is quite complex and the risk of impurity (residual polymer structure
between the SiNWSs) will be a problem for subsequent integration of these

SiNWs into solar cells.

Substitution

of water by a
monomer 0, plasma

— ——

Polymerisation
under UV light

Figure 4-8: Schematic illustrating the principle of strengthen mechanically the
nanowires by a polymer.

We have just reviewed the different approaches that can be considered
to solve the problem of agglomeration of SINWs. We have decided to focus our
attention on low-surface tension solvent, the post-treatment methods (wet
etching and dry etching) and the supercritical drying process as they appear as
good candidates to reduce SiNWSs agglomeration. In the next section, we have

tested and evaluated the relevance of these different methods.
4.2.2 Experimental Section

SiNWs were fabricated by the standard MACE process. Experimental
details can be found in the section 3.1.1 of this thesis.

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015 141



4.2.3 Low surface-tension solvent

As mentioned in section 4.2.1.1, one way to minimize the bundling of
SiNWs is to use a solvent with a low surface-tension such as ethanol (Yesmanor =
22.27 mN/m at 20°C), acetone (Vacerone =25.20 mN/m at 20°C) or isopropanol
(IPA) (Yisopropanot =23.00 mN/m at 20°C). The solvent replacement can be
conducted at different stages of the SiINWs fabrication process: during the
chemical etching step, during the removal of silver dentrites step, or during the
rinsing step. However, capillary forces arose during the drying process, the last
step of the fabrication procedure. Therefore SINWs have to be immersed in the
low-surface tension solvent for the drying stage when attractive forces are at
play. To replace the solvent in the previous stages is not supposed to have a
critical impact on the SINWs morphology. Moreover, we need to consider the
different chemical incompatibilities. Strong acids should be never mixed with
organic solvents as they may react. In particular sulfuric acid and nitric acid
may react highly exothermically and cause fires. Therefore we cannot mix our
solvent with nitric acid during the stage of silver dentrites removal. The mixing
of ethanol with silver nitrate is also an explosive combination. For safety
reasons, we have decided not to change the solvent during process but rather at
the end of the process, prior to the drying stage which is the critical step in
SiNWs agglomeration.

After immersion in nitric acid bath, samples were fully rinsed in DI
water to clean any nitric acid residual. Ethanol was used since it has the
smallest surface-tension The replacement of solvents was achieved by
immersing the samples in several baths of ethanol with different concentrations
for at least 15 min each:

- Immersion of the samples in 70% Ethanol solution for 15 minutes.

- Immersion of the samples in 85% Ethanol solution for 15 minutes.

- Immersion of the samples in 100% Ethanol solution for 15 minutes.

- Immersion of the samples in 100% Ethanol solution again for another 15
minutes.

As shown in Figure 4-9, no convincing results were obtained: bundles,
although smaller, are still observed. It means that the reduction of the force

magnitude was not enough to suppress the agglomeration of SINWs. Moreover,
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Figure 4-9: SEM pictures of SiNWSs arrays (a) before and (b) after the
replacement of solvent.

when replacing the solvent, samples were transferred quickly from one bath to
another. Even if the transfer was fast, as ethanol evaporates quickly, it was also
possible that the sample started to dry when outside the liquid solution.
Capillary forces were present and some nanowires might have started to bend

and stuck to each other.
4.2.4 Etching post-treatment

4.2.4.1 Wet etching

We also tested the wet etching post treatment by KOH solution to taper
SiNWs [186], [193] in order to achieve SiNWs with total separation after the
metal-assisted electroless etching treatment. For that purpose after the last
rinsing step of the SiNWs fabrication procedure, the samples were immersed in
a 30% w/w KOH solution for 30s, 45s, 60s and 75s. The solution was prepared
from pellets of potassium hydroxide (30g of KOH in 70g of water). Dissolution
of KOH pellets in water is strongly exothermique, meaning that the process
gives off significant heat. Therefore it is very important to allow the solution to
cool to ambient temperature before using it: otherwise the etch reaction is
highly reactive and the results are not reproducible. Figure 4-10 shows the
effect of KOH post-treatment on the morphology of SiNWs for different
treatment times and for different magnification (x 7 KeV, x 12 KeV, x 23 KeV
and x 35 KeV). SEM pictures of the samples before post-treatment are also
displayed for reference. From the SEM pictures of Figure 4-10, we can make
the following observations:

0] Good lateral separation of SINWSs is not achieved.
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(i) The SINWSs bundles present a sharp-tip shape, but the nanowires are still
stuck to each which is consistent with our analyze of the work by Jin-Young
Jung et al. [186].
(i) This method is also destructive as the nanowires were completely etched
away, leading to a drastic reduction of the nanowires density. The effect is more
prominent with increasing etch-time.

Since the driving force for SINWSs agglomeration is the capillary effect,
this method does not suppress the cause of the problem. Indeed this post-
treatment is a solution based process and therefore the capillary forces are not

eliminated, hence agglomeration of SINWs is still observed.
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Figure 4-10: Effect of KOH post-treatment on the morphology of SiNWs for different time of treatment and for different

magnification.
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4.2.4.2 Dry etching

The use of the RIE technique [69] to help reduce the size of the SINWs
bundles appears as a more relevant method than the wet etching process.
Indeed, as there is no solvent involved in this etch post-treatment, there is no
capillary tension involved. The idea is to etch the top tips of the nanowires in
order to achieve separation of the SINWSs, and reduce the big bundles to smaller
ones. The experiments were carried out in a RIE system (OXFORD
INSTRUMENT) which utilizes reactive radicals generated in the plasma. These
radicals undergo a series of chemical reactions with the Si surface. The volatile
by-products produced by these reactions are then pumped away by the system.
The different parameters to be optimized are as follows: time, nature of the gas,
flow rate, the pressure and the power. Each parameter has been tuned while
maintaining the other parameters constant in order to understand its impact. The
RF power was revealed to be a critical parameter. When the power was varied
from 100 to 200 Watt, the SiNWs collapsed and lied on the wafer. When the
power is exceeded 200 watt, the SINWSs arrays were completely etched away as

shown in Figure 4-11.

T AR R SO

Figure 4-11: Effect of power on the etching of SiINWs (a) At 100 Watt, the SINWSs
collapse and lied on the wafer. (b) At 200 Watt, the SINWs are completely etched
away.

A mixture of SFg/O, was used. Our best results were achieved with the
following recipe:

. Pressure: 120 mTorr

. Power: 50 Watt

. Gas: SFs (15 sccm) and O, (5 sccm)
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Time: 20s

Our results show that the SINWs can be separated by the RIE etching as
shown in Figure 4-12. However, this RIE post treatment complicates the
fabrication process of SiNWSs. Moreover the RIE process induces both
slimming of NWS and roughness which is undesirable for solar cells
application since surface recombination might be enhanced [69]. We should not
forget that this method relies on the physical etching of SINWSs, which means
partial destruction of SINWs.

AR R TP 3 BRSSP tagty &

Figure 4-12: SEM pictures of SiNWSs arrays (a) before and (b) after RIE post-
treatment.

4.2.5 Supercritical drying process

Some special drying techniques can be applied to solve the
agglomeration problem of SiNWSs as discussed in section 4.2.1.3. We have
investigated the potential of the supercritical drying process. After fabrication
of the SiINWSs, a series of dehydration were performed to replace any water in
the specimen by acetone. Indeed carbon dioxide is not miscible with water.
Therefore we have to use a third medium, which is termed the intermediate
fluid. The replacement of water by acetone was achieved by immersing the
samples in several baths of acetone with different concentration for at least 15
min each:

- Immersion of the samples in 30% acetone solution for 15 minutes
- Immersion of the samples in 70% acetone solution for 15 minutes
- Immersion of the samples in 85% acetone solution for 15 minutes

- Immersion of the samples in 100% acetone solution for 15 minutes
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- Immersion of the samples in 100% acetone solution again for another 15
minutes

Samples were directly transferred to a CO, pressure chamber. We use a
Critical Point Drier (EMS 850). This system allows a precise temperature
control by a built-in thermo-electric heating and adiabatic cooling. The chamber
was first cooled down, to allow the samples to be filled by liquid CO,. We
applied a temperature of 34°C and a pressure of 1200 psi, just above the critical
drying point in order to bring CO; to its supercritical state. A needle valve was
used to vent the CO, to prevent samples distortion. Good results were obtained
as illustrated in Figure 4-13 although SiINWs bundles are still observed.
However, the process is expensive and very sensitive. The transfer to the CO,
pressure chamber has to be fast in order to not allow the sample to dry. Indeed,
once the sample is out of a solution, it starts to dry: the capillary forces appear
and bend the nanowires which start to form large bundles.

Figure 4-13:SiNWs array (a) before and (b) after CO, supercritical drying
process.

4.3 Effect of the wettability on the agglomeration of SINWs

In the following section, we propose a simple way to reduce
significantly the size of the bundling of SINWs. Indeed, we demonstrate that
controlling the wettability properties of both the wafer and the nanowires

surfaces has a drastic effect on the agglomeration of SINWSs [194].
4.3.1 Experiments

Single-crystal n-type wafers ([100]; resistivity 0.7-0.9 Q-cm) were

successively cleaned in acetone, IPA and deionized (DI) water for 10 min each
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by an ultrasonic bath at room temperature. The samples were then divided into
two sets A and B. Samples from set A were dipped into a piranha solution,
consisting of a mixture of sulfuric acid (H,SO4) and hydrogen peroxide (H,0,)
with the proportion 3:1, while samples from set B were dipped into a solution
of 5% HF for 1 minute. Therefore, the surface state of samples from set A was
hydrophilic while the one from set B was hydrophobic prior to the etching
procedure of SINWs. Following that, the samples from set A and B underwent
the same etching conditions described in the section 3.1.1 of this thesis. After
having rinsed thoroughly the samples in DI water, each set (A and B) of the
fabricated samples was then divided again into 2 sub-sets: set A1/A2 and set
B1/B2 respectively. For set Al and B1, the as-fabricated nanowires were dried
under nitrogen gas environment as the final step. For set A2 and B2, the
samples were dipped into a 5% HF solution for 1 min before being dried under

nitrogen gas environment.

4.3.2 Results and Discussion

4.3.2.1 HF as a pre-treatment

As a pre-treatment, we mean a treatment of the initial wafer substrate
prior the etching process to form the SiNWSs. Figure 4-14 shows that the initial
surface state of the wafer has a drastic effect on the morphology of the SINW
arrays. When the surface of the initial wafer is hydrophobic, large bundles are
observed as illustrated in Figure 4-14 (a) (top-view) and Figure 4-14 (c)
(cross-section) while for hydrophilic surfaces (treated by piranha) the bundling,
although still present, is much reduced (Figure 4-14 (b) and Figure 4-14 (d)).
We suggest that the wettability of the wafer has an impact on the distribution of
the silver particles on the top surface of the wafer during the etching procedure.
The initial contact of the substrate with the solution is critical since the first
deposited silver particles will impact the overall etching process. Indeed the
initial reduction of Ag+ results in the formation of Ag nanoclusters on the
substrate surface which restrains further oxidation of silicon surface below the
cluster, hence the etching process takes place locally, below the Ag
nanoclusters themselves, as the latter are relatively more electronegative than

silicon and thus constitutes an easy injection path for holes. Shu-Chia Shiu et al.
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have observed SiNWs with a reduced density and uniformity for initial H-
terminated substrate [218]. They suggested that the H-terminated bonds could
form a protection layer which prevented the oxidation of silicon, and
contributed to the results observed. They showed the effect of the surface state
on the morphology of the silver nanoclusters. For hydrophilic surfaces, silver
ions were reduced in particles while for hydrophobic surface silver flakes were
formed. A hydrophilic surface tended to form dense and uniform arrays of
SiNWSs while for hydrophobic surface the SINW array was less dense and
uniform.

For a hydrophilic substrate, the high density of silver nanoclusters
results in a more regular array (separated nanoparticles), so that the nanowires
undergo capillary forces of about equal magnitude in all directions, resulting in
reduced bundling. On the contrary, for hydrophobic surface, silver flakes result
in non-uniform SINW arrays, so that the irregularity of the arrays becomes
much more important. The capillary forces are less counterbalanced and large
bundles are formed, as suggested by our calculations in section 4.1.4. Moreover
there is a clear color difference between samples with initial hydrophilic and
hydrophobic surface state. Samples which underwent H,0,:H,SO, pre-
treatment were dark black while the samples with HF pre-treatment were dark
brown. This difference might be explained by the reduced reflectivity for initial
hydrophilic substrate which comes from the higher density of the arrays. This
hypothesis is confirmed by the reflectivity measurements of the samples with
initial hydrophilic and hydrophobic substrates as depicted in Figure 4-15.
These measurements show that the pre-treatment has a significant impact on the
optical properties of the SINW arrays: for SiNWs of the same length, the
average reflectance (in the range 250-1100 nm) decreases down to 3.8% for
samples with a piranha pre-treatment, hence a reduction of 28% of the
reflectance compared to samples with a HF pre-treatment (average of 5.3% in
the range 250-1100 nm). Therefore the use of a substrate with hydrophilic
properties is essential to get more regular and dense SINW arrays with excellent

optical properties.
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Figure 4-14: Top view (a), (b) and cross-section (c), (d) SEM pictures: Effect on
the morphology of the SINWs fabricated by MACE with a HF pre-treatment (a),
(c) and with a H,0,:H,SO, pre-treatment (b), (d). The insets show high
magnification SEM images of the top-view. The scale bar is 500 nm.
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Figure 4-15: Reflectance of the SiNW arrays fabricated by MACE with a HF pre-
treatment (solid black squares), a H,0,:H,SO, pre-treatment (black solid circles)
a HF pre-treatment and a HF post-treatment (open squares), and after a
H,0,:H,SO, pre-treatment and HF post treatment (open circles).

4.3.2.2 HF as a post-treatment

A HF as a post-treatment, i.e. a treatment after the etching procedure,
has a drastic effect on the agglomeration of SINWs: SiNWs treated by HF after
the etching procedure are well separated and the bundling is significantly
minimized (Figure 4-16 (b), Figure 4-16 (d) and Figure 4-16) whereas for as-
fabricated samples large bundles are observed (Figure 4-16 (a), Figure 4-16
(c) and Figure 4-16 (e)).
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Figure 4-16: SEM pictures - Effect on the morphology of the SiNWs fabricated by
MACE after a H,0,:H,SO, pre-treatment (a), after a H,0O,:H,SO, pre-treatment
and a HF post-treatment (b), after a HF pre-treatment (c), (e), and after a HF pre-
treatment and a HF post-treatment (d), (f). The insets show high magnification
SEM images of the top-view. The scale bar is 500 nm.
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According to our experiments, the bundling of nanowires strongly
depends on the surface-state of the nanowires. The objective of a HF post-
treatment is to change the wettability of the nanowires. Indeed as fabricated
SiNWs by the standard MACE method are hydrophilic. After a bath in nitric
acid (HNO3z) and a water rinse, SINWSs are functionalized by hydrophilic
groups. The surface of SINWs can be partially oxidized by a concentrated
HNO;3 solution according to the following reaction: 2xHNO3; +Si — SiOy
+2xXNO, +xH,0O. The surface is therefore functionalized by the following
groups: Si—-O-Si, Si = O, Si—-OH. When the samples are dipped in a 5% HF
bath, we expect the surface state of the nanowires to become hydrophobic.
When dipping in HF solutions, H-terminated bonds form on the silicon surface.
The surface is therefore functionalized by Si-H. To confirm this change in the
wettability, measurements of the contact angle of the SINWs samples after a 15
min HNO; bath and after a 1 min HF bath were carried out using a contact
angle analyzer. As illustrated in Figure 4-17, the wettability of the samples can
be changed from superhydrophilic with a contact angle less than 5° to highly

hydrophobic with a contact angle exceeding 142°.

After ® <5° After ® = 142.4°
HNO3 HF bath
bath

SR
-

Figure 4-17: Measurement of contact angle on SiNWs after the standard MACE
process (after HNO; bath) (left) and after HF post-treatment (right).

The Liquid (solvent)-Vapor (air) interface is characterized by an
interfacial tension y which tends to reduce the active surface area by inducing a
small curvature of the liquid. This meniscus can either curve upwards or
downwards according to the liquid’s wettabilities on the solid surface. The H-
terminated bonds on the silicon may lead to a convex form (the meniscus curve

up) since the water is non-wetting on hydrophobic surfaces. On the other hand,
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the hydrophilic NWs may lead to a concave form (the meniscus curves down)
as the water is wetting on the surface as illustrated in Figure 4-18. When the
main mechanism of adhesion is due to capillary forces, as it is the case here, the
surface state of the NWs can have a dominant effect on the stiction of the
nanostructure. By using a hydrophobic surface, the free energy of their surface
is reduced, which can decrease significantly the adhesion forces as the number
of water molecules adsorbed on the SINWs’ surface and responsible for the
formation of the water meniscus is minimized. We propose that the H-
terminated bonds on the silicon surface can reduce significantly the size of the
bundles of nanowires and enables a very good lateral separation as shown in
Figure 4-16. The water is responsible for the stress exerting on the NWs and
with the very narrow gaps between SiNWs, it is very difficult to remove the
trapped liquid entirely during drying. Similar results are obtained with the
special freeze or supercritical drying process but in comparison our technique is
very fast, easy and cheap. The effect of the HF post-treatment on the reflectivity
of the arrays is quite small, which shows that the density of the arrays is not
affected by the HF bath. We observe a reduction of 11.4 % (Figure 4-15) of the
reflectivity for well separated SiINWSs (Figure 4-16 (d)) compared to the SINWs
sample with large bundles (Figure 4-16 (c)) for the case of initial substrate with
hydrophobic surface-state, which may be explained by the better light trapping
capabilities of the well separated SINWSs. As a summary, we can conclude that
the agglomeration of SiNWs has surprisingly a small impact on the measured
reflectivity. Instead, the density of the wires which is modified by the pre-
treatment (HF or H,SO,) is impacting significantly the reflectivity of the
samples. We also tested our method for longer SiNWs. The etching time was
set to 3 hours and SINWSs with a length of 30 um were fabricated. As illustrated
in Figure 4-19, excellent lateral separation was obtained for 30 um SiNWs
post-treated by HF after the etching procedure while strong bundling is

observed on non-treated samples.
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Figure 4-18: Schematic illustration of the water meniscus shape according to the
wettability of SINWSs. For hydrophilic SINWSs, the water is wetting on the surface
and the meniscus is concave (a) while for hydrophobic SiNWs, the water is non-
wetting and the meniscus is convex (b).

Figure 4-19: Cross-section SEM pictures of 30 pm long nanowires: Effect on the
morphology of the SiNWs fabricated by MACE with no post-treatment (a) and
after a HF post-treatment (b). The insets show SEM images of the top-view. The
scale bar is 5 um.

Table 4-1 summarizes the advantages and drawbacks of the different methods

to achieve lateral separation of SINWS.
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Table 4-1: Main advantages and drawbacks of the different methods used to
separate agglomerated SiNWs.

Technology Advantages Disadvantages
Wet Etching Simple and Low-cost. SiNWs are still stuck to each
other’s. Good lateral separation
is not achieved.
Dry Etching Good  separation  of Additional process adding
SiNWs is achieved. some damages.
Supercritical Drying Good lateral separation. Additional expensive process.
process
Our solution Simple, fast and low-cost ~ Although HF is widely used in
process. Easy to the MEMS industry, this
(Control of the wettability) = implement.  Significant chemical is still  very
reduction of the  hazardous.
agglomeration of SINWSs
is achieved.

Conclusion

In this section we have shown that the surface state (hydrophilic vs
hydrophobic) of the c-Si substrate undergoing the MACE procedure has a big
impact on the morphology of the SINWSs arrays fabricated. A hydrophilic wafer
surface is essential to achieve a dense and uniform array of SiNWs with
reduced agglomeration. The bundling is further reduced by functionalizing the
surface of the fabricated SiNWs by hydrophobic groups in order to reduce the
stress exerted by water in the form of capillary forces. The pre-surface
treatment enables a reduction of the reflectance down to 3.8% in the spectral
range 250 nm-1100 nm for SiNWs of the same length. The good lateral
separation of the SINWSs by the post-treatment has a little impact on the optical
properties of the arrays. However, the good lateral separation might be crucial
for the conformal coating of the active material to form the junction in solar

cells.
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Chapter 5 : Optical Properties of SINW arrays

This chapter is devoted to the investigation of the optical properties of
both random and ordered SiNW arrays. We have fabricated and studied the
optical properties of a large set of SINW arrays and compared them with the
performance of Si with the standard pyramid texturization. SINWSs are
characterized via various techniques such as a spectrophotometer system
(PerkinElmer, Lambda 950/UV/Vis/NIR), an angle-resolved Mueller matrix
polarimeter (ARMMP) and a Mueller matrix ellipsometer. This experimental
work is supported by modeling of the optical properties of the arrays using the
rigorous coupled-wave analysis method (RCWA) [219], [220] which provides
guidelines to analyze and optimize the geometry to minimize the total

reflectance.
5.1 Comparison between SiNWs and commercial pyramids

Random and ordered SiNWs were fabricated using the standard and
NSL assisted MACE process, respectively, as described in section 3.1 of this
thesis. The optimization of the recipe, presented in Chapter 4, was implemented
to achieve well separated SiINWs. Random SiNWs are mainly characterized by
their length, which can be controlled by the etching time, while the diameters
and pitches are not directly controllable. In contrast, the ordered SiNW arrays
are defined by their pitch (center to center distance), diameter and length, which
can all be controlled in the fabrication process. We have prepared a large set of
ordered samples with nanowire diameters varying from 190 to 650 nm and
pitches from 250 to 800 nm. The samples were characterized by UV/Vis/NIR
spectrophotometer using an integrating sphere at the angle of incidence (AQI)
of 8 °. The spot size was a few square millimeters large.

To confirm the reproducibility of our measurements, as well as the
uniformity of the SINW arrays, the total reflectance of the samples was
measured on different days and at different positions on the samples. As shown
in Figure 5-1, the total reflectance data are highly reproducible and the

uniformity of the samples is well assessed.
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Figure 5-1: Reproducibility of the measured total reflectance data for 2 different
samples. Measurements were performed at different locations of the sample on
different days, showing good sample uniformity and measurement
reproducibility.

As illustrated in Figure 5-2, SINWs show better optical performance as
compared to commercial random pyramids. For example, carefully designed
short ordered SiNWs arrays, with a length of only 165 nm and a pitch of 330
nm, show reduced reflectance over the whole spectral range, with an average
total reflectance of 7.6% in the range between 400 and 1100 nm, compared to
the average 13.1% reflectance of the commercial pyramids. Likewise, short
random SiNWSs with a length of 500 nm have an average reflectance of 7.5%
over the spectral range of 400-1100 nm. This demonstrates that the efficient
light trapping offered by the SiNWs that is suitable for photovoltaic
applications. Indeed the challenge is to improve light trapping in thin crystalline
silicon solar cells using a low-cost approach, while avoiding the typical removal
of about 10 pum of c-Si material induced by the standard random pyramid
texturization. Moreover, the proposed light trapping scheme is efficient even
when reducing the thickness of the absorber layer down to a few micrometers.
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Figure 5-2: Comparison of the total reflectance between commercial pyramids
(black curve) and ordered SiNWs arrays of ~165 nm height and pitch of 330 nm
(red curve) and disordered SiNWs with a length of 500 nm (green curve) with the
corresponding SEM pictures

5.2 Ordered vs Disordered SiNWs: effect of the geometry

Figure 5-3 shows the wavelength dependence of the reflectance of
random SiNWs with increasing length. We observe a clear trend: the longer the
SiNWs, the lower the reflectance, which is explained by better light trapping
capabilities of very long SiNWs. At the same time, we can observe the
saturation (for heights from 1.5 um and higher) where further increase of SINW
length does not significantly improve the reflectance anymore. Table 5-1
summarizes the average reflectance over the spectral range 400-1100 nm
acquired from measured total reflectance of the corresponding arrays. To
conclude, the optical properties of shorter random SiNWs are strongly depends
on the SINW length, while the decrease of the reflectance for very long
nanowires does not pay off the increased fabrication time.
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Figure 5-3: Effect of disordered SiNW length on the measured total reflectance
plotted as a function of the wavelength.

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

161



Table 5-1: Average reflectance over the spectral range 400-1100 nm for
disordered SiNWs with different lengths

Random SiNWs 300nm 500nm 800nm 15um 3 um 5um

A((‘)’Af)r?ggo'?f‘;'ggtsgc)e 1192 862 754 373 341 311
In contrasts, for ordered SiNWSs, there are other critical parameters
which can be considered and have impact on the performance. Figure 5-4
shows the measured reflectance of ordered SINW arrays with the same pitch
(330 nm) and with similar diameters (within tens of nanometers), but with
different lengths. Details of the geometrical parameters and average reflectance
are displayed in Table 5-2 with corresponding SEM images in Figure 5-5. The
average diameter was determined by analyzing the SEM image using the
software Imagel. This is a powerful tool which allowed us to acquire the
average diameter and the distribution. Figure 5-6 shows the image treatment
applied to SEM images to extract the average diameter of the arrays. As
illustrated on Figure 5-4, the sample with 2 um SiNW lengths shows lower
reflectance than samples with 2 or 4 times longer SINWSs, which may come as a
surprise. This is caused by the 10 nm difference in average diameter, which
significantly changes the optical properties and highlights the critical effect of
ordered SiINW geometry. Moreover, we observe agglomeration in the case of
8.2 um length (see inset of Figure 5-5 (d)), similar to that reported for MACE
SiNWs in Chapter 4, which may impact the optical performance of the array.
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Figure 5-4: Spectral dependence of the total reflectance measured on ordered
SiNWs with pitch of 330 nm, diameter of 250 nm (+/- 10 nm) and lengths of 165
nm, 2 um, 4 um and 8 pm.
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Table 5-2: Geometrical parameters of 4 different ordered SiNW arrays with the
corresponding average total reflectance calculated in the range of 400-1100 nm.

Ordered Ordered Ordered Ordered

Sample A B C D
Pitch (nm) 330 330 330 330
Diameter(nm) 239.1 254.2 259 250.7
Length (nm) 165 nm 2.1 um 4.2 pym 8.2 um

Average Reflectance (%)

(400-1100 nm) 7.66 5.33 6.47 6.34

n18sc 5.0kV x60.0k SE(U) 500nm

Figure 5-5: Cross-section SEM images of ordered SiNW arrays with a pitch of 330
nm, an average diameters between 239-259 nm and lengths of (a) 163 nm, (b) 2.1
pm, (¢) 4.2 um and (d) 8.2 um, respectively. The inset in (d) shows the
corresponding top-view SEM image.
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Figure 5-6: Figure 5-7: Illustration of SEM image analysis by imageJ: (a) original
image, (b) threshold image, (c) image contour analysis and (d) area distribution.

To highlight the effect of the density and diameter, we also compare the
reflectance of three ordered SiNW arrays that have the same length of 2 um and
pitch of 600 nm, but different diameters and therefore different material
density. The three arrays have an average diameter of 550, 424 and 306 nm,
respectively. We have calculated the filling fraction (%) of ordered SiINWSs
organized in an hexagonal arrangement using Eq. (5.1):

2nr?
D, = N 5.1

with psbeing the pitch of the hexagonal arrays (center to center distance).

The corresponding filling fraction has been calculated and we found a filling
fraction of 0.51, 0.45 and 0.24 for an average diameter of 550, 424 and 306 nm,
respectively. We have obtained an average total reflectance of 6.5%, 5.1% and
9.9% in the spectral range of 400 nm to 1100 nm for the high, medium and low
density arrays, respectively. The measured total reflectances are plotted in

Figure 5-8 as functions of the wavelength.
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Figure 5-8: Effect of the volume fraction on the reflectance of three ordered
arrays of SINWSs with a pitch of 600 nm and a length of 2 um. The diameters for
the high, medium and low density SINW arrays are 503 nm, 436 nm and 158 nm.

The SiNW diameter and the material density are critical parameters that
determine the optical properties of the ordered arrays, thus confirming the
theoretical predictions of Foldyna et al. [37] from the optical model of the
optimized nanostructures. As the geometry of the ordered SINW arrays has a
drastic effect on the optical properties, with the average total reflectance in the
400-1100 nm range varying from more than 20 % to less than 3.8 % for the
different fabricated geometries, a careful optimization is needed to maximize

the performance of fabricated SINW arrays.
5.3 Effect of ITO coating

We have also investigated the effect of ITO coating on the reflectance of
the SINW arrays as ITO also plays the role of an anti-reflective coating. The
objective of an antireflective coating is to create a double interface leading to
the formation of two reflected waves, by depositing a thin layer of material on
the top of a substrate. If these two reflected waves are out of phase, they will
interfere destructively and will eventually cancel each other out, thus less light

is being reflected as illustrated in Figure 5-9 ([221]).
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Anti reflection function occurs by offset of each wave of lights.
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Figure 5-9: Schematic of the working principle of an anti-reflective coating [221].

An effect of ITO thickness on the total reflectance was investigated for two
ordered SiINW arrays characterized respectively by a pitch of 250 nm and 500
nm, a diameter of 219 nm and 314 nm and a height of 242 nm and 2 pm.

Results are displayed in Figure 5-10 (a) and Figure 5-10 (b).
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Figure 5-10: Effect of increasing the thickness of ITO on the reflectance of
ordered SiNW arrays with a pitch of (a) 250 nm and (b) 500 nm.
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When comparing the reflectance spectra, we can see a combination of
two effects. First, we observe that the spectra minima are shifting to the right
with increasing thickness of ITO for the two arrays with a pitch of 250 and 500
nm as shown by the arrows in Figure 5-10. This is a common effect observed
for planar structures with increasing thickness of the antireflective coating. The
standard flat antireflective (AR) coating theory is relevant in our case since we
can consider that the main effect of ITO during the first penetration into the
SiNW is coming from the ITO on the top of the SINWSs. The cross-section SEM
image in the inset of Figure 5-10 (a) shows the superimposing of a single
SINW covered with increasing thickness of ITO. We observe that the coverage
by ITO is not uniform: large bumps are observed a the top of the SINWs while
the thickness of ITO decreases from the top to the bottom of the wire. Thus the
thickness of ITO on the sidewall is very small. Therefore we can use flat AR
theory as a first approximation. Naturally, for more accurate modeling, RCWA
should be used. This right shift of the minimum is therefore not related to the
nanostructuration. In the case of planar AR theory, the two reflected waves
should be in opposite phase to achieve minima. For normal incidence, the phase
shift between the two reflected waves induced by an optical path difference 6 is
given by:

2n6  A4mt 5.2

A A
where t is the thickness of the film and A the wavelength inside the

antireflective coating.
To be out of phase, A should be equal to =, therefore we achieve the

following condition for the destructive interference:

t=7 5.3

When the thickness of the film increases slightly, the corresponding
wavelength which gives the minima is shifted towards longer wavelength,
hence the observed shift to the right of the minima with increasing thickness of
ITO in Figure 5-10.

The second effect is a decrease of the reflectance curve peaks. The
reference cell with no ITO shows a reflectance spectrum with several peaks due
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to the nanostructuration. No drastic changes in the reflectance curve shape is
observed with increasing thickness of ITO, but peaks get smaller and slightly
shifted.

We also observe a decrease in the average reflectance in the range
between 400 and 1100 nm with increasing thickness of ITO, until it reaches a
minimum at 75 nm and starts to slightly increase again. This can be related to
the morphology of the ITO film coating. Indeed, from 100 nm, the large ITO
bumps on the top of the wires are touching each other as shown in Figure 5-11.
Therefore, we achieve a kind of planar structure that is less efficient at trapping
the light. However, these data are not calibrated by the solar 1.5 AM spectrum
and did not take into account the number of photons. Therefore we also
compare the theoretical upper limit of the Js estimated from the absorption
spectra A(E) by assuming A(E) = 1 - R(E) (for A <1100 nm) since very thick
wafers of 550 um were used. From A(E), we have obtained values of ultimate
Jsc by using the following formula:

o

Jse =€ L >EgA(E)N(E)dE 54

where A(E) is the spectral absorptance, N(E) is the number of photons per unit
area per second, E is the photon energy, Ey is the band gap energy and e is the
electron charge. We assumed an ideal internal quantum efficiency of 100%.
Therefore this equation gives a numerical estimation of the theoretical solar cell
performance (upper limit) which allows us to evaluate the potential of a specific
geometry.

Results are summarized in Table 5-3. We have also included results for
Jioss, Which is the integrated current from the reflected photons. We obtained
consistent results with the average reflectance. Indeed, the lower the
reflectance, the smallest is the Jioss (Or higher is the estimated Jgc).

® dNyp1.56(E)
]loss =e ‘[E>Eg R(E)TdE 5'5
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Figure 5-11: Top-view SEM image of ordered arrays of SiNWs with a pitch of 250
nm covered with a thickness of ITO of (a)75 nm and (b) 100 nm.

Table 5-3: Effect of ITO coating on the average reflectance of ordered arrays of
SiNWs. Jg is calculated from the absorbed photons and J,. is calculated from the
reflected photons.

Sample No 25nm 50nm 75nm %]?2 %\2”5]
P ITO ITO ITO ITO

ITO  ITO
Average V
. reflectance (%) 20.59 17.09 14.84 13.48 14.47
Pitch (4001100 nm) A

nm (mA/cm?)

Jiows (MA/CTY?) 8.84 7.19 6.17 5.57 5.97 W

250 Ty estimated 3464 3630 3732  37.92 3752 V /
/y

Average
reflectance (%) 11.78 9.84 8.12 8.07 9.72 9.35

Pitch 400-1100 nm)

500 Jse EStimaEEd 3836  39.30 40.0 40.0 3035  39.40
nm (mA/cm?)

Jioss (MA/CM?) 5.13 4.19 3.49 3.49 4.14 4.09

5.4 Angle-resolved MM polarimeter

If ordered SiNWs are well organized into a periodic hexagonal
arrangement, we should be able to observe light diffraction for suitable pitch
and wavelength of the light. One first and easy to execute experiment is to
illuminate the SINW sample with a laser pen and observe the subsequent
diffraction pattern on a white background. For this experiment, we used an
array of SINWs with a pitch of 800 nm, a diameter of ~540 nm and a length of
2.6 pm. The wavelength of the laser pen was 532 nm. This is a case of a
reflective diffraction grating, when the incident and diffracted rays are on the

same side of the grating as illustrated in Figure 5-12.
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Figure 5-12: lllustration of a diffraction pattern from a periodic diffraction
grating [222]

The light diffraction is therefore depending on the pitch of the structure
and on the wavelength used. In the case of normal incidence, the diffracted

orders appear at angle 0y given by the following formula [223]:
psin6, = kA 5.6
with p being the pitch (center to center distance), & the diffraction order (an

integer) and A the wavelength of the light. In the case of an arbitrary angle of

incidence 6;, we obtain the so-called grating equation [223]
(sin8; + sin 0, )p = kA 5.7
We can only observe a limited number of diffraction orders as the norm of

sin 8, must be smaller or equal to one. Assuming 6y = 0, the following criteria

holds true:

k= %sin 0, < % S0 kipgx = integer part (2) 5.8

Therefore, to observe at least the first order of diffraction (k = 1), we
need to respect the condition p > A, and if we want to observe the second order
of diffraction we should have p > 2, etc. Hence we have chosen a pitch p of
800 nm and a light wavelength of 532 nm such that p > X. Figure 5-13 shows
the pattern obtained when illuminating the sample by the green laser. We
observe the specular reflection, additional diffusion and the first diffraction
order. The diffraction pattern is circular instead of the expected well-defined six

points in hexagonal pattern.
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Figure 5-13: Circular diffraction pattern on NWs

In order to understand this diffraction pattern, SINWs were further
characterized by angle-resolved MM polarimeter whose working principle has
been detailed in section Erreur! Source du renvoi introuvable.. The key
features of this characterization technique include:

- Spot size of a few tens of micrometers,

- Accessibility to the real space (microscopic imaging (Figure 5-14 (a)))

- Complete measurements of Mueller matrices (Figure 5-14 (b)),

- All incidence and azimuthal angles are measured at once.

The instrument operating in Fourier space measures Mueller matrices
for all combination of angular (9) and polar angles (¢). Every pixel in the image
described by polar coordinate (r, ) corresponds to (4, ¢) coordinates in the
Fourier space with r o sin () and 6 = ¢. Therefore, each point on Figure 5-14
(b) is an element of the Mueller matrix measured at (4, ¢) incidence.

The polarization state of completely polarized light can be described by
using the Jones calculus. In the Jones calculus, the polarized incident light is

defined as a Jones vector ]_{while the optical system is represented by a 2x2

matrix, named the Jones matrix. The new polarization state of the light,

described by the emerging vector ﬁ is equal to the product of the Jones vector

of the incident light with the Jones matrix of the system as follows [224]:
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o=l gl

However, Jones calculus is only useful for fully polarized light. When
the light is incoherently or partially polarized, we need to use the Mueller
calculus [225]. The Mueller matrix can be also uniquely derived from the Jones
matrix elements if the system is non-depolarizing, where the relation between
the Jones matrix and the corresponding Mueller matrix MM can be described

using the following relationship [226]:

ol 0 0 J; ;2%2 A3l 0l +0af) Rel33+913) g 2]
MM = % J11‘2_“]22‘2'*'“]12‘2_“]21‘2 % ‘]11‘2"'“]22‘2_“]12‘2_“]21‘2 Re(J;1J12_J;1‘]22) Im(_ J;1J12+J;1J22) '
Re(JflJ21+ J;zjzz) Re(‘];r]u - J;z‘]zz) Re<J;1J22 + J;2J21) Im(_ JflJzz + J;z‘]21)
Im(‘]1*1‘]21 + J;zjzz) Im(‘];r]m - Jl*z‘Jzz) Im(‘]l*r]zz + ‘]1*2‘]21) Re(‘];rjzz - J;2J21)

with J;; being the element of the row i and column j of the Jones matrix.

The M3 element is the absolute intensity of the total nonpolarized light.
For non-depolarizing Mueller matrix, it is defined as the sum of squares of the
absolute values of all elements of Jones matrix. In our measurements, all
elements of Mueller matrix are normalized by Mj;. Therefore we have -1< M;j
<l.

Measured Mueller matrices are shown in Figure 5-14 (b) with all
elements normalized except Mji, which shows raw measured light intensity.
Some elements of the Mueller matrices are very close to zero (M3, M4, M3,
Mas, M31, M3, Mgy and Mgy), while others have the shape of a ring (M2, Mas,
M3, and My3). For the diagonal elements of the matrix (M11, M2, Mszand Myy),
this external ring pattern is combined with additional circle in the center.

From zero block off-diagonal elements (Miz, M14, Ma3, M4, M31, M3y,
My;1 and My,)  we can conclude that J1, = Jo; = 0, or at least are negligible with
respect to the experimental errors, thus signifying that there is no change of
polarization.

As My, # 0 and My, # 0, we can deduce that there is a difference
between reflectance of TE or TM polarized light with TE and TM standing for
Transverse Electric mode and Transverse Magnetic mode, respectively. Indeed

as we have J,1=J1,=0, we can rewrite M1, and M4 as :

1
My, = My, = E(lfnzl - |]222|) 5.11
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where Ji; and Jy, represent reflectances for TE and TM polarized light,
respectively. That means, if M, and My, are zero, there will be no difference
between reflectance of TE or TM polarized light. In our case, we have My, # 0
and My, # 0 for the diffracted light, so we can deduce that Ji; # J2».

We have observed some depolarizing properties of MM in the center. It
has been demonstrated that a necessary and sufficient condition for a given
Mueller matrix to describe a non-depolarizing optical system is to follow the

following rule introduced by Gil and Bernabeu [227]:
4
Tr (M™M) = Z M?; = 4M?, 512
ij

where Tr is the trace of the matrix, M" the transposed matrix of M and M are
the elements of the Mueller matrix M.

Regarding the measured circle in the center of images, we observe that
the intensity of My, element is clearly larger than that of Msz and My, i.e 1 >
Mz > Maz or My It means that Tr (MTM) is strictly smaller than 4
(considering that all other off-diagonal elements appear to be zero), thus
indicating a diagonal depolarizer, for which the degree of polarization decreases

depending on the incoming light polarization.

First diffractiongey)
Order

a)

Diagonal
diffuser irg
the centrdi

Figure 5-14: (a) Real space (microscopic) image and (b) corresponding measured
normalized Mueller matrices of ordered SiNW arrays with a pitch of 800 nm.
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The external ring corresponds to the diffracted light from the first order.
This ring is located at a specific distance from the center at angles
corresponding to the condition from Eq. (7.4). In our case, the distance d of the

diffraction pattern from the center is such that:

d=— 5.13

As explained previously, SINW arrays fabricated by MACE assisted by
NSL are not perfect and different domain orientations can be observed in SEM
images at different parts of the sample. Figure 5-15 shows the microscopic
image and Mj; element detail of the measured Mueller matrices on the SINW
arrays with normal incidence illumination for three different situations: one
single domain, exactly two domains and several domains. Domains are called
areas with the same hexagonal periodicity, while different domains have
usually symmetry axis rotated to each other — that makes them possible to
distinguish. As shown in Figure 5-15 (b), in the case of a single domain, we
observe a single hexagonal diffraction pattern. When the number of domains is
increased to 2, we observe the superposition of 2 diffraction patterns, slightly
rotated from each other (Figure 5-15 (d)). Finally, when there are many
different domains (Figure 5-15 (f)), there is a superposition of the diffraction
patterns. We cannot distinguish the patterns from each other anymore and all
together form the continuous circular diffraction pattern, similar to Figure
5-13.The measurements show a very good periodicity of the pattern fabricated
using nanosphere self-organizing and that the most significant deviation from

the perfect periodicity is the existence of domains with rotated symmetry axes.
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Figure 5-15: (a), (c), (e) Real space (microscopic) image and (b), (d), (f)
corresponding My; element detail of the measured Mueller matrices for a single
domain (a), (b) , exactly 2 different domains (c), (d) and many small domains (e),

().
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55 RCWA analysis

It is possible to model the optical response of a perfect periodic
arrangement of SINWSs using the rigorous coupled wave analysis (RCWA)
method [37], [38]. SiINWs are modeled as nanostructures organized into a
hexagonal arrangement since they correspond to the type of arrays fabricated
via MACE assisted by NSL. We consider a polarized plane wave of the desired
wavelength illuminating the structure at a normal incidence. In the RCWA
approach, the nanostructure is basically divided into lateral layers that are
uniform in the z-direction. In our case, we divide our system into three layers as
illustrated in Figure 5-16: the dielectric superstate layer, the grating (the
SiNWs) layer and the substrate.

Layer 1: superstate air
Layer 2: grating SINWs
Si substrate

Figure 5-16: Definition of the 3 different layers used in our RCWA modeling.

A staircase approximation is implemented for the grating profile, i.e. the
optical properties are graded along the z-direction, (which is not the case for
vertical NWs), based on the work of Moharam and Gaylord [228], [229]. The
RCWA method is based on the Fourier series expansion of the periodic
electromagnetic field inside the SINW array, which allows us to calculate
propagating and evanescent modes. At first, electromagnetic Bloch modes are
calculated for every layer. Then, boundary conditions are applied at each
interface between the layers to match tangential electromagnetic field
components. As a result, we can calculate reflectance and transmittance of
every diffracted order, absorptance inside NWs and the complete
electromagnetic field inside SiNW arrays can also be reconstructed. The
convergence of the model was further improved by using factorization rules
[230], [231]. The model was also improved by using the scattering matrices

technique [232] for deeper grating structures. To model the three dimensions,
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we use a 3D generalization formulation of RCWA [233] with adapted
factorization rules [234]. In the following text, we will refer to this model as
"the periodic model”. From RCWA, we can determine the amount of light
absorbed by the system from the reflection and transmission coefficients. For
each configuration, the spectral absorptance A(E) as a function of the
wavelength was calculated. From A(E), we have obtained values of ultimate Js
by using Eq (5.4). All the RCWA calculations were realized using the optical
model developed by Martin Foldyna from LPICM [37], [38].

From calculations for a wide range of parameters, we can obtain a map
of the best theoretical Jsc (upper limit) as a function of the pitch and the
diameter as shown in Figure 5-17. This gives us a valuable guidance for the
design of SINW arrays with excellent optical properties. On this map, we have
included the theoretical Js: calculated from the reflectance data measured on 8
different ordered SiNW arrays using Eq (5.4). Absorptance was assumed to be
A(E)=1-R(E) in the wavelength region below 1100 nm. Therefore each black
cross on the map refer to a fabricated SINW array whose coordinates gave the

pitch and diameter of the fabricated structure.

Diameter (nm)

S e

400 500 600 700 800
Pitch (nm)

Perfect structure : Effect of various pitches and diameters on —

the estimated J

Figure 5-17: Effect of the geometrical parameters (pitch and length) on the
estimated Jsc for a perfect periodic structure.
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We have compared the theoretical Js. values obtained from the model
with the ones obtained from the experimental total reflectance measurements of
the fabricated samples. The experimental values do not seem to follow the trend
predicted by the periodic model, with about 3 mA/cm?, higher Js. values than
provided by the model. This difference can be explained by the structural
imperfections of the arrays. Indeed, even if the SINWs are quite well ordered,
there are still some imperfections such as surface roughness, dislocations,
different domains’ orientations and distribution of the diameters and heights as
shown in Figure 5-18. All those imperfections contribute positively to a
reduction of the total reflectance.

NW surface roughness Dislocations

Diameter distribution Domain-oricntations

Figure 5-18: Structural imperfections of ordered array of SiNWs fabricated by
MACE assisted by NSL such as (a) surface roughness, (b) dislocations, (c)
diameter distribution and (d) domain orientations.

We have confirmed the effects of these imperfections on the optical
properties by the model by integrating the periodic model into a statistical
approach. In this new method, the total reflectance is first calculated by RCWA.
Then, the optical response is statistically weighted to achieve a more adequate
model, named "the statistical model". There are different optical responses,
coming from different areas of samples with different geometrical parameters
within the statistical distribution, that contribute to the total detected signal. The
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idea behind the "statistical model” is to consider that the total response is
composed of incoherently combined responses originating from different
illuminated areas on the sample. Therefore, the total response Rt can be re-write

as:

1
Ry = D SR
D AL 5.14

where n denotes the n-th incoherent component and S, the corresponding
illuminated area.

The best fitting values for the diameters and heights of the NWs are acquired by
minimizing x* defined by the following formula:

2 _ 1 (Rc,n B Rm,rl)2
X = N=-1 0,2 5.15
n

where N is the number of points in the spectrum, o, =0.01, R, is the reflectance

calculated at the spectral point n and Ry, is the reflectance measured at the
spectral point n. The minimum of ¥* was found using the Levenberg-Marquardt
algorithm [235], [236].

Figure 5-19 shows the results we have achieved for the modeling of an
ordered array using the periodic model and parameters obtained from SEM with
the blue line and red points representing the modeled and measured data,
respectively. The SEM images of the corresponding SiNW array are also
displayed for the reference (Figure 5-19 (a) and (b)). Figure 5-19 (c) and (d)
shows direct forward calculations using parameters from SEM image. We can
see that none of the values are able to perfectly reproduce the measured data.
Using SEM data can be misleading as it does not necessarily provide

parameters which will give appropriate optical response.
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Figure 5-19: (a) Cross-section and (b) top-view SEM image of short ordered
arrays of SiNWs and corresponding modeling (c) , (d) using the ""periodic model".

Therefore it is essential to find the best fitting values and develop a good
optical model which can more accurately describe the optical properties of
fabricated SINW arrays. Figure 5-20 (b) shows the fit we achieved using the
statistical model compared with the best fit we obtained for the periodic model
(Figure 5-20 (a)) There is an excellent agreement between the model and the
measured total reflectance when these imperfections are taken into account,

with a much better results in terms of small x* values.

a) [« ' ' ' | [ e b) 05—
“I'¢\ Best fit for the periodic model K ‘ geaiurgment
i " NW diameter value: 193.4 nm 1 M\ _ | —Simulation
L leNw h:eight' 23\5:, 5unm 0.41{ | Best fit for the statistical model
“\wezi0g _NW diameter value: 191.8 +15 nm
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: o 22
g 02s g = )
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02 ;q:_) 0.2t
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Figure 5-20: Comparison between (a) the 'periodic model and (b) the *'statistical
model"* for modeling a short periodic array fabricated by MACE assisted by NSL.
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Likewise, we can model the Mueller matrices using RCWA and
compare the data with measurements obtained from a Mueller matrix
ellipsometer. Measurements were carried out at an angle of incidence of 60° in
the spectral range from 450 nm to 1100 nm with a spot size of 250 x 250 pum.
The tool measures all 15 elements of normalized Mueller matrices.

We observed previously that different Mueller matrices were obtained at
different locations on the sample and that the total response is a combination of
responses coming from different illuminated areas of the samples (Figure
5-15). If we assume that the measured response with a Mueller matrix
ellipsometer is composed of mutually incoherent responses originating from
different illuminated areas on the sample, we can re-write the Mueller matrix

as:

1
— n
Mij B Zn Sn Z SnMij 5.16
n

where n denotes the n-th incoherent component and S, the corresponding
illuminated area.

As shown in Figure 5-21, a good agreement between the measured data
and the statistical model developed from a superposition of incoherent Mueller
matrices has been achieved. We needed to include more details to the model,
such as surface roughness or azimuthal angle because of the high sensitivity of
MM data. We achieved SiNW diameters of 182 £8 nm, SiNW heights of 256
nm, a surface roughness 13.3 nm, an azimuthal angle 1.9 ° and x> = 21 with ¢ =

0.01 for all points.
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Figure 5-21: Best fit of Mueller Matrix using the statistical model.

The good agreement between the measured data and optical model
enables to not only identify the structural parameters of fabricated samples
using a fast and non-destructive technique, but also to use such model as a
reliable tool leading the optimization of SINW arrays for the best optical

performance.

5.6 Dual diameter

Foldyna et al. have demonstrated that the more optimal configuration
for vertical SINW arrays is based on two diameters instead of the standard
concept of a single diameter SINW arrays [37], [38]. This is related to the
reduced light efficiency of coupling short wavelength light into the guided
modes of large diameter NWs and the impossibility to couple light with large
wavelengths into localized modes of too small NW diameters. Indeed, the
performance can be boosted by overlapping of the effective optical cross
section of the neighbouring SiNWs. The concept is illustrated in Figure 5-22
showing coupling of short wavelength light into the small and large diameter
NW array.

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015 182



~

Large NW diameters 200 nm Small NW diameters 100 nm

Figure 5-22: Representation of the dual diameter SINW arrays concept with the
corresponding Poynting vector at a wavelength of 450 nm. Every black circle
represent a nanowire [37], [38].

This work is now in the phase of the experimental realization. We have
tried to fabricate SINW arrays with dual diameters. To this end, we have mixed
two solutions of PS spheres of 330 and 600 nm with different ratios. We show
the results we achieved for two ratios (2:1) and (1:2) of (330 nm : 600 nm) PS
nanospheres in Figure 5-23. Interestingly, we achieve a monolayer. We can
observe that small spheres form a compact monolayer with the big spheres
distributed in this monolayer. SINW arrays successfully fabricated from these
PS nanospheres covered substrate are shown in Figure 5-23 (c). Note the high

density is due to a very short oxygen plasma reduction step.
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Figure 5-23: Top-view SEM pictures of PS spheres monolayer with a PS sphere
(330:600 nm) ratio of (a) (1:2), (b) (2:1) and (c) corresponding SiINW arrays
fabricated from (b).

Figure 5-24 shows the experimental reflectance spectrum we obtained
for a dual SINW array (330 nm : 600 nm) (2:1). We achieve an average
reflectance of 5.4 % in the spectral range of 400-1100 nm for very short SINWs
(< 150nm), which is the best average reflectance we achieved for ordered
SiNWs arrays with similar lengths. To exemplify this point, we have added the
reflectance spectra of single diameter SINW array with a pitch of 330 nm and
with a similar length. This is a proof of concept of the viability of dual diameter

fabrication of SINW arrays. More work is required to optimize the fabrication
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process of dual diameter SINW arrays and boost the optical properties of SINW
arrays further.

30

- N N
w o w

-
o
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Figure 5-24: Reflectance spectra of dual diameter SINW array with (330 nm : 600
nm) (2:1).

Conclusion:

This chapter demonstrates the enhanced light trapping of SINW arrays
of different lengths and geometries. Optical properties of random SiNWs are
mainly determined by the length of the nanowires as there is no other parameter
to control. The case of ordered SiINW arrays is more complex. Indeed, the
geometry of the SINW arrays has a drastic effect on the optical properties, with
the average reflectance in the 400-1100 nm wavelength range varying from
more than 20 % to~3 % as a function of the geometry. This work highlights the
importance of optimally designed nanoscale features for improving the light
trapping within devices and confirms the theoretical predictions from the
optical model of the optimized nanostructure. We observe that ordered SINW
arrays are diffracting the light and that the diffraction pattern is a superposition
of hexagonal diffraction patterns coming from different areas of the sample
with different domain orientations. Optical properties of SINW arrays were also
modeled using the RCWA technique in order to give a numerical estimation of
the theoretical solar cell performances. By taking into account the inherent
defects of the arrays due to the process of fabrication, we were able to obtain
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good agreement between the model and experimental data which opens the
door towards the design and realization of highly efficient SINW arrays.
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Chapter 6 : HIT Solar Cells based on SiINWs

In this Chapter 6, we focus on the fabrication and characterization of
heterojunction with intrinsic thin layer (HIT) solar cells based on SiNWs
fabricated either by the standard MACE process or by the MACE process
assisted by nanosphere lithography (NSL). This includes the optimization of the
process of fabrication, the characterization by specific techniques such as
electron beam induced current (EBIC) and time resolved microwave-
conductivity (TRMC) and the investigation of specific surface treatments to
enhance the efficiency. We also report on the possible transfer of the SINWSs

based HIT device to the silicon thin film technology.

6.1 Understanding the Challenge and Complexity of HIT Solar Cells
based on SiINWSs

We already have introduced the main features of HIT solar cells in the
section 2.4.2 of this thesis. As a reminder, a HIT device consist of the
subsequent deposition of a thin intrinsic and doped a-Si:H layer on the top of
the silicon substrate to form the heterojunction. Figure 6-1 (a) and (b) show
the schematic architecture of a HIT and SiNWs based HIT devices. HIT planar

cells were fabricated as well to serve as a reference.

a’ &
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p a-Si:H
ia-Si:H
VAVAVAVAVAN

n c-Si

ia-Si:H
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n a-Si:H
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Y

Figure 6-1: Schematic of the structure of (a) a HIT solar cells [125] (b) a HIT
solar cell where the n-type c-Si wafer has been nanostructured to improve light

trapping.
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The main difficulty faced in SINW based solar cells is the proper
passivation of SINW surface by a-Si:H. Indeed, the small size and the high
aspect ratio of NWs make achieving conformal coverage extremely
challenging. Considering this aspect, the SINW cells are much more complex to
fabricate than planar ones. Besides, the deposition conditions have to be
optimized for SINW based solar cells.

For example, a simple calculation can show us how big is the surface
enlargement due to the presence of SINWSs with respect to the planar structure.
It is complex to calculate accurately the surface enlargement due to disordered
SiNWs as the diameter or pitch of the fabricated array is random. However, as
the MACE process coupled with the NSL enables control over the geometry of
the arrays in term of pitch, diameter and length, as shown in the Chapter 3 of
this thesis, we can calculate accurately the surface increase ratio for different
geometries. In the MACE process assisted by NSL, the SINWs form a dense
hexagonal arrangement as displayed in Figure 6-2. We consider six SiNWSs
arranged hexagonally, with a pitch p (center to center distance). We defined S,
the planar surface defined by the black rectangle as the reference area. We

have:

S = /3p? 6.1

In this rectangle, we have 2 SiNWs (one in center and ¥ at each of the 4
edges). Therefore, the total surface S’ including the SINWSs is given by the sum
of the planar surface and the total area of the SiINWs as follows:

S' = 22nrh) + S 6.2

So the surface ratio S, is given by the following formula:

S' _ 2Q2mrh)+ S 2(2mrh) + v/3p?

N S V3p? 6.3
41 rh

=1+-—=x—

V3 p?

We have calculated S, for different geometries that we have fabricated

and the results of calculations are tabulated in Figure 6-2.
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pitch radius | height Sr
(nm) (nm) (nm)
250 96 248 3.76
330 115 330 3.53
k\ 330 125 540 5.50
330 115 170 2.30
330 240 1900 31.38
500 170 390 2.92
500 150 500 3.18
500 140 670 3.72

Figure 6-2: lllustration of a hexagonal SiINWs arrays with a pitch p and a height h
(left) and calculation of the surface ratios for different geometries (right).

As shown in Figure 6-2, the increase in surface area is significant and
we need to keep this in mind when optimizing the experimental conditions for
HIT solar cells based on SiNWs. The first assumption we can draw is that we
need more a-Si:H material to cover the SINW arrays compared to standard
deposition conditions for planar solar cells as the area of the p-n junction is
much bigger.

6.2 Fabrication, Optimization and Characterization of HIT Solar Cells
based on random SiNWs

6.2.1 Fabrication of HIT devices by PECVD and finalization of devices

The SINW samples previously prepared by the standard MACE (see
section 3.1.1 and Chapter 4) were transferred to a RF PECVD reactor
(ARCAM,[153]) after a prior removal of the native oxide layer by a 5% HF
bath. The plasma deposition process was performed at 200 °C. Figure 6-3 (a)
and (b) show the schematic architecture of our device and its scanning electron
microscopy (SEM) image respectively. The structure is as follows: indium tin
oxide (ITO)/(p) a-Si:H/(i) a-Si:H/(n) c-Si/(i) a-Si:H/(n++) a-Si:H/ITO/Ag.
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Figure 6-3: (a) Schematic of the structure of the HIT solar cell where the n-type c-
Si wafer has been nanostructured to improve light trapping. (b) SEM cross-
section of a fabricated device.

First, a very thin layer of intrinsic amorphous silicon carbide (i) a-SiC:H
was deposited on the top of the nanowires from the dissociation of a gas
mixture of SiH4:CH, (25:50) for 30 seconds with a low plasma power of 1 watt.
This layer prevents the epitaxial growth of silicon which has a detrimental
effect on the surface passivation and carrier lifetime. A thin intrinsic
hydrogenated amorphous silicon layer (i) a-Si:H was then deposited using pure
SiH4 (50 sccm, 1 watt). Finally, the window layer (p) a-Si:H was deposited
from a gas mixture of SiH,:trimethylboron (TMB) in argon. The gas ratio was
varied during deposition, initially 50:10 and then 50:20 to achieve a doping
gradient. Different doping gradients were obtained by varying the deposition
time. For the backside, a thin a-SiC:H layer (30s) followed by an (i) a-Si:H (1
min) layer were deposited. Following that, an (n++) a-Si:H layer was deposited
from a gas mixture of SiH4:PH3 with ratio of 50:1 and 50:2 for 1 and 3 minutes,
respectively, on the back of the samples, providing both surface passivation and
an ohmic contact to the ITO electrode. Finally the top and bottom ITO were
deposited by sputtering while the bottom Ag was deposited by thermal

evaporation. The process flow is summarized in Figure 6-4.
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Deposition by
PECVD of (i) a-Si:H
and (p) a-Si:H
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Figure 6-4: Process of fabrication of HIT solar cells based on SiNWs.
6.2.2 Optimization of the process conditions

6.2.2.1 Effect of the overall thickness of deposition

Optimization of the process conditions was carried out on random
SiNWSs. To optimize the passivation scheme for SiNWSs, we have tested 6
different deposition conditions for the two front layers (i) a-Si:H and (p) a-Si:H.
Disordered SiNWs with a height of 500 nm were used in the experiments. Six
different samples were obtained, labeled as sample A, B, C, D, E and F, with
their deposition conditions summarized in Table 6-1 . All the samples have the
same back contact, and only the front deposition conditions are different. The
area of each cell is 0.126 cm? The nominal thickness corresponds to the overall
thickness of a-Si:H (d,.si:v) measured on flat reference thin films deposited
under the same conditions, i.e. da.si:n corresponds to the total thickness of both
the (i) a-Si:H and (p) a-Si:H layers. The thicknesses have been deduced from
spectroscopic ellipsometry measurements and modeled using the Tauc Lorentz
dispersion law [237], [238].
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Table 6-1: Summary of various deposition conditions with details of the
deposition time of each layer.

Samples A B C D E F

Total deposition time

(p) a-Si:H + (i) a-Si:H 4 min 7 min 8min  13min 17 min 21 min

Overall thickness
measured on planar Si 14 nm 28 nm 32 nm 48nm  64nm 80 nm

(dasin)

The current density versus voltage (J(V)) curves of the cells are
displayed in Figure 6-5 (a). The averaged values and the standard deviation of
the corresponding solar parameters are summarized in Table 6-2. The J(V)
curve of sample C presents the smallest series resistance compared to samples
with other thicknesses. A record efficiency of 12.9% was achieved for the best

cell from sample C.
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Figure 6-5: Dependence of (a) EQE and (b) (J,V) curves on the thickness of the
amorphous layer (see Table 6-1).
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Table 6-2: The average value and the standard deviation of V., Js, FF and » of
core-shell HIT solar cells.

Sample A B C D E F
Voe (v) 033+001 048+001 053+0.01 052+0.005 0.53+0.004 0.52+0.005
‘]SC
o 1421425 28714044 292711 3017+050 2503+0.11 23.71+051
(mA/cm?)

FF (%)  4144+19 773350 81.05+52 6191+20 6641+13 64.43+0.42

n (%) 4015+031 10.73+0.81 1243+033 966+035 831+0.13 7.64+021

Figure 6-6 summarizes the effects of the amorphous layer thickness d,.
si:n On the photovoltaic parameters (Js., FF, Voc and #) of the fabricated devices.
It can be seen that d..si:4 has a drastic effect on the performances of solar cells.
If da-si:y IS too thin (series A, 14 nm), the samples are characterized by Vo, Jsc,
FF and # that are the lowest among all the samples. It indicates a poor
passivation by a-Si:H most likely due to an insufficient a-Si:H covering at the
bottom of the NWs. When da_si-4 IS increased to 32 nm, the open-circuit voltage
reaches 0.53V as seen Figure 6-6 (c). There are two clearly identifiable trends:
For 14 nm < dasiy < 32 nm, the V. increases until it reaches a plateau value
which holds for larger thicknesses. Moreover both Js. and FF achieve a good
performance at the optimal a-Si:H thickness of 32 nm. Figure 6-6 (a) illustrates
the effect of thickness on Js.. The poor coverage induced by a-Si:H that is too
thin does not provide enough surface passivation. When d,.si-y is increased from
28 to 48 nm, Js increases, before it drops drastically for d,.si.4 above 48 nm.
We can relate these observations to the fact that a too thin a-Si:H may not be
able to provide surface passivation for the arrays of SINWs, while a too thick a-
Si:H will lead to optical losses by absorption in the a-Si:H layer. The FF shows
a maximum for a thickness of about 32 nm with an excellent value above 80%.
On the other hand, lower FF values for thicknesses over 45 nm can be
attributed to non-conformal ITO coating due to a large a-Si:H bump on the top
of NWs as shown in Figure 6-7 (d).
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Figure 6-6: The average value and the standard deviation of Jg (a), FF (b), Vo (C)
and » (d) as function of d,gj:p.

The SEM pictures of the samples D and F after a-Si:H PECVD
deposition and before ITO sputtering are displayed in Figure 6-7 (a) and (b)
respectively. Figure 6-7 (c) shows sample F after ITO deposition. The SEM
pictures show that the a-Si:H coating becomes thicker with increasing
deposition time, as expected. However this deposition is not uniform as shown
by the bump shape of the SiINWs coated by ITO. The coating is the thickest at
the top of the SINWS, and its thickness reduces along the SINW length from the
top to the bottom. This might be explained by the challenges posed by the high
aspect ratio of SINWSs. The discrepancy in the a-Si:H thickness between top and
bottom of the wires increases with the deposition time. The percentage
difference in thicknesses between the top and the bottom of the SINWs reaches
up to 50% for sample F while it is less than 10% for sample A. Figure 6-7 (c)
shows that the ITO coating is not conformal as well and large bumps are
formed at the top of the SINWs (Figure 6-7 (d)). For sample F, the bumps are
very large and touch each other. For some SiNWs, the ITO does not reach the

bottom of the SiNWs, which may explain the decrease in FF discussed above.
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Figure 6-7: SEM pictures of SINW solar cells after a-Si:H PECVD deposition of
sample D (a) and sample F (b) before ITO deposition and sample F (c) after ITO
deposition cross-section and (d) after ITO deposition top-view.

The stronger absorption loss at the front part of the cells with a thicker
a-Si:H film is confirmed by the EQE measurements shown in Figure 6-5 (b).
The blue response is strongly reduced with increasing dasi., indicating that a
significant portion of the light is absorbed by a-Si:H near the top part of the
cells, but does not contribute to the collected current. However, for wavelengths
(A) between 800 nm and 1000 nm, we observe higher EQE response for cells
from samples B, C, D and E compared to cells from sample A with the thinnest
a-Si:H layer. The higher performance in the long wavelength regime is
explained by the reduced surface recombination due to a proper surface
passivation in combination with the light trapping capability of SINWs. As for
sample F, we observe an overall weaker EQE response as the thicker a-Si:H
introduces substantial optical losses. Moreover, we suspect that the large bumps
observed for thicker a-Si:H deposition are making the conformal deposition of
ITO difficult (see Figure 6-7 (c)) and may therefore play a significant role in
the reduced EQE response measured. For A > 1000 nm, all the EQE curves are

nearly identical. Note that series A displays a good EQE but a poor J(V)
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characteristic. This can be attributed to the extremely thin a-SiH passivation
layer for this series. In this case the passivation of the SiNWs surface is
strongly deteriorated and therefore we obtain a very poor characteristic under
AML.5 illumination conditions. Yet, the EQE shows a good collection, related
to the fact that this measurement is performed at much lower light intensity
with a monochromatic light. In fact, case A is a typical example stressing the
importance of optimizing a-Si:H thickness - too thin might be good for optics,
but not necessarily for electric properties.

The quality of the passivation provided by the different thicknesses of a-
Si:H was then investigated by the time resolved microwave conductivity
(TRMC) technique. We have studied the effect of d,.s;.4 deposited on the NWs
using the measured TRMC signal shown in Figure 6-8. It is noted that the
intensity of the signal increases and the decay is much slower with increasing
da-si:n. The best effective lifetime is achieved for d..si:n = 32 nm (sample C), the
same thickness as for the best Vo, confirming the proper passivation by a-Si:H
for sample C. For thicker a-Si:H layers (da-si:q = 64 nm and da.si:q = 80 nm), the
signal is very weak and we were not able to fit the data. The variations observed
in the decay time and the shape of the curves of the different TRMC signals
imply different passivation qualities and/or junction properties. A low TRMC
signal might result from two main phenomena: the electron-hole recombination
and carrier transfer from amorphous to crystalline layer. Devices with d,.siy =
14 nm, dasiy = 28 nm and dasiy = 32 nm present a principal decay mode
whose kinetics can be expressed by an exponential function, as confirmed by
the logarithm scale shown by the inset of Figure 6-8. The experimental decay is
fitted by Eq. (3.8). We were able to retrieve an effective lifetime of 2.8 us, 3.1
ps and 5.8 ps for a respective thickness of da.si:y 0f 14, 28 and 32 nm. For solar
cells with da_si:q = 48 nm, 3 decay modes can be identified: the fast initial decay
followed by the slower intermediate decay and the principal decay mode, which
might be explained by an excess of charge carriers stored in the thicker
amorphous layer. In this experiment, the pulsed laser light entered the device
through the front side of the cells, that is, through the SINWs. We have also
flipped the samples to have the laser light penetrating through the backside of
the cells, which has a planar geometry. Generally, we observe a signal with a

lower intensity and a slightly higher lifetime, in the order of 10 ps, compared to
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measurements performed with the light is penetrating through the SiNWs side.
The lower intensity in the case of laser illumination of the planar backside is
explained by the higher reflectivity of the planar backside which reduces the
absorption in the wafer. We have observed a slightly better effective lifetime on
the backside because of reduced recombination. However, irrespective of
illumination side, the effective lifetime is very small whereas for planar cells
the signal is in the order of ms, independent of the illumination side. As all
solar cells, including the planar ones, have the same backside, we can conclude

that the recombination at the SINW surface is the limiting factor.
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Figure 6-8: TRMC signal as a function of time for HIT solar cells with different a-
Si:H thicknesses. The inset shows the signal in logarithmic scale.

We have just discussed the quality of the passivation as a function of the
a-Si:H layer thickness. We will now look into detail the effect of both the

intrinsic and doped layer on the performance of SINW based HIT devices.

6.2.2.2 Effect of the doped layer

We have investigated the effect of the deposition conditions of the (p) a-
Si:H layer on the performance of the HIT devices based on disordered SiNWs.
As mentioned in the experimental part, the doped a-Si:H layer consists of two
consecutive (p+) and (p++) a-Si:H layers, where the doping concentration is
increased during the PECVD deposition in order to achieve a doping gradient.
Doping is a key process that impacts the electric field and the band structure of
the device [239]. A doping gradient can contribute to a reduction of the
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interface defects density by maintaining a high defects formation enthalpy
within (i) a-S:H. Moreover, both quasi-Fermi level splitting and band slope can
be gradually adjusted by doping gradient. For example it has been shown that a
gradually decreasing quasi-Fermi level split from the surface to the interior of
the emitter improves the spectral response in the long wavelength region and
the Vo, while improved charge separation and reduced recombination can by
achieved via gradually increasing band slope [239]. We present here results for
solar cells which have undergone the same deposition conditions for the (i) a-
Si:H layer and for which we have only varied the process conditions for the (p)
a-Si:H. Therefore the solar cells only differ from their doped layer, which allow
us to isolate only the effect of the (p) a-Si:H film as illustrated on the schematic
in Figure 6-9. A thin carbon layer to prevent epitaxial growth was deposited for
1 min followed by the deposition of an (i) a-Si:H layer for 3 min (12 nm
equivalent on planar).

Table 6-3 summarizes the different deposition conditions that we have tested

for the (p) a-Si:H layer.

Variation of the thickness of the
(p+) and (p++) a-Si:H layer

The thickness of the (i) a-Si:H layer
isset to 12 nm

Figure 6-9: Schematic showing the details of the a-Si:H coating.

Table 6-3: Summary of various deposition conditions with details of the
deposition time of every layer and average value of V., Js, FF and n of
corresponding core-shell HIT solar cells.

Samples B G C H D
Deposition time carbon 1 min 1 min 1 min 1 min 1 min
layer
Deposmg?ﬂ'ﬂme (i) a- 3 min 3 min 3 min 3 min 3 min
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Deposition time (p+) a-

Si-H 2 min 3 min 2 min 3 min 3 min
Deposition time (p++) &=, 4 1 min 3 min 2 min 6 min
Si:H
Total depcl)smon time (p) 4 min 4 min 5 min 5 min 9 min
ayer
Overall thickness
measured on planar Si 28 nm 28 nm 32 nm 32 nm 48 nm
(dassin)
0.48 0.29 0.53 0.31 0.52
VOC (V)
I, (MA/cm?) 28.71 29.50 29.27 29.70 30.17
FF (%) 77.33 71.94 81.05 49.34 61.91
7 (%) 10.73 6.28 12.43 4.50 9.66

Consider first the samples with the same total thickness of doped layer
such as sample B and G with a (p) a-Si:H deposition time of 4 min, and sample
C and H with a (p) a-Si:H deposition time of 5 min. We observe that the doping
gradient is playing a critical role on the performances of the devices. When the
thickness (or deposition time) of the highly doped (p++) a-Si:H layer is smaller
than the medium doped (p+) a-Si:H layer ( i.e. dp++) asitn < dps) asin), the
performances are systematically very poor. These poor results are explained by
a significant drop of the V. from values around 0.5 V for samples with dp++) a-
si:> A+ a-si:n 10 0.3 V for samples with dg++) a-si:n < d(p+) a-siH-

For dp++) asix = dip+) asizn , Which is the case of sample B, we did not
observe this drop of V. The J is not impacted by the doping gradient and
remains at a stable value of around 29 - 30 mA/cm?.

The (J,V) curves of samples C and H are displayed in Figure 6-10 as an
example. We observe a s-shape curves for solar cells with dp++) a-si:n < d(p+) a-si:H
and normal (J,V) curves for solar cells with dg++) a-si:x > (p+) a-si-:n. Such results
might be explained by the very low doping of the emitter in the case of d(p++) a-
si:H < U(p+) a-si:n. It has been shown that in the case of highly doped emitter, the
depletion region is mainly in the (n) c-Si wafer (~400 nm) while the depletion
width in the emitter is about 5 nm. However, in the case of low doped emitter,
the depletion region becomes negligible on the side of the (n) c-Si wafer and
only exists in the emitter region. This can explain the s-shape curves observed
in the case of low-doped emitter [240]-[242].
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Figure 6-10: Effect of the gradient doping on (J,V) curves of HIT solar cells based
on SiNWs.

These results show the importance of a proper design of the doping
gradient of the amorphous layer in order to achieve highly efficient solar cells.
We next consider samples B, C and D with dp++) a-si:n > (p+) a-si:n. We observe
that there is an optimum thickness for the (p) a-Si:H layer in terms of V,. and
FF. For fixed values of the (i) a-Si:H layer, we observe first an increase and
then stabilization of the V. which is consistent with our previous analysis on
the optimization of the passivation scheme as a function of the overall thickness
of a-Si:H. When the doped amorphous layer is too thick, we observe a drop in
the FF which can be attributed to the non-conformal a-Si:H and ITO coatings
due to the formation of large a-Si:H bumps on the top of the NWs. Figure 6-11
shows the effect of increasing the thickness of the doped a-Si:H layer, (p) a-
Si:H, on the EQE response of the solar cells with the (p) a-Si: layer thickness
being the total thickness of the (p+) and (p++) a-Si:H layers. We observe a
slight decrease in the EQE response over the short wavelength region with
increasing thickness of the doped (p) a-Si:H layer, because of the absorption
loss in the doped amorphous layer. The EQE response in the long wavelength
regime is not affected by the thickness of the (p) a-Si:H layer and the EQE

curves display the same trend.
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Figure 6-11: Effect of the gradient doping on the EQE of HIT solar cells based on
SINWs.

6.2.2.3 Effect of the intrinsic layer

We will now analyze the effect of the thickness of the intrinsic layer on
the performance of HIT solar cells based on disordered SiNWs. We present
here results for solar cells which have undergone the same deposition
conditions for the (p) a-Si:H layer. Therefore they only differ from the
thickness of their intrinsic layer, which allow us to isolate the effect of (i) a-
Si:H. A thin carbon layer to prevent epitaxial growth was deposited for 1 min
before the deposition of the (i) a-S:H layer. The doped layer consists of the
consecutive deposition of (p+) a-Si:H for 2 min and (p++) a-Si:H for 3 min.
Table 6-4 summarizes the different deposition conditions that we have tested.
Table 6-4: Summary of various deposition conditions with details of the

deposition time of every layer and average value of V., Ji, FF and n of
corresponding core-shell HIT solar cells.

Samples I C J K
Deposition time carbon 1 min 1 min 1 min 1 min
layer
Deposition time (i) a-Si:H 2 min 3 min 4 min 5 min
Deposition time (p+) a-Si:H 2 min 2 min 2 min 2 min
DepositionStime (pt++) a- 3 min 3 min 3 min 3 min
i:H
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Overall thickness measured

on planar Si 28 nm 32 nm 36 nm 40 nm
(dassin)
Voe (V) 0.44 0.53 0.51 0.504
Jse (MA/cm?) 28.58 29.27 28.1 28.96
FF (%) 74.29 81.05 68.95 70.13
1 (%) 9.34 12.43 9.82 10.24

The (i) a-Si:H layer is used for surface passivation. Indeed, it has been
proven that the insertion of a thin intrinsic layer of a-Si:H improves drastically
the performances of heterojunction solar cells. The thickness of the (i) a-Si:H
layer has to be carefully tuned to ensure both low electrical resistance and
uniform passivation. When the thickness of the (i) a-Si:H layer is too small (for
example, sample I, which an equivalent 8 nm of (i) a-Si:H layer on planar Si),
we are not able to achieve good Vo. On the other hand, Vo above 0.5V is
obtained for solar cells with an (i) a-Si:H deposition time longer than 2 min.
Indeed SiNWSs have a high aspect ratio structure with a significant surface ratio
compared to their planar reference counterparts. Therefore a thicker (i) a-Si:H is
required to passivate uniformly all the SINWs' surface. The increase in V. with
increasing thickness of (i) a-Si:H indicates reduced surface recombination at c-
Si/ (p) a-Si:H interface. We observe an optimum V. and FF at 3 min (i) a-Si:H
deposition time. A thicker (i) a-Si:H layer may also impact the charge carrier
transport. Indeed as the conductivity of (i) a-Si:H layer is low, a thicker (i) a-
Si:H will reduce the V. The FF appears to be strongly dependent on the
thickness of the (i) a-Si:H. Tunneling or hopping hole transport are becoming
more unlikely with increasing thickness of (i) a-Si:H, which can explain the
decrease in FF for samples J and K. As for Jg, there is no clear trend with
increasing thickness of (i) a-Si:H. Figure 6-12 shows the EQE curves of the
HIT SiNWs based solar cells with increasing (i) a-Si:H thickness. The thickness
of the (i) a-Si:H seems to be a critical parameter as the EQE response is
impacted over the entire spectral range by the thickness, and not only in the
short wavelength region. The main trend is a decrease of the EQE response in
the short wavelength region with increasing thickness. As for the EQE response
for A > 700 nm, we observe that the EQE response increases from dgj) a-si:+ = 8

nm to dg a-si:n = 12 nm and then decreases from dj) a-si:n > 16 nm. Therefore the
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thickness of (i) a-Si:H has to be optimized to ensure a good balance to achieve

both uniform passivation and low electrical resistance.
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Figure 6-12: Effect of the (i) a-Si:H thickness on the EQE of HIT solar cells based
on SiNWs.

6.2.3 Effect of SINW length

The effect of SINW length on the performance of SINW based HIT
devices is next investigated. Table 6-5 shows the current density-voltage J(V)
characteristics of HIT solar cells with SINWs length (L) of 800 nm, 1.5 um and
10 pm, measured under 100 mW/cm? illumination (AM 1.5G). Cells were co-
deposited in the same chamber with da.si.x = 28 nm. The V, for all the cells are
lower than the highest value obtained for the reference planar cell of 0.58 V.
We should note that the reference planar cells were co-deposited in the same
chamber as SINW samples and naturally the deposition conditions are not
optimal for them. From Table 6-5, the Vo and FF are observed to decrease with
L, attributed to the fact that it is harder to properly passivate the longer wires.
This is also corroborated by the EQE measurements shown in Figure 6-13 (a),
where the blue response weakens with increasing L, indicating that more
recombination occurs at the front part of the cells where the NWs are located.
Indeed longer SINWs result in larger surface area, which means the presence of
more defects and correspondingly a higher recombination rate. Interestingly the

overall EQE response for 700 nm < A < 1000 nm increases for SINWs with
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intermediate lengths of 800 nm and 1.5 um. Such improvement is explained by
the enhanced light trapping capability of longer SiINWSs in combination with a
proper surface passivation by a-Si:H. Higher EQE response in the long
wavelength regime for 1.5 um SiNWSs shows that the improvement in light
trapping in longer SINWSs overcomes the losses due to higher recombination.
This increase in EQE is nevertheless not observed for very long SiINWs (L= 10
um) despite the fact that longer SINWs have better light harvesting properties,
as confirmed by the total reflectance presented in Figure 6-13 (b), which was
measured using a UV/Vis/INIR PE LAMBDA 750 spectrophotometer with an
integrating sphere. This figure shows that SINWSs exhibit very low reflectance
from the visible to near infrared range, and the reflectance reduces with SINW
length. Therefore the reduction in EQE for very long SiNWs can be explained
by the fact that enhanced light trapping offered by very long SINWs cannot
counterbalance the very high recombination rate due to an insufficient surface
passivation. It is also possible that such very high aspect ratio structure prevents
the formation of the junction at the bottom of the NWs, which is also supported
by the low V. of the cells with 10 um long NWs (see Table 6-5). Likewise ITO
may not reach the bottom of the wires and therefore the quality of the contacts
might be degraded [243]. In Figure 6-13 (a), no significant difference in EQE
is observed for A > 1000 nm since the longer wavelength light is absorbed deep

in the substrate and hence is not much affected by the SINWs length.

Table 6-5: Dependence of the photovoltaic parameters Js., FF, V. and # on the
length of SINWs.

Length of SINWs Voc (V) Jsc (MA/cm?) FF (%) 1 (%)
planar 0.58 29.4 60.2 10.25
0.8 um 0.49 28.9 69.2 9.69
1.5 pm 0.37 26.59 42.33 4.16
10 pm 0.28 8.38 36.62 0.85
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Figure 6-13: Effects of the SINWSs length on the (a) EQE and (b) reflectance of the
cells.

The decrease in efficiency of HIT SiNW based solar cells with
increasing SINW length can be correlated with the TRMC signal measured on
samples with different L. Indeed, for longer SiNWs the signal is weaker and the
decay is much faster, indicating a decreasing carrier lifetime with increasing L
as illustrated in Figure 6-14. We were able to fit the TRMC signals with an
exponential decay with good accuracy (y %> 0.998 with y 2 being the fitting
error of the experimental curve by the theoretical model). To fit the
experimental decay, we used Eq. (3.8). We found effective lifetimes of 12 ps,
11 ps and 6.9 us for SINW length of 300 nm, 500 nm and 1.5 pum, respectively.
For 10 um long SiNWs, we were unable to fit the data as the signal was too
weak. For comparison, we have obtained a lifetime in the order of a millisecond
for the reference planar cells. Similar to the case of SINW HIT cells with
different a-Si:H thickness, we therefore conclude that for all SINW lengths the

performance is limited by surface recombination.
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Figure 6-14: TRMC signal as a function of time for samples with different SINW
lengths.

6.2.4 TEM analysis

The coating of the disordered SINWs by amorphous slicon was further
analyzed by Transmission Electron Microscopy (TEM). TEM analysis were
realized by Ms Yang Yi from DSI, Singapore. The high density of the SINWs
together with their strong agglomeration make the observation of a single
SINW challenging, as shown in Figure 6-15 (a) and (b). Here SiNWs with a
length of 1.3 um fabricated by the standard MACE process are analyzed. The
coating by amorphous silicon is not covering all the surface of SINWSs and the
coating depth (distance from the top of SINWs where we can observe a-Si:H
coating on the surface of the SINWSs) is between 300 to 500 nm, which also
explains why cells with shorter SiNWs below 500 nm perform better.
Therefore, for long SiNWs, only the top part of the wire is covered by a-Si:H
(Figure 6-15 (c), (d) and (e)). Figure 6-15 (c) shows TEM picture along with
diffraction pattern of a SINW not covered by a-Si:H (near the bottom part of the
wire) confirming its crystallinity. The coverage of the SiNWs by a-Si:H is
observed at the top part of the SINWSs, 300 to 500 nm down from the tip. The
coating thickness is between 20 to 30 nm with the maximum thickness
measured around the tip, which corresponds to the thickness that we have
deposited by PECVD. The coating is dominated by amorphous phase but
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occasionally Si nanocrystals with a size of about 4-5 nm can be observed as
shown in Figure 6-15 (f) and Figure 6-15 (g). The diffraction pattern of the
coating confirms its amorphous phase. The diffraction pattern "of the wire part"
includes a crystalline and amorphous phase which is explained by the

superposition of the amorphous coating on the crystalline SINW.
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Figure 6-15: TEM analysis of disordered SiNWs. SiNWs agglomerate (a) and (b).
Only the tip of the wire is covered by a-Si:H and the coating depth by a-Si:H is
between 370- 500 nm (c), (d) and (e). Small crystal grains can be found within the
amorphous coating (f) and (g).
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6.2.5 Electron Beam Induced Current (EBIC) microscopy

As SINW based HIT devices show reduced performances compared to
their reference counterparts, a legitimate question arises: are SiNWs really
contributing to the generated current, i.e. are SINWs electrically active? To
answer this question, SINW based solar cells were characterized by the electron
beam induced current (EBIC) technique [170]. The electron beam focused in a
less than 10 nm? spot scans the sample surface while building the SEM image
and measuring the induced current at each point giving the corresponding EBIC
map. Note that the volume of excitation is much bigger than the beam size,
even for low acceleration voltages. The influence of the electron beam energy
was first investigated. Figure 6-16 shows EBIC mappings of the cross-section
of a HIT solar cell based on sample C (see Table 6-1), at different acceleration
voltages of 3 keV (a), 5 keV (b) and 10 keV (c). We have used the software
Casino [244] to estimate the excitation volume for different acceleration
voltages. Our simulation shows that the excitation volume is a sphere with its
center close to the surface, and sphere radius increases with the electron beam
energy from 60 nm at 3 keV to 300 nm at 5 keV and finally to 1 um at 10 keV.
The dimensions of the excitation volume, calculated from modeling, are
displayed in the inset of Figure 6-16. At low acceleration voltage, the signal
from SiNWs is small and the EBIC mapping is slightly distorted because of
charging effects that cause the image to drift as shown in Figure 6-16 (a). The
EBIC signal increases at higher acceleration voltage. The maximal EBIC signal

is generated in the c-Si wafer, close to the SINWSs /substrate interface.

0.30x107 A 1.20x107A  1.2x107A 2 42x107A 1.3x107 A 3.7x107 A

Figure 6-16: : EBIC mapping of the HIT SiNW cross-section under various
accelerating voltages (a) 3 keV, (b) 5 keV and (c) 10 keV.
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Figure 6-17: EBIC current profile at 10 keV as a function of position of the beam
on the sample C with the corresponding EBIC mapping in the inset. The red
arrow in the inset indicates the corresponding signal position on the sample. A
cross-section schematic of the structure is displayed at the bottom.

Figure 6-17 shows a typical EBIC signal profile measured on the cross-
section of a HIT solar cell based on disordered SiNWs (sample C) when the
electron beam scans the sample from the top of the wires down into the
substrate. The red arrow in the inset indicates the corresponding position on the
sample where the EBIC profile has been extracted. The EBIC signal is the
highest when the electron beam impinges the c-Si wafer at about 100 nm from
the SiINW/c-Si interface, and it decays as the excitation moves further away
from the interface, towards the nanowires or the bulk wafer. The e-beam current
lenic and the diffusion length L are expected to follow the relationship given by
loannou and Dimitriadis [245]:

Iepic = ! eXp3/(Tx) >4
X /2
where A is a constant, L is the diffusion length and x is the distance between the
junction and the electron beam.
By plotting:

3 6.5
y =1n (x 2lgp;c )

as a function of x, we obtain a straight line and the diffusion length L can be

extracted from the slope that is equal equal to 1/L.
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The data from zone 2, i.e. the silicon substrate, is plotted in Figure 6-17
and compared with Eqg. 5.5 in Figure 6-18. A good agreement between the
fitted theoretical and experimental results is observed, with *> 0.995. From this

adjustment, we obtained an effective diffusion length of 3 um.
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Figure 6-18: Equation (4) as a function of x, the distance from the junction,
obtained from experimental data of zone 2 in Figure 6-17.

The SiNWs are covered with ITO to collect the current in the EBIC set
up. However, even a thin ITO layer reflects and absorbs a non-negligible
amount of impinging electrons and therefore has an impact on the EBIC
measurements that we need to consider when analyzing the results. The effect
of ITO on the EBIC signal is shown in Figure 6-19 (a), (b) and (c). Figure
6-19 shows a high magnification cross-section SEM image of a 500 nm long
NWs (a) and the corresponding EBIC mapping image at 10 keV (b), the beam
being perpendicular to the axis of the nanowires. The SINW is partially covered
by a 200 nm thick layer of ITO which acts as an electron barrier layer and
reduces the signal intensity generated by the SINWSs since a darker contrast is
observed in the zone covered by ITO. This is not the case for the bare bulk
underlying wafer as we can observe in Figure 6-19 (b). The reduction of the
signal due to the presence of the ITO layer is clearly observed in Figure 6-19
(c), where the wafer and the bottom of the SINW, which is not covered with
ITO have similar intensities while a decrease in the signal is observed on the
portion of the SINW covered by ITO.
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To confirm these observations, we have estimated the volume of
excitation at 10 keV for a planar silicon substrate and a planar silicon substrates
covered by 100 nm and 200 nm of ITO by the Casino software. As shown in
Figure 6-20, the excitation volume increases with reducing ITO thickness. The
penetration depth inside a bare silicon substrate is about 900 nm, which is
reduced to 550 nm and 350 nm in the presence of 100 nm and 200 nm thick
ITO film respectively, inclusive of the ITO thickness. As mentioned earlier, the
ITO coating is not uniform over the wires, as shown in Figure 6-3 (b) and
Figure 6-7 (c). Indeed, the ITO coating appears as a bump on the top of SINWs
whose thickness reduces along their length. This is due to the difficulty in
coating conformally high aspect ratio SINWSs by sputtered ITO. Therefore the
effect of ITO on the measured data might be more prominent at the top of the
NWs where the ITO thickness is larger. In conclusion the EBIC current
generated by the SINWSs is underestimated because of their ITO coating.
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C) 220
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Figure 6-19: (a) Cross-section SEM image of the bottom of a SiNW partially
covered by ITO and (b) corresponding EBIC mapping with the red arrow
indicating the corresponding signal position on the sample and (c) the
corresponding EBIC current profile at 10 keV as a function of the position of the
beam on the sample. (d) Cross-section EBIC mapping of samples with “dead” and
electrically active SINWSs. The inset shows the EBIC top-view mapping confirming
that only few nanowires are active.
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Figure 6-20: Modeling of the volume of excitation produced by a 10 keV electron
beam impinging on a 550 pm c-Si substrate with (a) no ITO, (b) 100 nm of ITO
and (c) 200 nm of ITO.
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Figure 6-21: EBIC current profiles (a) and cross-section EBIC current mapping
(b). The 4 different arrows indicate the localization of the different EBIC profiles
measured on the sample.

A noteworthy observation is the confirmation of the electrical activity of
SiINWs, as assessed by the EBIC current profile, although the SiNWs are
generating less current than the underlying bulk wafer. Indeed, for comparison
an EBIC mapping of a solar cell, whose SiNWs have undergone a thermal
oxidation treatment, is displayed in Figure 6-19 (c). More details on the
fabrication and effects of this process can be found in section 6.3.6 of this
thesis. This solar cell reveals “dead” SiNWs (e.g not electrically active with
dark contrast) and active SiNWs (bright contrast) while for our standard SiINWs
solar cells, we observe bright contrast for all the SINWs and the EBIC signal is
uniform over the entire sample.

The nanoscale resolution provided by the EBIC measurements allows us
to further analyze the carrier collection along the radial direction. This is
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illustrated in Figure 6-21 showing the EBIC mapping at 10 keV of a long
single nanowire of about 2 um length. We can observe that the signal decreases
in the axial direction towards the SINW top, which means that the SINW top
part is contributing less to the current than its bottom part and leads to a
reduction in efficiency.

Overall, we observe that the SINWSs can generate and separate carriers,
but are less effective than the underlying bulk wafer. Moreover, the EBIC
signal is very uniform for SINWSs over the entire sample and therefore every

SINW is contributing equally to the total generated current.

6.2.6 Transfer of the SINWSs based HIT solar cells concept to the thin
film technology

As mentioned previously, the final objective of incorporating SiNWs
into HIT devices is to use thinner Si wafers. With this objective in mind, we
have fabricated HIT devices based on SiNWSs prepared on a 5 um thick
commercial epitaxial silicon layer. The characteristics of the epitaxial thin film
are as follows: thickness of 5 um (+/- 0.5 um), n-type doping (2-4 ©Q.cm) and
grown on a highly doped n-type silicon wafer (0.001-0.005 Q.cm).

With a doping concentration in the order of 1x10%° cm™, the minority
carrier diffusion length in the highly doped n-type substrate is less than 0.3 um
[246]. Therefore the n++ substrate is acting as a conducting contact and its
contribution to the photocurrent can be neglected. Hence, we can use this
sample to simulate a silicon thin film with an effective absorbing thickness of 5
um. This assumption is confirmed by the cross-section EBIC picture of the
solar cell device as shown in Figure 6-22, where we can clearly see that the
highly doped wafer does not significantly contribute to the current and that only
the epitaxial film is electrically active. These experiments provide a proof of
concept to establish the feasibility of using thin film technology for HIT solar
cells based on SINWSs. The SINWSs used for the purpose of this experiment have
a length of 500 nm. Planar cells based on the 5 um Si epitaxial films were also
fabricated in parallel to serve as a reference. Twenty one SiNWs cells and

twenty one planar cells were fabricated for this experiment.
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Figure 6-22: EBIC mapping of SiINW solar cells based on 5 um epitaxial film with
low magnification in (a) grey and (b) rainbow magnification and (c) high
magnification .

Figure 6-23 (a) shows the J(V) curves of the reference planar and SINW
based HIT devices fabricated on a 5 um Si absorbing layer under 100 mW/cm?
illumination (AM 1.5G). The average photovoltaic parameters of Js;, Voc, FF,
and PCE are summarized in Table 6-6. Despite the gain due to light trapping in
the near-IR, the efficiency of the SINWs cells is lower than that of the planar
counterpart, due to a sharp drop in Vo, as well as a significant drop in Js. This
is mainly induced by the high recombination rate at the SINWSs surface in the
front part of the cell, as confirmed by the EQE measurements shown in Figure
6-23 (b) Interestingly, the FF is higher for the SINW cells. The PCE of our
cells are limited by their low Jsc which we can attribute to the insufficient light
absorption for the 5 um thin film. Moreover there is almost no reflection
between the epitaxial film and the supporting bulk wafer, which limits light
trapping capabilities within the epitaxial film. To improve the performances of
such devices, a thicker epitaxial film can be used. We can also consider
transferring this device to a substrate which is either textured or is acting as a

back reflector in order to promote light absorption within the thin film.

Table 6-6: Photovoltaic parameters for reference planar cells and SiNWs based
solar cells on 5 um epitaxial layer.

Solar cells Voo (V) Je(MAICM)  FF (%) 5 (%)
Reference planar cell 0.63 18.4 70.2 8.06
500 nm SiNWs cell 0.512 12.4 74.8 4.74
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Figure 6-23: EQE (a) and (I,V) (b) curves of reference planar cell and SiNWs
based solar cells on 5 pm Si epitaxial thin film.

6.3 Comparison between Ordered and Disordered SiNWs

6.3.1 Morphology of core-shell HIT solar cells based on ordered SiNWs

As mentioned in Chapter 3, we have fabricated two types of SINWs:
random and ordered arrays. The motivation to work on ordered SINWSs arrays
was to achieve a proper passivation of the SiNWSs surface. Indeed, SiNWs
fabricated by the standard MACE process are really dense. SINWSs are packed
very close to each other, which may prevent the proper deposition of a-Si:H at
the bottom of the wires. Therefore these NWSs represent a major challenge for a
proper surface passivation. In this work, we couple low-cost nanosphere
lithography with MACE in order to achieve highly ordered SINW arrays with
various geometries (in terms of pitch, length, and diameter) which allow the
control of the space between the SINWSs. Ordered SiINW arrays are promising
candidates for HIT devices as the passivation might be easier since the space
between the NWs can be adapted to the passivation scheme. Therefore we have
fabricated a large set of ordered SiNWSs arrays which were subsequently used
for HIT devices. Figure 6-24 shows the SEM pictures of HIT solar cells based
on ordered arrays of SINWs after the deposition of the amorphous layer. We
can clearly identify a-Si:H on the top of the wires while we were unable to
observe it on the SEM cross-section image.
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Figure 6-24: SEM picture of ordered arrays of SINWs (pitch 550 nm, diameter of
345 nm , length of 1.2 um) after a-Si:H depositon and before ITO deposition (a)
top-view (b) cross-section

We also show the effect of ITO deposition on ordered arrays of SINWS.
We already observed the non-conformity of the ITO deposition on disorder
SiNWSs. The almost perfect geometry of the array of SiNWSs fabricated by
MACE assisted by nanosphere lithography allows us to study more accurately
the morphological changes of the SINW array with increasing thickness of 1TO.
Figure 6-25 shows top-view (a), (b), (c) and (d) and cross-section view (e) of
an array of SINWs coated with different thicknesses of ITO. In Figure 6-25 (e),
we have placed on top of each other the cross-section SEM image of the same
SINW with different thicknesses of ITO to follow more accurately the
morphological changes induced by increasing thickness of ITO. The coverage
by ITO is not uniform for ordered SiNWs: large bumps are observed a the top
of the SINWSs as shown in Figure 6-25 (e) while the thickness of ITO decreases
from the top to the bottom of the wire. For thicker layers of ITO, tops of the
SiNWs touch each other as we can observe from the top-view image of the
arrays covered by 100 nm of ITO (see Figure 6-25 (d)).
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Figure 6-25: Top-view SEM image of ordered arrays of SINWSs covered with a
thickness of ITO of (a) 25 nm, (b) 50 nm, (c) 75 nm and (d) 100 nm. (e) shows the
cross-section of a single SINW with various thicknesses of ITO.

6.3.2 Solar cells performance of core-shell HIT solar cells based on
ordered SiNWs

We have fabricated a large number of solar cells based on these ordered
SiNW arrays. However, the efficiency of such devices is systematically lower
than that of devices based on random SiNWs. Irrespective of the thickness of
amorphous silicon used, the V. does not exceed 0.38V in the best case. Table

6-7 summarizes the average performances obtained for different geometry of
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SiNWs arrays. We detail the type of substrate used, the pitch, length and
diameter of the SINWSs as well as the thickness of a-Si:H deposition. These

results are measured for at least 6 solar cells of each type of device.

Table 6-7: Summary of geometrical characteristics of SINW arrays and average
value of V., Js., FF and 5 of corresponding core-shell heterojunction solar cells.

5 um 5 pm
Substrate 1-3 1-3 Epi Epi 1-3 1-3
N-type Q.cm Q.cm 2-4 2-4 Q.cm Q.cm
Q.cm Q.cm
Pitch (nm) 550 550 550 550 240 330
Diameter (nm) 300 300 300 300 180 240
Length (nm) 500 500 500 500 250 1700
da-siis (NM) 14 18 14 18 32 36
Vo (V) 0.33 0.36 0.3 0.32 0,27 0.32
Jsc (MA/cm?) 29.49 31.14 17.53 16.65 29,11 20.81
FF (%) 41.44 47 39.94 40.74 40,75 63.93
n (%) 4.02 5.3 2.15 2.27 3.24 4.3

HIT solar cells based on ordered SiNW arrays are characterized by their
poor FF and their extremely low V.. compared to those based on random
SiNWSs with V. of up to 0.53 V. However, their Js. shows better performance
than their random counterparts, with 31 and 32.6 mA/cm? achieved for 500 nm
long ordered SiNWSs. This is confirmed by the EQE measurements shown in
Figure 6-26, where we compare the EQE response between a reference planar
cell, and cells with 500 nm disordered SiNWs and 500 nm ordered SiNWs.
These cells were co-deposited in the same reactor chamber. The thickness of
the a-Si:H coating is about 14 nm. We observe that ordered SiNWs have a high
EQE response over the entire spectral range. There is no significant drop in the
EQE response in the short wavelength range as we generally observed for
disordered SiNWSs. While the EQE response of ordered SiNWSs arrays is very
similar to that of the reference planar cell in the short wavelength range, it is
drastically improved in the long wavelength range, similar to that observed for
cell with random SiNWs.
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Figure 6-26: Comparison of EQE response for different C-Si substrates: reference
planar cells, ordered SiNW arrays cells, disordered SiNW arrays cells.

Likewise, ordered SiNWs performed much better than random SiNWs
in terms of Ji for HIT solar cells based on epitaxial Si thin film of 5 um.
Indeed, in section 6.2.6, we show that the Js. of a HIT solar cells based on
epitaxial film decreases from 18.4 mA/cm? for a reference planar cell to 12.4
mA/cm? for disordered SiNWs cell. We do not observe this significant drop for
ordered SiNWs cell, whose Jg is very similar to that of planar solar cells, as
shown in the EQE response in Figure 6-27. Ordered SiNWs improve the EQE

response for A > 750 nm compared to planar cells.
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Figure 6-27: Comparison of EQE response for different epitaxial c-Si substrates:
reference planar cells, ordered SiNW arrays cells, disordered SiNW arrays cells.
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We believe that these poor performance for HIT solar cells based on
ordered SINWSs are a direct consequence of the process based on MACE
process coupled with NSL. Figure 6-28 shows the SEM pictures with high
magnification of ordered SINWSs. We can see that the surface of the SINWSs is
quite rough: there are big grooves along the side of the SINWs due to the use of
a thin film gold catalyst. Moreover, the top of the wire is highly rough and the
effect is becoming more important with increasing length of SiINWs. Indeed,
the top of the wire is the part of the wire which has been exposed for the longest
time to the etching solution. For short NWs, this top roughness is less
prominent, as shown in the inset of Figure 6-28 (b). We suspect that this
roughness induced much more defects on the surface of ordered SiNWSs
compared to random SiNWs, and account for the low efficiency measured for
cells with ordered SiNWs.

(@)

The top-end of the wires is rough

!

(b)

Large grooves

Figure 6-28: Cross-section SEM picture of ordered arrays of SiNWs (pitch 330
nm, diameter 220 nm, length 700 nm) (a) at low and (b) high magnification. The
inset (b) shows that the top of the wire is less damaged for short SiINWSs (250 hm
height).

The fabrication of the ordered arrays of SiINWs was assisted by gold
catalyst. However, gold is known to induce band gap states which can be
detrimental to solar cells performance. A possible diffusion of gold during the
fabrication process cannot be ignored, although SiINWSs were fabricated at room
temperature. Therefore we have analyzed ordered SiNWs by Electron Loss
Energy Spectroscopy (EELS) inside a TEM system. We did not find any
evidence of the presence of gold catalyst. Only the peak of silicon at 99 eV and
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oxygen at 532 eV were detected as shown in Figure 6-29. Nevertheless we
cannot exclude contamination by gold in concentration below the resolution of

the equipment.
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Si mapping
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Figure 6-29: EELS analysis of ordered SiNW arrays.

6.3.3 TEM analysis of core-shell HIT solar cells based on ordered
SiNWs

The TEM analysis of the SiINWs can reveal additional information to
understand the poor performances of HIT devices based on ordered SINWs. We
have analyzed ordered SiNWSs with and without a-Si:H coating. Figure 6-30
shows the TEM pictures of bare SINWSs before the deposition of a-Si:H. TEM
picture s were taken by Ms lleana Florea from LPICM. The SiNWs are covered
by a thin layer of oxide of 5-6 nm. We would like to highlight that the ordered
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SiNWs are too thick for TEM to achieve very high resolution. We observe that
the tip of the SINW is porous, as a result of the long exposition time of the top
part of the SINWSs to the etching solution. As a consequence, the tip was being
etched and became porous. The TEM diffraction patterns of the tip and body of
SiNWs provides us with information on structural details and defects of the
zones observed. We have analyzed both the tip and the body of the SINWs and
obtained their respective diffraction pattern: diff 1 and diff 2. We can clearly
see the crystalline structure of the body part of the SINW. We also observe that
the porous tip is also crystalline and forms small grains clearly visible in the
diffraction pattern diff 2.
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Figure 6-30: TEM analysis of ordered SiNW before a-Si:H coating.
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We then study TEM pictures of a-Si:H coated SiNWSs in order to
understand the morphology of the coating by a-Si:H. The TEM pictures were
taken by Ms Yang Yi from DSI, Singapore. SINWSs with a length of 1.2 um, a
diameter of 330 nm and a pitch of 600 nm were analyzed. Figure 6-31 shows
the TEM picture of a thick SINW covered by (i) a-Si:H and (p) a-Si:H. We
observe that the coating is not uniform over the length which is related to the
difficulty to coat conformally high aspect ratio structures. The amorphous
coating is very thick at the tip of the nanowire (about 40 nm) and becomes
ultrathin near the bottom (Figure 6-31 (a) and Figure 6-31 (b)). The total
diameter of the SINW including the amorphous coating is 405 nm at the top of
the wire and it decreases to about 335 nm at the bottom. Nevertheless, despite
the non-conformity of the coating, it appears that the SINWSs is covered with a-
Si:H along almost its entire length with a coating depth (distance from the top
of SINWSs where we can observe a-Si:H coating on the surface of the SINWSs) of
about 1.1 um. The coating by a-Si:H has a columnar structure as illustrated in
Figure 6-31 (c) and Figure 6-31 (d) which can be attributed to the initial
surface roughness of ordered SiNWSs as shown in Figure 6-28. We did not
observe this columnar structure for disordered SiNWs. Moreover, small crystal
grains are observed at the bottom of the wires as shown in Figure 6-31 (e). This
picture emphasizes the key role played by the a-SiC:H layer during the PECVD
deposition to prevent epitaxial growth. Indeed, a-SiC:H layer may not
completey reach the bottom of the wire and it may be too thin or not even
deposited at the bottom of the SINW. In that case, it cannot prevent the growth
of a thin epitaxial layer. Therefore we observe crystal grains grown at the
bottom part of the SINW. Moreover, if we look at the tip of the NWs, we can
observe a dark zone, which corresponds to the porous part of the SINW. We did
not observe this dark contrast for non-coated SiNWs by a-Si:H. We suspect the
porosity of the tip to be responsible for this particular feature. Indeed, during
the PECVD deposition, some radicals might diffuse and penetrate through the
porous structure, resulting in the deposition of an amorphous phase inside the
tip of the SINW. The dark contrast can therefore be attributed to the dense
defect/amorphous phase of Si, the electron beam being scattered by the
amorphous phase. We suspect that the porosity of the tip accounts for the poor

performances of the HIT devices based on ordered SiNWs.
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Figure 6-31: TEM analysis of ordered SiNW after a-Si:H coating.The coating of
SiNWs by a-Si:H is not uniform (a), (b), it is maximum at the tip of the SINW (c)
and present a columnar structure (c) and (d). Finally, some crystalline grains are
observed at the bottom of the coating (e).
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6.3.4 EBIC of ordered SiNWs

EBIC characterization of HIT solar cells based on ordered SiNWs is
also performed. We have investigated two types of arrays: short and long
ordered SiNWSs. Short SiNWs are characterized by a pitch of 500 nm, a
diameter of 280 nm and a height of 460 nm. Long SiNWs have a pitch of 500
nm, a diameter of 300 nm and a length of 1.7 um. We have modeled the
interaction between the beam of electrons and the SINW array with the software
Casino for the two different geometries (short and long SiNWSs) at different
accelerating voltage. Results of the modeling for the short SINWs geometry are
displayed in Figure 6-32. We show results for a beam of electrons (10 nm)
interacting with the SINW located in the middle of a hexagonal arrangement of
SiNWSs. The electrons are penetrating deeper inside the structure and their
scattering is enhanced with increasing accelerating voltage. Figure 6-32 (a), (b)
and (c) shows the top-view EBIC mapping of the short ordered SiNW arrays at
different electron gun energies. The SiINWSs appear like a dark contrast over a
brighter substrate, indicating that they are generating less current than the

underlying wafer. Another interesting feature is the uniformity of the signal.

3.3x107 A

(d)

Figure 6-32: Top-view EBIC mapping of ordered SiNWSs arrays (pitch of 500 nm,
diameter of 280 nm and height of 460 nm) at different gun energies: 3 keV (a), 10
keV (b) and 20 keV (c) with the corresponding modeling (d), (e) and (f).
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Figure 6-33 shows the EBIC cross-section mapping of short and long
SiNWs for 2 different gun energies (5 and 10 keV). As mentioned previously,
the SiNWs are covered by a thick layer of 200 nm of ITO which acts as an
electron stopping layer and therefore reduces the signal generated by the
SiINWSs. Hence the darker area clearly visible in Figure 6-33 (b) at the bottom
and around the SINW. For short SiNWs, the signal is uniform from the top to
the bottom of the wire. As for long SiNWSs, we observe a decrease in the EBIC
signal in the axial direction towards the SINW top, which means that the SINW
top part is contributing less to the current than its bottom part. As for disordered
SiNWs, the maximal EBIC signal is generated close to the SINWSs /substrate

interface.
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Figure 6-33: Cross-section EBIC mapping of short (a), (b) and
long (c), (d) ordered SiNWSs arrays at 2 different gun energies: 5
keV (a), (c) and 10 keV (b), (d)

Giving a numerical estimation of the current loss inside the SINWs with
respect to the bulk wafer is difficult as complex phenomenon of electrons
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scattering are taking place. Figure 6-34 shows the top-view EBIC mapping of
ordered SINWSs arrays with different lengths. We observe an increasing contrast
between the dark SiNWSs and the white underlying wafer with increasing length
of the SINWSs. With respect to the underlying bulk wafer, an average current
loss of 23%, 29% and 36% was calculated for 500 nm, 1.7 um and 3 pum long
SiNWs respectively.
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Figure 6-34: Top-view EBIC mapping of ordered SiNWs arrays with a length of
(a) 500 nm, (b) 2.2 um and (c) 3 pm.

EBIC characterization of HIT solar cells based on ordered SiNWs shows
similar behavior as for disordered SiNWs. We observe the same order of
current (10”7 A) for both disordered and ordered SiNW arrays. Ordered SiNWs
are active electrically although they are generating less current than the
underlying bulk wafer. Finally, the uniformity of the SiINWs over the entire

sample is well assessed.
6.3.5 Change of Catalyst

In order to eliminate completely the risk of contamination by gold, we
change the gold catalyst to silver when fabricating SINWs by the MACE
process assisted by NSL. As the surface roughness of the SINW is certainly
dependent on the catalyst used, it is interesting to see the effect on the
morphology induced by the change of catalyst. We therefore repeated the same
fabrication process presented in Chapter 3 and only switched the catalyst from

gold to silver.
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As shown in Figure 6-35, we successfully fabricated the silver etching
mask with a well defined template. However the process got more complicated
during the next wet etching step. We were not able to produce ordered arrays of
SiINWs: the silver catalyst seems to diffuse too fast. As a consequence, the
etching mask can only hold for a few seconds before most of the wafer surface
starts to be etched. The localization of the etching, defined by the etching mask,
is not truly respected. As a consequence the geometry of the array formed was

not controlled as illustrated in Figure 6-35.

Figure 6-35: (a) Top-view SEM image of the silver etching mask after the removal
of the PS spheres. (b) Top view SEM image after 20 s wet chemical etching and
removal of silver film (c) ) Top view SEM image after 45 s wet chemical etching
and removal of silver film (d) Cross-section SEM picture of SiNWs fabricated by
MACE assisted by NSL with silver catalyst after 1 min etching.

6.3.6 Effect of oxidation treatment

The objective of this treatment is to remove the defects and porosity at
the surface of the SINWs. As illustrated in Figure 6-36, the objective is to
oxidize first the defective surface of SINWs over several tens of nanometers.
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The second step involves the removal of this oxidized layer, in order to achieve
a smooth surface with reduced surface defects.

SiO,
oxidation HF etching
—_—> —_—>

Damaged SiNWs

Figure 6-36: Illustration of the oxidation process

SINW arrays with different geometries in terms of pitch, diameter or
length were used. The oxide layer was formed by thermal oxidation under pure
O, flux at 1050 °C. The oxidation rate was 4 nm/min. Different thickness of
oxide layers were investigated.

For example, Figure 6-37 shows SiINW arrays with a pitch of 800 nm
and a length of 2.7 um before and after the thermal oxidation treatment. Prior to
oxidation, the initial diameter was 630 nm. The SiNW arrays were thermally
oxidized for 15 minutes and the oxidized layer was subsequently etched away
by a 5% HF bath. The new diameter after the oxidation process was reduced to
570 nm. The samples were then transferred to the ARCAM reactor for
deposition of the (i) and (p) a-Si:H layer to form the heterojunction.

140521-7-8 5.0kV 2.1mm x40.0k

Figure 6-37: Top-view SEM picture of ordered arrays of SiNWs (pitch 800 nm,
length of 2.7 um) before (a) and after (b) oxidation process.
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Table 6-8 summarizes the average performance of solar cells, with and
without an oxidation pre-surface treatment.
Table 6-8: Effect of oxidation treatment: summary of geometrical characteristics

of SINW arrays and average value of V., Js,, FF and # of corresponding core-
shell heterojunction solar cells.

Sample .NO. 6.0 nm .NO. 3.0 nm .NO. 3.0 nm
oxidation oxidation oxidation oxidation oxidation oxidation
N -Si N -Si SumEpi S5umEpi 5pmEpi 5 pm Epi
wafer, 1-3  wafer, 1- wafer, wafer, wafer, wafer,
Substrate Q.cm 3Q.cm  2-4Q.cm 2-4Q.cm 2-4Q.cm  2-4 Q.cm
Pitch (nm) 240 240 550 550 330 330
Diameter
(nm) 180 180 300 300 200 200
Length
(nm) 250 250 500 500 600 600
da.sin (NM) 32 32 32 32 32 32
Voo (V) 0,27 0,22 0,24 0,23 0,28 0,28

‘]SC
(mA/cm?) 29,11 13,98 15,38 8,20 14,03 5,74

FF (%) 40,75 46,97 48,21 39,85 44,20 51,71

1 (%) 3,24 1,50 167 0,69 1,74 0,82

Unfortunately, the process degrades the performances of the cell. We
observe that the Js. of the devices cells which underwent the oxidation pre-
surface treatment, is reduced while the Vo, remains stable for small thickness
(30 nm equivalent on planar) of oxidized layer and reduces for larger thickness
of oxide layer (60 nm equivalent on planar).

The EQE measurements of the oxidized and non-oxidized sample show
us very interesting phenomena as displayed in Figure 6-38. We display the data
for SINW arrays with a pitch of 800 nm, a length of 2.7 um and a diameter of
570 nm after oxidation treatment. The EQE response for non-oxidized samples
is null in the short wavelength regime while the response in the middle and
long-wavelength regime is significant, indicating that mainly the wafer is
generating current. This is explained by the quite long SiNWs used which are
responsible for important recombination in the front part of the cell. In
comparison, oxidized sample present a much stronger response in the short
wavelength regime but no response in the long wavelength regime, indicating
that only SiNWs are active while the wafer is electrically "dead". The oxidation
process seems to have "wake up" SiNWs which are giving now a strong

response. Unfortunately, we have lost signal from the underlying bulk wafer.
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Figure 6-38: Effect of oxidation treatment on EQE

To confirm these results, EBIC measurements were carried out on
oxidized and non-oxidized samples. As shown by the EBIC data in Figure 6-39
(a), non-oxidized samples follow a similar trend as with previous EBIC
measurements of SINWs samples: the SINWSs are darker than the underlying
bulk wafer (Figure 6-39 (a)). On the contrary, samples which underwent the
oxidation treatment present areas where the SiINWSs are active (white area) and
some areas where SiNWs are inactive (black area) while the bulk wafer is dark
(Figure 6-39 (b)). Such behavior is also observable on the cross section picture

of the oxidized samples as displayed in Figure 6-40.

treatment.
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Figure 6-40: Cross-section SEM pictures (a) and corresponding EBIC mapping
(b) of samples which underwent an oxidation pre-treatment

The main finding about this oxidation process is the possibility to
improve drastically the response of SiNWSs, especially for long wires More
investigation needs to be carried out in order to explain why the bulk wafer
became electrically non-active. If we managed to solve this issue, we will be

able to increase significantly the EQE response over the whole spectral range.

Conclusion

We have investigated HIT devices based on random SiNW arrays
fabricated by wet etching. The simplicity of the fabrication process exposed
here coupled with the excellent FF (more than 80%) of the fabricated device
proves the potential of using SiINWs for cheap and highly efficient HIT solar
cells on low-cost thin films. The process optimization is essential in order to get
a proper surface passivation. If the amorphous layer is too thin, it is impossible
to cover conformally the extra surface induced by SiNWSs. However, if too
thick, the absorption in the amorphous layer reduces the intensity of the current
generated by the devices because of strong absorption losses. By optimizing the
deposition conditions, a remarkable efficiency of 12.9% was achieved for such
kind of devices. The effect of the length of SINWSs was investigated. Only short
SINWSs (< 1 um) are suitable for PV applications as the performances degrade
for long SiNWSs. Indeed, long SiNWSs are more difficult to passivate with a-
Si:H. The poor passivation results in a larger amount of surface defects
responsible for a shorter carrier lifetime and subsequent degradation of the
performances. The current generated by the SINWs was mapped using EBIC

microscopy. We have observed that SINWSs are electrically active but generate

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

235



less current that the underlying bulk wafer due to strong carrier recombination
at the nanowires surface. The effect is becoming more ubiquitous with
increasing length. Moreover, we have proven that HIT cells based on SiNWs
can be successfully transferred to the thin film technology. An efficiency of
4.74% was obtained for a silicon thin film with an effective absorbing thickness
of 5 um incorporating SINWSs. We have also investigated HIT solar cells based
on ordered SINW arrays. The performance of this type of device is poor which
might be related to the porosity of the tip of the wire and a higher surface
roughness.

Looking ahead, there is still room for improvement. The process
conditions can be refined to achieve higher efficiency. Moreover contacts still
need to be improved as thick ITO layers (200 nm) were used for all these
experiments. New surface treatment may also boost the efficiency of this kind

of devices.
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Chapter 7 : Hybrid Solar Cells based on SINWs

and Advanced Concepts

In this chapter, we investigate the potential of SINWSs for another kind
of device, namely, hybrid solar cells. Hybrid solar cells are devices that result
from the combination of two types of materials: organic and inorganic, hence
the name "hybrid" [23], [191]. We will discuss the performance of hybrid
devices based on disordered and ordered SiNWs. We will also discuss the
possibility to transfer this kind of device to a-Si:H thin film and we will report
on the fabrication of ordered and disordered a-Si:H nanowires (a-Si:H NWs).
Finally a detailed study of the role of LiF/Al cathode for a-Si:H thin film based

solar cells will be carried out.
7.1 Hybrid Solar cells based on Disordered and Ordered SiNWSs

Figure 7-1 shows the schematic architecture of our hybrid device.
SiNWs are coated by a thin layer of PEDOT:PSS and the device is completed
by a Titanium/Palladium/Silver (Ti/Pd/Ag) back contact and a front silver grid

electrode.

Ag grids

Figure 7-1: Schematic detailing the architecture of the hybrid device

TOGONAL Aliénor Svietlana | PhD Thesis | Nanyang Technological University and Ecole Polytechnique | 2015

237



7.1.1 Experiments

SiNWSs were fabricated via the standard MACE process and by the
MACE process assisted by NSL. These methods of fabrication have been
introduced in section 3.1 and Chapter 4 of this thesis. Single-crystal n-type
wafers [100] with a resistivity of 1-3 Q.cm were used for these experiments.
SiNWSs were subsequently dipped into a 5% HF bath for 5 min in order to
remove the thin native oxide layer. Following this step, a
Titanium/Palladium/Silver (Ti/Pd/Ag ; 50 nm : 50 nm : 1 um) back contact was
deposited via e-beam evaporation. Ti/Pd/Ag stack is a common electrode that
has been shown to make good contact with n-type Si wafer (U.S. Pat. No.
3,686,036 - [247]). Ti can result in low contact resistance (<10 Q.cm?) for
wafers with doping level above 10" cm®. Moreover Ti promotes adhesion of
the back contact and reduces the native SiO, layer. Pd improves the adhesion
between Ti and Ag and plays the role of a diffusion barrier. After the back
contact deposition, a thin layer of PEDOT:PSS of about 80 nm was spin coated
on the top of the SINWSs at 1800 rpm. The solution of PEDOT:PSS (PH 1000 —
Heraeus Clevios) was doped with 5 wt% dimethyl sulfoxide (DMSO) and 1
wt% Triton X-100 (Aldrich) and was stirred for 4 hours via a magnetic bar.
DMSO was used to increase the conductivity of PEDOT:PSS and Triton X-100
to improve its wettability. After the spin coating, the samples were directly
annealed at 105°C for 8 minutes. PEDOT:PSS is a transparent and conducting
mixture of polymers. It is composed of two polymers: a sulfonated polystyrene
(PSS) and a conjugated polymer Poly(3,4-ethylenedioxythiophene), commonly
named PEDOT. PEDOT is made of repetitive unit of the monomer EDOT. PSS
plays the role of dopant for PEDOT, making PEDOT both conductive and
soluble. Sulphonic acid group of PSS are deprotonated, giving a H+ to the
monomer EDOT which opens up one of its C=C n bonding, resulting in the
bonding of a C with the H+ [248]. By removing electrons, PEDOT shows a net
positive charge that will attract the negative sulfonate group of deprotonated
PSS [248]. PEDOT and PSS align along each other and become intertwined.
The unpaired electron remaining on the PEDOT is delocalized on the
conjugating backbone and is therefore highly mobile, resulting in the strong
conductivity of PEDOT [248]. With proper additives, conductivity of PEDOT
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as high as 1000 S/cm can be achieved [249]. After the spin coating step, a 1.5
pm front silver grid contact was evaporated on top of the PEDOT:PSS layer.
The front grid electrode induces about 12% power loss of the incident light
because of shadowing effect. Devices with a size of 0.95 cm? are obtained. A
reference planar cell was co-deposited at the same time. The process flow is

summarized in Figure 7-2 below.
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Figure 7-2: Process flow of hybrid solar cells

aly

7.1.2 Discussion

We have fabricated hybrid solar cells on various substrates : disordered
SiNWs with different lengths and ordered SiNWSs with various geometries.
Table 7-1 summarizes the geometrical characteristics of the SINW

arrays and the average photovoltaic performance obtained.
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Table 7-1: Summary of the geometry of the different SINW arrays and average
value of V., Js., FF and # of corresponding hybrid solar cells.

Sample Planar Random Random Oriezred OrdBered Ordc(:ared

Pitch (NM) /el /s 800 800 600

Dl?r:nnf)ter //////////////M 616 478 400

Length , 400 nm 1um 15pum  13pum 1.4 pum
O 59l+ 0.52+ 0.51+ 0.51+ 0.51 0.51
Voce (V) 0.0011 0.012 0.017 0.01 +0.0038 +0.0091

27.46 28.31+ 28,59+  28.62+ 30.36 27.82
Jsc (MA/cm?) +0.28 0.43 0.51 0.01 +0.14 +0.59

58.82 61.81+ 60.57+ 64.91+ 61.12 59.14

FF (%) +0.51  0.64 2.66 0.1 +0.28  *3.05
952 902+ 876+  943x  9.39 8.33
%) +0.0038  0.24 0.61 001  +0.069  +0.44

Fraiﬂggg(%) ////////M 054 032 0.4

We have calculated the filling fraction of ordered SiNWSs organized in
an hexagonal arrangement using Eq (5.1) and the results are included in Table
7-1.

Interestingly, disordered and ordered SiNWSs based hybrid cells are
observed to have comparable performance. We do not observe huge
discrepancy, in particular for V,. and FF, between ordered and disordered
SiNWs as it was the case for HIT devices. Ordered SiNWSs achieve high V.,
about 0.51 V for long SiNWs (~1.4 um). The V,. of ordered SiNWSs is only
0.01V below the one of random SiNWs. The FF of SINWSs based solar cells are
about the same, whatever the kind of arrays used (ordered / disordered) and is
rather poor (60-65%). Hybrid solar cells based on SiNWs show reduced V.
compared to their planar counterpart. However the Ji; of SiNWs cells of
between 27.82 to 30.36 mA/cm? is above that of the reference planar cells. As
for the random SiNWs cells, we observe an increase in the Js. with increasing
length of SINWs which can be attributed to the better light trapping properties
of the longer SINWSs. As for ordered SiNWs, there is no clear trend since the
shortest arrays of 1.3 pum show the best performance in terms of Js. This is
because apart from length, other parameters such as the pitch of the array and
diameter of the SiINWSs will also affect the optical properties of the ordered
SINWs.
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The three ordered SINWSs arrays (labelled as A, B and C shown in Table
6.1) were characterized by UV/Vis/NIR spectrophotometer (PerkinElmer) using
an integrating sphere at the angle of incidence (AOI) of 8°. The total reflectance
was measured in the spectral region between 370 nm to 1100 nm and the results
are shown in Figure 7-3. We observe an increase in J for cells where there is a
reduced reflectance. Therefore, for samples of about the same height, the Js; of

the ordered arrays of SINWs is directly related to the reflectance.

(@) (b)

14}

12+ —=— Ordered A

—=+— Ordered B Average

-
o
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400 600 800 1000 C :
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Figure 7-3: EQE response of the three arrays of ordered SiNW arrays A, B and C
and (b) the corresponding average reflectance on the spectrum range 350-1100
nm.

Figure 7-4 shows the (J,V) curves and EQE of all the cells. Figure 7-4
(a) shows the (J,V) curves of the hybrid solar cells under dark and standard
illumination conditions. Hybrid solar cells exhibit normal (J,V) curves, except
for the ordered array C which presents a small s-shape curve under dark and
illuminated conditions. The SiINWs have reduced EQE response in the short
wavelength region compared to the reference planar cells, indicating that strong
recombination is occurring in the front part of the cells. For both ordered and
disordered SiNWSs, we observe a reduction in the EQE response in the short
wavelength region with increasing length of SINWSs, since the recombination is
expected to increase with the length of the SINWSs. The SINWSs improve the
spectral response in the long wavelength region as compared to planar cells,
thanks to their good light trapping properties as we have observed previously
for HIT devices.
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Figure 7-4: (a) (J,V) and (b) EQE of hybrid devices based on disordered and
ordered SiNWs.
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Figure 7-5 shows the energy band diagram of the hybrid device with the
corresponding charge transport mechanism. We observe that the level of the
Highest Occupied Molecular Orbital (HOMO) of the PEDOT:PSS (5 eV) is
well matched with the valence band of silicon (5.17 eV) which ensures good
charge carriers separation. Holes are therefore injected in the PEDOT:PSS and
electrons are collected at the Ti/Pd/Ag contact.

Vacuum Level

“L Energy (el)
™~

2 -

4L w05 1V ‘f\ m

4.3
48 i 4.8
o 4 . .17 5.22
v r}h* \ }fr +
Ag PEDOT: Si Ti Pd Ag
PSS

Figure 7-5: Band diagram of the hybrid device

We have also analyzed the morphology of the PEDOT:PSS coating on
the array of SiINWSs. Figure 7-6 show cross-section (a), (b), top-view (c), and
inclined (d) (30°) SEM images of ordered arrays of SiNWs coated with
PEDOT:PSS. We observe that the PEDOT:PSS film cannot penetrate deep
inside the SINWs structure and therefore cannot reach the bottom of the wire as
show in Figure 7-6 (a), (b) and (d). We measure an average penetration depth
between 300 to 550 nm according to the available space between the SiINWs.
The polymer film is forming a canopy lying on the top of the array as illustrated
in the SEM picture in Figure 7-6 (d). Therefore the coating by PEDOT:PSS is
incomplete which limits the area of the p-n junction formed. It also means that a
significant portion of the SiNWs surface is not passivated. Improving
conformal coating by the polymer solution will increase significantly the area

of the p-n junction and can therefore potentially boost the efficiency of hybrid
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solar cells. Finding a simple way to force the polymer film down to the bottom

of the structure is highly desirable.

Figure 7-6: Cross-section view (a), (b), Top-view (c) and Inclined-view (d) SEM
pictures of SINWSs coated with PEDOT:PSS
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7.1.3 Low-Pressure-Assisted-Deposition

A new method to promote infiltration of the polymer between the
SiNWs has been implemented. This method consists of using vacuum suction to
pull the polymer film down the SiINWSs. This is simply done by loading the
sample inside a vacuum chamber and pumping down to 200 mTorr. This way,
the polymer film is drawn into the wire structure by capillary action as there is
no more air between the SiNWs to counterbalance the force. Specifically three
different methods have been tested to promote conformal coating of the wires
by PEDOT:PSS. We will name these methods as LPAD1, LPAD2 and LPAD3,
with LPAD standing for Low-Pressure-Assisted-Deposition.

In the first method LPAD1, a droplet of PEDOT:PSS is first drop casted
on the top of the arrays. The sample is then loaded inside the vacuum chamber
for a few seconds. After this low pressure step, the sample is spinned to remove
any excess of the polymer solution. Finally the sample is dried for 8 min at
105°C. For LPAD2 and LPAD3, the PEDOT:PSS is first spin coated on the top
of the SINW arrays. In LPAD2, the sample is dried for 1 min at 105°C before
being loaded inside the vacuum chamber. For LPAD3, the sample is directly
being loaded inside the vacuum chamber before being dried at 105°C for 8 min.
Therefore, for LPDAL, we have a larger initial volume of PEDOT:PSS
compared to the standard spin coating process, while for LPAD1 and LPAD?2,
the thickness is kept the same as in the original recipe. Figure 7-7 shows the

results we achieved for the three methods of deposition.
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Figure 7-7: SEM pictures of ordered SiNWs after (a) LPAD1, (b) LPAD2 and (c)
LPADS3.
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LPAD1 allows the SINWSs to be totally embedded within the polymer
matrix. The coating of the SINWs by PEDOT:PSS is complete. However the
PEDOT:PSS coverage might be too thick to ensure both reasonable
transparency and collection length. This process can be optimized by tuning the
volume of the initial droplet drop casted at the top of the arrays. We have also
successfully made the PEDOT:PSS film reach the bottom of the SiNWs
structure using LPAD2 and LPAD3. When comparing the results obtained from
LPA2 and LPAD3, we observe that there are many holes in the PEDOT:PSS
film using the LPAD3 technique. We believe that evaporating the solvent
before the vacuum step allows the PEDOT:PSS layer to gain strength (less
liquid) and to become more resistant to the vacuum suction force. The
advantage of LPAD2 and LPAD3 is the possibility to tune the final thickness of
the PEDOT:PSS layer by adjusting the spinning speed of the spin coater in the
initial step.

This work is still under investigation. Next steps include the
optimization of the LPAD process and the fabrication of hybrid devices to study
the effects on performance of the different PEDOT:PSS coating morphologies.
We think that this approach is very promising to enhance the efficiency of

hybrid solar cells based on SiINWs.

7.2 Hybrid Solar Cells based on amorphous thin films

As for HIT devices, we aim to transfer the concept of hybrid solar cells
to thin film technology. Our group has already reported efficient hybrid solar
cells based on epitaxial thin film [117]. We investigate here the potential of
hybrid devices based on a-Si:H thin films, which are much cheaper and easier
to produce than epitaxial silicon thin films.

7.2.1 Nanostructuration of a-Si:H thin films

To transfer the concept of hybrid solar cells based on SiNWs to a-Si:H
thin films, we first need to study the feasibility of nanostructurating a-Si:H by
MACE or by MACE assisted by NSL. The etching procedure was therefore
tested on a-Si:H thin films. Hydrogenated amorphous silicon (a-Si:H) thin films
of 3.3 to 5 um thick were deposited either on glass substrate (commercial
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fluorine-doped SnO, (SnO,:F) coated glass, ASAHI substrate) or on (p++)
silicon substrate (0.01 -0.02 Q.cm). The (i) a-Si:H films were deposited by RF
PECVD using a mixture of silane (50 sccm, 1 Watt) with hydrogen (40 sccm)
for 1 min followed by the deposition of pure silane for 4 to 7 hours. The next
step in the process was the wet chemical etching of the (i) a-Si:H films. As the
etching solution was based on HF, it presented a risk to the ASAHI substrate
since HF can etch the glass. To prevent any damage of the substrate, we coated
the side and backside of the glass substrate by a nitrocellulose solution which is
resistant to HF and which can be easily removed by a concentrated nitric acid
bath.

7.2.1.1 Fabrication of disordered a-Si:H NWs

The samples were dipped into an etching solution of 4.6 M HF (Sigma
Aldrich) and 0.02 M AgNOg; (Sigma Aldrich, Purity = 99.9999%) at room
temperature for different times varying from 3 to 15 min. The samples were
then rinsed for 5 min in DI water. The silver dentrites were subsequently
removed by a 15 min HNO; bath (65%, sigma Aldrich). Following that the
samples were rinsed thoroughly in DI water and dried under nitrogen gas
environment. As illustrated in Figure 7-8 (a) and (b) the etching process is able
to fabricate SINWs on a-Si:H thin films, similar to that achieved on c-Si
substrates. The fabrication of a-Si:H NWs is quite a unique concept and so far
only Douani el al. [250] have reported on the etching of thin a-Si;.xCx:H films
to fabricate NWs. As shown in Figure 7-8 (c), the etch rate of a-Si:H NWs is
about 48 A/s. We have therefore confirmed the feasibility of a-Si:H NWs
fabrication using the MACE process.
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Figure 7-8: (a) Cross section view of a-Si:H nanowires. (b) Top-view of a-Si:H
nanowires. (¢) Length of nanowires as a function of the etching time.

We aim at nanostructurating the intrinsic layer of a-Si:H based solar
cells in order to improve the harvesting capabilities of the device. We therefore
need to characterize optically the arrays of a-Si:H NWs. For solar cell
application, the thickness of the intrinsic layer lies in the range of 300-500 nm.
On glass substrate, 10 nm (n++) a-Si:H layer followed by an (i) a-Si:H layer of
500 nm were deposited by RF PECVD following the same experimental
procedure as mentioned before. The samples were then dipped into an etching
solution of 4.6 M HF and 0.02 M AgNOg at room temperature for 2.5 minutes.
The reflectance of the samples was measured before and after etching using an
integrating sphere spectrophotometer system (Lambda 950/UV/Vis/NIR,
PerkinElmer) with an angle of incidence (AOI) of 8°. The total reflectance was
measured in the spectral region between 300 nm to 1100 nm and the results are
shown in Figure 7-9. We observe that a-Si:H NWs are able to reduce the

reflectivity of a-Si:H planar films significantly over the entire spectral range.
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Figure 7-9: Reflectance measurement of planar a-Si:H thin films and a-Si:H
nanowires.

7.2.1.2 Fabrication of ordered a-Si:H NWs

We also tested the MACE process assisted by NSL on a-Si:H thin films.
We were able to fabricate ordered arrays of a-Si:H NWs, which have never
been reported in the literature. We tested both gold and silver catalyst.
Interestingly both catalyst worked for the fabrication of a-Si:H NWs while for
c-Si substrate we were not able to obtain well defined SINWSs arrays with silver.
This might be explained a different process of diffusion of Ag on c¢-Si and a-
Si:H substrates. Figure 7-10 shows SEM pictures of the a-Si:H NW arrays

fabricated.

Figure 7-10: Top-view (a) and inclined 30° (b) SEM pictures of a-Si:H NWs.
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7.2.2 Fabrication and characterization of hybrid solar cells based on a-
Si:H

First we focused our study on planar hybrid solar cells based on a-Si:H
thin film combined with an organic layer in order to develop our understanding
of the a-Si:H/organic heterojunction before adding complex phenomenon due to
the nanostructuration by SiNWSs. Indeed, it is important to understand the
physics behind the reference planar cells and to optimize the process of
fabrication before adding the nanostructuration by a-Si:H NWs.

Two types of structures were considered:
a) Combination of an n-type a-Si:H thin-film with a p-type semi-
conducting polymer
b) Combination of a p-type a-Si:H thin-film with a n-type semi-conducting
polymer

7.2.2.1 (n) a-Si:H / p-type polymer

Figure 7-11 shows the configuration of the device investigated. The
device has the same architecture of a standard p-i-n junction, where the (p) a-
S:H layer has been substituted by a PEDOT:PSS layer. First a 10 nm (n++) a-
Si:H layer followed by an (i) a-Si:H layer of 300 nm were deposited by RF
PECVD on an TCO glass substrate (commercial fluorine-doped SnO, (SnO,:F)
coated glass, ASAHI substrate). Two different post-treatments of the
amorphous layer were tested: for one set of samples, the native oxide layer at
the amorphous surface was kept intact while for the other samples the oxide
layer was removed by a 5% HF bath. The polymer PEDOT:PSS (PH 1000 —
Heraeus Clevios), with 5 wt% dimethyl sulfoxide (DMSO) and 1 wt% Triton
X-100 (Aldrich) was subsequently spin coated on the surface. Finally a silver
grid (1.5 pm thick) was evaporated on top of PEDOT:PSS by e-beam

evaporation. The samples size is 0.95 cm?.
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Ag grids

Figure 7-11: Architecture of the device studied — Hybrid thin film solar cells
based on a-Si:H.

Figure 7-12 and Table 7-2 show the current density-voltage (J-V)
characteristics, EQE and photovoltaic parameters of the samples under 100
mW/cm? illumination (AM 1.5G). As shown in Table 7-2, the oxide layer plays
a critical role in the device performance. When the native oxide layer is etched
away, the efficiency of the device increases drastically from zero (0.00135% )
to 1.3%. This is explained by the improvement of the V. and Jsc. However these
solar cells give abnormal (J,V) curves. In particular, the (J,V) curve does not
follow the expected diode behavior indicating presence of strong leakage
currents (Figure 7-12 (a)). The EQE response is also very poor as shown in
Figure 7-12 (b) where the EQE of a standard p-i-n cell is also displayed as a
reference [120]. These poor performances might be explained by the band
diagram alignment. The dominant charge carrier transport in p-i-n junction is
drift : charge carriers generated in the (i) a-Si:H layer experience directly the
electric field generated across the (i) a-Si:H layer. Therefore the driving force
for charge carrier separation is the strength of this internal electric field which
is determined by the work function difference between (n) a-Si:H and
PEDOT:PSS. The HOMO level of PEDOT:PSS is only 5 eV which certainly
leads to a small electric field within (i) a-Si:H and as a consequence inefficient

charge carrier separation.
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Table 7-2: Average value of V., J., FF and » of planar hybrid a-Si:H /
PEDOT:PSS heterojunction

Sample Jsc (MA/cm?) Voc (V) FF (%) n (%)
(i) a-Si:H =300
nm Thin oxide 0.18 0.039 18.83 0.00
layer
(i) a-Si:H = 300 nm 10.01 0.57 22.82 1.3

After HF bath

(a) (b)
20 + 100
—m=— Standard p-i-n
—_ g0 | *— (n) a-SitH / (i) a-SirtH / PEDOT:PSS
(\JE 10 + _'-MH
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Figure 7-12: (a) (J,V) and (b) EQE planar hybrid a-Si:H / PEDOT:PSS
heterojunction

7.2.2.2 (p) a-Si:H / n-type polymer

We have also investigated the inverted structure, i.e. an organic n-type
semiconductor in combination with (p) a-Si:H / (i) a-Si:H. This study has been
motivated by a recent work published by Ji Hoon Seo et al. [251] , who claimed
that hybrid solar cells based on a-Si:H (TCO/ (p)a-Si:H/(i)-a-Si:H/ PCBM) can
achieve efficiency as high as 8.34 %.

Figure 7-13 shows the architecture of the investigated device whose
structure is as follows: SnO,:F coated glass // (p) a-SiC:H // (i) a-Si:H //
Organic layer (Ceo or PCBM) // LiF/Al electrode. On commercial fluorine-
doped SnO; (SnO,:F) coated glass, 10 nm of (p) a-Si:H followed by 300 nm of
(1) a-Si:H were deposited by the RF PECVD technique. Two different organic
materials were tested: PCBM and the buckyball fullerene Cg. PCBM is a
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derivative of the fullerene, which has been functionalized in order to make it
soluble in organic solvents. Therefore PCBM was deposited by spin coating
while Cgo by thermal evaporation. Both are electron acceptors and are used as
n-type semiconductors. Following this step, the device fabrication was
completed by deposition of the cathode on top of the organic material: 1.2 nm
of LiF followed by 150 nm of aluminum. LiF/Al is a common electrode used in
organic solar cells and has been shown to be very suitable as a cathode for
organic devices (OLED and organic photovoltaic) [252]-[262]. The device was
illuminated on the side of the glass substrate and light therefore entered the

device through the p-type layer.

Figure 7-13: Schematic of the hybrid solar cells based on the combination of an
organic layer with an amorphous thin film with a LiF/Al rear electrodes.

Three different thicknesses of Cgo were thermally evaporated: 30 nm, 15
nm, 5 nm, and compared with the reference cell with no Cgy. The effect of the
thickness of the organic layer on the performances of the hybrid devices is
summarized in Figure 7-14 while the performance of the devices is presented
in Table 7-3.

Table 7-3: Effect of the thickness of Cgy 0n the average value of V., Js,, FF and
of planar hybrid a-Si:H / Cg heterojunction

Cathode Voc (V) Jsc (MA/cm?) FF (%) 1 (%)
30 nm Cg 0,82+0.01 14.6+1.59 64.2+0.01 7.7£0.79
15 nm Cgo 0,817+0.001 14.8+£1.12 63.2+0.02 7.7£0.63
5nm Cg 0.82+0.02 15.32+1.12 63.2+0.03 7.9£0.79

No Cego 0.85+ 0.004 15.49+ 0.19 63.21+ 0.84 8.3£0.14
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Figure 7-14: Effect of Cg thickness on the performance of the solar cells.

Interestingly it appears that the presence of an organic layer is
detrimental to the performance of these devices. The FF remains constant,
while both Ji and V.. are reduced with increasing thickness of Cgo. The
reduction in Js; can be explained by the absorption loss in the organic layer. The
Voc drops significantly, even for a small thickness of Cgy and remains constant
upon increasing thickness of Cg. It indicates that more recombination is taking
place in the hybrid device. It seems that the organic film only creates an
additional barrier for charge carrier collection. Therefore the key interface is
between the LiF/Al cathode and the amorphous layer and not with the organic
layer. We observed a similar trend with PCBM. The performances are
improved with the thinning of the PCBM layer and the maximum efficiency is
always obtained for the device with the organic layer. Note that hybrid devices
based on the combination of an organic material with a-Si:H were fabricated in
controlled atmosphere: the fabrication and characterization were carried out in a
glove box. The performance of such devices were degrading really fast when
exposed to ambient atmosphere (less than 1 day).

These preliminary results reveal the importance of the LiF/Al - (i) a-
Si:H interface. We have therefore decided to focus our next study on the
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following device: SnO,:F coated glass // (p) a-SiC:H //(i) a-Si:H // LiF/Al. This

work is presented in the next section.

7.3 LiF/Al as a back contact for thin film solar cells based on a-Si:H

LiF/Al electrodes have been classically used as a cathode for enhancing
the efficiency of OLED and plastic solar cell devices. A thin layer of LiF
incorporated under the aluminum has been recognized to improve both the Vo,
and FF of the devices. In this section we investigate the possibility to use this
cathode in a Schottky device based on amorphous thin film. We study thin film
solar cells based on a-Si:H without the use of any n-type doping layer. Upon
insertion of an ultra thin (1.2 nm) insulating layer of LiF, the efficiency of the
Schottky junction device has been found to increase by 98%, that is, from an
initial average efficiency of 4.2% up to 8.3%. We investigate the effect of the
thickness of the LiF layer and study the light stability of such devices.

7.3.1 Introduction

LiF/Al bilayer cathodes, made from the combination of a very thin
insulating layer of LiF (typically about 1 to 2 nm) with a thick layer of Al, are
commonly used for improving the efficiency of OLED and plastic solar cells
[252]-[256], [258]-[260]. Indeed, it has been proven that the incorporation of a
thin LiF layer between Al and the photoactive material can improve both the
Voc and FF of the cells. However, the underlying mechanisms are still not clear
and several hypotheses are under investigation such as a dipole effect, a doping
effect, a thermal protection effect or a passivation effect [257], [263]. Indeed,
LiF has a strong dipole moment which once coupled with Al induces a vacuum
level shift responsible for a more favorable band alignment [252], [254], [255].
This concept is illustrated in Figure 7-15 for organic P3HT:PCBM solar cells.
As for the doping effect, it is suggested that LiF might dissociate and dope the
organic layer upon deposition of the hot aluminum atoms on the organic
materials [261], [262], [264]. LiF can also play the role of an insulating buffer
layer, protecting the organic material from the hot aluminum atoms during the
metallic deposition. Finally one hypothesis considers direct tunneling between
the (i) a-Si:H and LiF/Al electrode for small LiF thickness [263], [265].
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Figure 7-15: Schematic of the vacuum level shift induced by LiF/Al cathode for
organic solar cells.

Although LiF/Al electrodes have been widely implemented for organic
materials, few works have been published on the use of LiF/Al as a back
contact for inorganic material [266], [267]. In 2011, Liang Fang et al. [266]
studied the possibility to replace the n-type layer in a classical p-i-n a-Si:H thin
film solar cells by a LiF/Al back electrode, and observed an improvement of
13% in the PCE compared to standard p-i-n junctions. Such approach is very
promising as the n doped layer, whose role is to create an internal electric field
within the intrinsic amorphous active layer, is considered as a “dead layer”
since it does not contribute directly to the generation of current. Therefore
eliminating this doped layer by an electrode with suitable work function is an
exciting approach to enhance the efficiency and stability of such devices.
Moreover, this would also eliminate the requirement of using toxic gas such as
phosphine.

We have decided to focus our study on the combination of LiF/Al
cathode with a-Si:H thin films as this design is promising for improving the
performance in terms of efficiency and light stability of standard p-i-n
junctions. We have therefore fabricated Schottky solar cells based on
amorphous silicon thin films with both Al and LiF/Al cathodes whose structure
is as follows: SnO,:F coated glass // (p) a-SiC:H //(i) a-Si:H /I LiF/Al or Al
electrode. Figure 7-16 shows the architecture of the device.
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Figure 7-16: Schematic of the structure of the LiF/Al rear electrodes on (p+) a-

SiC:H/(i) a-Si:H.
7.3.2 Experiments

The front electrode of the fabricated devices was a commercial fluorine-
doped SnO; (SnO:F) coated glass (ASAHI substrate). The substrate was
loaded into a PECVD chamber for the deposition of hydrogenated amorphous
silicon carbide window layer (p) a-SiC:H and intrinsic amorphous silicon layer
(i) a-Si:H. The deposition temperature was 175°C. The window layer (p) a-
SiC:H was deposited at a RF power of 1 W from a gas mixture of hydrogen
(H2), silane (SiH,4), methane (CH,) and trimethylboron (B(CHs)s) with an initial
ratio of 40:25:100:20 for 230s, then 40:25:100:10 for the following 30s and
finally 40:25:100:0 for the last 30s. A thin intrinsic amorphous silicon layer (i)-
a-Si:H was then deposited using a mixture of silane (50 sccm) with hydrogen
(40 sccm) at a RF power of 1 W for 1 min, followed by the deposition of pure
silane for 105 min.

The samples were divided into 2 sets. For one set of samples, a 150 nm
thick Al electrode was evaporated directly on the (i) a-Si:H layer, whereas for
the other set, 1.2 nm of LiF was inserted between the intrinsic a-Si:H layer and
the Al electrode. The electrodes were deposited by thermal evaporation through
a shadow mask, and the thickness of the deposited layer was monitored by an in
situ quatz crystal. The current density-voltage (J-V) characteristics of cells were
measured under 100 mW/cm? illumination (AM 1.5G) with a solar simulator

(Oriel AAA). The light intensity was calibrated using a Si reference cell.
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7.3.3 Results and Discussion

7.3.3.1 Photovoltaic performances

Figure 7-17 shows the (J,V) curves of the two sets of samples. As
depicted, there is a large difference between the samples with Al and LiF/Al
cathodes. When the back electrode is made of a single Al layer, the (J,V) curve
presents a S-shape instead of a proper diode behavior. The current is behaving
normally at low bias and then gradually saturated when the forward bias
approaches the open circuit voltage V.. Charge blocking / accumulation may be
responsible for this kind of anomalous feature. The Schottky barrier height
might be too large to ensure a proper charge collection. Another possibility
concerns the formation upon contact of numerous induced gap states at the
interface between intrinsic amorphous silicon and the metal, acting as
recombination centers, hence a strong recombination loss. In contrast, the

device with a LiF/Al electrode presents a proper diode behavior.
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Figure 7-17: (J,V) curves of the thin film devices with LiF/Al cathode (black) and
Al cathode (red).

The photovoltaic parameters (Jsc, FF, Voc and #) are summarized in
Table 7-4. We observe remarkable improvement in Vo, Js, FF and efficiency
of the device with a LiF/Al electrode. The V. increases by 39.2% while the
photogenerated current increases by 13.5 %. The series resistances and shunt

resistances were extracted from the (J,V) curves. The devices with a thin LiF
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interlayer present reduced series resistance (58.8 €) and increased shunt
resistance (5364.4 Q) which account for their improved performance. In
comparison, the devices with only a single Al layer electrode show much higher
series resistance (128.5 Q) and smaller shunt resistance (1992 Q). The
reduction in series resistance and increase in shunt resistance explain the
improvement in FF. The decrease in series resistance might come from direct
tunneling at the LiF/Al cathode and the passivation of interfacial band gap
states at the aluminum surface by LiF. As the strength of the internal electric
field in the intrinsic a-Si:H layer is determined by the work function difference
between (p+) a-SiC:H and the LiF/Al rear electrode, an enhanced electric field
is expected for the lower workfunction LiF/Al as compared to Al alone. The
better V. results from reduced shunt leakage and enhanced internal electric
field.

Table 7-4: Comparison of photovoltaic parameters of thin film devices with Al
cathode and LiF/Al cathode.

Cathode Voc (V) Jsc (MA/cm?) FF (%) 17 (%)
Al 0.61+0.01 1365+0.22 50.67+234  4.20+0.19
LiF/Al 0.85+0.004 1549+0.19 6321+0.84 8.30+0.14

Moreover the photocurrent generated by the device with LiF/Al cathode
is larger than that with Al back electrode. Such observation is confirmed by the
External Quantum Efficiency (EQE) measurements of these two systems
depicted in Figure 7-18, where the response of the LiF/Al devices is higher
than the reference device with only aluminum as the back contact over the

spectral range from 400 nm to 700 nm.
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Figure 7-18: EQE curves of the thin film devices with LiF/Al cathode (black) and
Al cathode (red)

This increase in the current for LiF/Al devices may come from a better
absorption or collection of charges. A more favorable band alignment can make
charge extraction easier. In the literature, it has also been suggested that the
improvement in Js. due to LiF/Al might come from an optical effect through
reflectivity enhancement, therefore increasing the optical path and subsequent
absorption within the device [268]. Such optical effect might partly explain the
larger quantum efficiency observed for samples with a LiF/Al electrode. It was
claimed that a potential increase of 7% of the photocurrent could be attributed
to the increased rear electrode reflectivity [268]. In our case, we observe upon
insertion of the 1.2 nm layer of LiF an increase in Js; of 13.5 %. The
improvement in Js. can also be partially attributed to the difference in series
resistance. Solar cells with a LiF/Al cathode show an average performance of
8.3% and our best cell achieve performance as high as 8.55%.

Figure 7-19 shows the proposed band diagram for the LiF/ Al device.
The band diagram of a standard p-i-n junction is displayed as a reference. The
electron-hole pairs are generated within the intrinsic layer and are separated by
the internal electric field. When building the energy band diagram of the p-i-n
junction, the fermi levels of the doped region must align. As the sandwiched
intrinsic layer is free of charge, the variation of potential is determined by the
doped layers and is simply calculated by subtracting from the band gap, the
value of the fermi level of the n and p doped a-Si:H layer, with respect to their

respective band edge E. and E,. We achieve a linear potential variation in the
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order of 1.4-1.6 eV. As for the LiF/Al device, the electrons are collected at the
LiF/Al cathode and holes are collected at the SnO,:F electrode. Since there is
no n-doped layer, the electrical field across the junction is determined by the
value of the workfunction of the LiF/Al electrode.The workfunction of LiF/Al
has been calculated and estimated between 2,5 — 3.5 eV [254], [269]. The
potential variation at the metal/semiconductor interface is determined by
equaling the workfunction of the electrode with the fermi level of the p-doped
layer. We achieve a theoretical potential variation comprises between 2.1-3.1
eV. As a consequence, the electric field is larger for the device with the LiF/Al
cathode than the device with the standard p-i-n architecture, making the drift

process more efficient.
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Figure 7-19: Schematic of the band diagram of p-i-n junction and a-Si:H thin film
with a LiF/Al rear electrodes.

7.3.3.2 Effect of LiF thickness

The effect of the LiF thickness is also investigated. As LiF is an
insulator, a variation in its thickness is expected to impact drastically the
performances of the devices. Four series of samples were fabricated with
varying LiF thicknesses: 1.2 nm, 5 nm, 10 nm and 50 nm. Figure 7-20 shows
the (J,V) curves of the devices and Table 7-5 summarizes their photovoltaic
parameters. In the absence of LiF or when LiF is too thick, the (J,V) curves

exhibit a s-shape and flattened s-shape characteristics respectively.
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Figure 7-20: (J,V) curves of the thin film devices with LiF/Al cathode (black) and
Al cathode (red).
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When the thickness of LiF increases, the performances of the devices
drop drastically and all photovoltaic parameters are degraded as shown in
Table 7-5.

Table 7-5: Photovoltaic Performance - Effect of LiF thickness.

LiF

. Voc (V) Jsc(MA/cm?)  FF (%) 1 (%)
thickness
1.2 nm 0.85+0.004 1549+0.19 63.21+0.84 830x0.14
5nm 0.62+0.006 11.15+0.8 19.12+1.5 1.3+0.14
10 nm 0.61+0.06 0.52+0.05 3.4+3.4 0.01+0.08
50 nm 0.62+0.02 0.39+0.06 3.4+0.01 0.008+0.01

Indeed with increasing thickness, the morphology of the LiF film
changes from a non-uniform cluster island structure to a continuous insulating
layer [257]. This effect reminds us of the concept of point-contact solar cells
where the contact with the metal is limited to an array of points while the
regions between contacts are passivated [270]. The cells exhibit increased
resistance with thicker LiF, as confirmed by the series resistances extracted
from the (J,V) curves and shown in Table 7-6. This accounts for the very poor

performances seen for cells with thicker layers of LiF.

Table 7-6: Effect of LiF thickness on the series resistances.

LiF thickness 1.2 nm 5nm 10 nm 50 nm

Rseries (2) 58.8 3095.3 6038 6642.6
7.3.3.3 Light soaking

We have investigated the effect of light soaking on the performances of
the devices with LiF/Al cathodes, as displayed in Figure 7-21 for a LiF
thickness of 1.2 nm. Light degradation for this type of devices is an interesting
study as the suppression of the n-type amorphous layer might improve the light
stability of the device. We obtained an overall degradation of about 16-17%.
We have analyzed the degradation for each photovoltaic parameter. Except the
Voc Which first increases and remains stable, all other photovoltaic parameters

have degraded. The decay curves can be divided into 2 zones, an initial fast
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decay followed by a more gradual decay for a longer period of time before

stabilization.
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Figure 7-21: Light soaking effect on the cells’ performances.

7.3.3.4 Effect of the electrode size

The effect of the electrode size on the performance of the devices is also
studied. Note that the electrode size is the same as the sample size. Four series
of samples with different sizes of electrodes - 0.0314 cm?, 0.1256 cm?, 0.2 cm
and 0.5 cm? - were fabricated. The effect of the electrode/sample size is shown

in Figure 7-22.
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Figure 7-22: Effect of the electrode size on the solar cells’ parameters

Most of the parameters degrade with increasing electrode size, except
for Vo which remains quite stable. The fill factor undergoes the sharpest drop
while the Js. decreases slightly. The series and shunt resistances were extracted
from the (J,V) curves. The I (A), Reeries () and Rghunt (Q2) are area-related. For
example, doubling the area of a cell should roughly decrease by half the
parasitic resistances since the cross sectional area where the current can flow is
multiply by two. In order to get a clear picture, we used specific resistance (per
unit area in Q/cm?) and the data are summarized in Table 7-7. Interestingly the
specific series resistance reries decreases with the electrode area. Specific shunt
resistance rshnt decreases with increasing electrode size, which may account for

the observed fall in FF and consequently drop in efficiency.

Table 7-7: Effect of the electrode size on the series and shunt resistances

Electrode area (cm?) 0.0314 0.1256 0.2 0.5
Fseries (Q/cmz) 132.6 58.8 32.8 24.6
I'shunt (Q/cmz) 46339 5364.4 4906.4 1688.6
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In this section, we have investigated the role of LiF/Al electrode for
Schottky thin films solar cells based on a-Si:H. We report an average efficiency
of 8.3% for thin film solar cell based on a-Si:H without any n-type doping layer
upon insertion of an ultra thin (1.2 nm) LiF insulating layer. LiF can replace the
n-dead layer, which is responsible for significant optical and electrical losses in
conventional p-i-n junction. Light soaking gives an average degradation of
about 16-17% for this kind of devices.

Conclusion

In this chapter, we have fabricated efficient hybrid solar cells based on
ordered and disordered SiNWs. Efficiency in the range of 9-9.5% were
achieved for both ordered and disordered SiNWs and we do not observe any
particular difference between devices made from both type of arrays. We have
also developed a new method of deposition based on low-pressure which
improves significantly the conformal coating of SiNWs by PEDOT:PSS. This
will help to increase the area of the p-n junction while passivating parts of the
SiNWs that were not coated by PEDOT:PSS. We have also investigated the
potential of hybrid solar cells based on a-Si:H thin films with ordered and
disordered a-Si:H NWSs. We successfully fabricated both random and ordered a-
Si:H NWs. Nevertheless, no convincing results were obtained with planar
hybrid solar cells based on the combination of a-Si:H thin film layers with
organic materials. We had a poor efficiency with PEDOT:PSS while Cg, and
PCBM were degrading the overall performance of the device. However this
work has allowed us to demonstrate the capabilities of LiF/Al electrode as a
substitute of the (n) a-Si:H layer in standard p-i-n junction. Efficiency as high
as 8.55% was achieved for schottky solar cells based on a-Si:H with a LiF/Al
rear contact. This very simple fabrication process opens the door to highly
efficient thin film solar cells without the use of the toxic phosphine gas. Next
step include the fabrication of nanostructured a-Si:H thin film solar cells with
LiF/Al cathode.
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Chapter 8 : Conclusion and Future Work

8.1 Achievements:

In this PhD project, the potential of SINWSs for photovoltaic applications
has been investigated. We have realized and optimized every step of the
process, from the fabrication of the nanostructures to their implementation into
different solar cells technologies, while performing a wide range of structural,
optical and electrical characterization techniques to improve the understanding
of SINW arrays and solar cells.

Regarding fabrication, we have optimized the process of fabrication for
disordered SiNWs by a detailed analysis of the wettability properties of both,
the initial substrate before fabrication and the surface of the nanowires after
fabrication. We showed that tuning the wettability properties of the initial
substrate allows us to change the uniformity and the density of fabricated
SiNWs, while changing the wettability of the SINWSs after fabrication impacts
strongly their agglomeration. Furthermore, we have implemented a new method
in NTU, EEE, to produce ordered arrays of SINWs with excellent control over

the pitch, diameter and length.

We have successfully integrated these SINWs into HIT solar cells. A
detailed study of the effects played by the thickness and the doping of the a-
Si:H layer has been carried out. It has allowed us to achieve a record efficiency
of 12.9% for HIT devices based on SiNWSs. The devices are characterized by
their excellent FF above 80% under the optimized conditions. We have also
assessed, via EBIC measurements, that the SiNWs are contributing to the
photogenerated current, although they are less efficient than the underlying bulk
wafer. This demonstrates that the effect of SINWSs is not strictly limited to their

excellent antireflective or light trapping properties.

We have also produced hybrid solar cells based on SINWSs with a good
efficiency of about 9-9.5%. Interestingly, both ordered and disordered SiNWs
revealed good efficiency while we were unable to achieve reasonable V.. for

HIT devices based on ordered SINWSs. We have developed and implemented a
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new process to improve the conformal coating of the organic material around
the SINWs. We believe this technique may boost the performances of the
hybrid devices. We have also fabricated hybrid solar cells based on the
combination of an a-Si:H thin film with an organic material but such devices
appear to have limited potential. However, through these structures, we have
identified an extremely interesting effect played by the LiF/Al electrode. We
have indeed shown that the latter can replace the dead n layer in standard p-i-n
junction. The use of the toxic phosphine gas and the associated absorption

losses in (n) a-Si:H can thus be eliminated.

Investigation of the optical properties of a large set of SINW arrays with
different geometries has proven that the optical properties strongly depend on
the geometrical parameters such as the length, the diameter and density of the
arrays produced. Finally, an optical model which can simulate the optical
properties of a realistic SINW array, taking into account the inherent defects
due to the fabrication process, has been developed and compared with the
experimental data. This statistical model is therefore a powerful tool to design
and find the optimal geometrical conditions an array should respect in order to

have maximal optical efficiency.

8.2 Future Work

We think that our results and techniques could lead to highly efficient
SINW solar cells based on a thin absorber layer. There is still room for a lot of

improvement regarding the performance of HIT and hybrid solar cells.

The efficiency of HIT devices can be improved by tuning more finely
the process conditions. The performances can be enhanced by optimizing the
front and back contacts. For instance, a Ti/Pd/Ag back contact should be used
for the HIT devices. Moreover, ITO should be optimized in terms of the
thickness, transparency, mobility and work function. That will improve the
charge collection efficiency of the devices. Another key point will be to
improve the quality of the (p) layer. For example, the use of a material with
larger band gap will decrease the absorption loss within this layer. Replacing
the a-Si:H layers by microcrystalline ones can lead to better conductivity and
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reduce absorption losses. Microcrystalline and amorphous oxide materials that
are currently under development in LPICM are also of high interest since the
incorporation of oxygen allow transmission over a wider spectral range and can
thus potentially increase the Js.. Finally, another key aspect will be to study
various surface treatments to improve the quality of the surface of SINWs. For
example, we have recently developed a two-step surface treatment for removing
residual silver nanoparticles left behind from the MACE process. The idea is to
create first a thin oxide sacrificial layer by UV ozone followed by an HF bath to
partially etch this layer. We have thus achieved a clean surface that has allowed
us to improve the PCE of hybrid solar cells from 10% to 12.4% [112]. We
expect that the application of such a surface treatment to SINWSs, before the
fabrication of HIT solar cells, can improve drastically the performance of the

cells.

We also believe that ordered SiNWs have the potential to boost the
performance of HIT cells further. Indeed, the fabrication method by NSL
assisted MACE is not only cost-efficient and fast, but it also provides a good
control of the nanowires geometry, which is important for surface passivation.
Indeed, the interspace between SiNWs can be controlled, making conformal
coating of the passivation layer less challenging. Therefore we believe that
some efforts should be focused on surface treatment of these wires to reduce the
roughness and the porosity of the tip. We may consider to fabricate the SINWs
arrays before the removal of PS spheres. Thus the PS spheres can protect the
top of the wires during the chemical etching step. This will require us to find an
efficient way to remove the PS spheres at the end of the fabrication process,
even when they fall and are trapped inside the array.

As for hybrid solar cells, we think that performances can also be
improved by coating the organic layer by the low-pressure deposition technique
developed during this thesis in order to achieve conformal coating of the wire
by PEDOT:PSS. An ITO top contact for hybrid devices should also improve the

collection efficiency.

Finally, the Js. of solar cells based on SiINWs might be improved by

using an optimized SINW array whose geometrical parameters of pitch, length
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and diameter can be computed using the optical model in order to achieve
minimal reflectance. The use of a dual diameter SINW arrays may also help to

further improve the performance.
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