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Résumé: Le potentiel utilisable de l'énergie so-
laire représente plus du double de la consommation
�nale humaine en 2019. Néanmoins, seulement
0.2 % du potentiel est aujourd'hui utilisé par la
technologie photovoltaïque. Le silicium cristallin
(95 % du marché actuel) est très avancé, puisque
les modules actuellement produits ont une e�cac-
ité autour de 20 %. Néanmoins, l'e�cacité de con-
version n'est pas le seul facteur pour choisir une
technologie photovoltaïque. En particulier, son
impact environnemental, sa résistance aux condi-
tions extérieures ou son adéquation à l'application
choisie sont également déterminants. Des tech-
nologies alternatives ont donc leur place dans le
mix photovoltaïque.

En particulier, le silicium amorphe constitue
un matériau abondant qui ne nécessite pas une
puri�cation coûteuse en énergie. De plus, il
est non toxique, aux excellentes propriétés op-
tiques. Il présente des limitations électriques, mais
l'utilisation de nano�ls c÷ur-coquille remédie à ce
problème en séparant les directions de propaga-
tion de la lumière et de collection des porteurs de
charge. La croissance peut se faire sur tout type
de substrat (typiquement du verre), à faible tem-
pérature. Ainsi, on peut obtenir des performances
correctes sur de larges surfaces et à faible coût.

J'ai montré que les cellules à base de
nano�ls c÷ur-coquille silicium/silicium amorphe
(Si NW/a-Si:H) sont d'abord limitées par leur con-
tact supérieur, qui doit être à la fois conducteur et
transparent. J'ai développé une électrode hybride,
faite d'ITO, capable de connecter les nano�ls Si
NW/a-Si:H, et de nano�ls d'argent (Ag NWs), qui
forment un maillage conducteur. Une optimisation
directement sur la cellule est nécessaire et a permis
une augmentation de l'e�cacité de conversion de
4.3 % à 6.6 %.

L'un des inconvénients principaux des nano�ls
d'argent est leur dégradation dans le temps. Nous

les avons encapsulés dans une couche de ZnO dopé
au titane pour les protéger. J'ai suivi la dégrada-
tion des nano�ls par l'observation en microscopie
électronique à balayage, et par des mesures de
transmittance et ré�ectance totales et de résis-
tance de couche. Cette étude a montré que les
propriétés des nano�ls d'argent, même nus, sont
stables sur une échelle supérieure à un an. Néan-
moins, ils n'ont pas été exposés à d'importants
niveaux de courant ou d'illumination. Or, la lu-
mière et le courant peuvent accélérer la dégra-
dation et seront nécessairement présents lors de
l'utilisation d'Ag NWs sur des cellules solaires. La
même étude sous illumination et/ou courant serait
donc utile.

Les cellules faites de Si NW/a-Si:H avec le con-
tact hybride devraient être �exibles. Néanmoins,
l'observation au MEB a montré des �ssures dans
les cellules à nano�ls. Ceux-ci étant denses, ils
ont un comportement qui s'approche des couches
minces et perdent leur �exibilité.

Nous avons aussi voulu comprendre le change-
ment de performance sous forte illumination. La
comparaison des courbes I-V pour une cellule Si
NW/a-Si:H, une cellule planaire de silicium amor-
phe et une cellule de référence en silicium cristallin
a montré plusieurs phénomènes, réversibles ou
non. En particulier, cela a mis en évidence
l'e�et Staebler-Wronski, caractéristique de a-Si:H,
et les conséquences du substrat de verre sur
l'élévation de la température et la baisse drastique
d'e�cacité.

Par ailleurs, j'ai pu utiliser la technique EBIC
(courant induit par faisceau électronique) sur de
nombreuses structures. J'ai observé les cellules à
base de Si NW/a-Si:H en vue de dessus. J'ai égale-
ment caractérisé des cellules solaires à nano�ls III-
V sur silicium pour tandem. En�n, j'ai aussi carac-
térisé des nano�ls GaN/InGaN, destinés à la fabri-
cation de diodes électro-luminescentes.
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Abstract: The exploitable solar potential corre-
sponds to more than twice the �nal human con-
sumption of energy in 2019. Yet, only 0.2 % of
this potential is used today for photovoltaic con-
version. Crystalline silicon, which holds 95 % of
the market, is an advanced technology, with cur-
rently made modules showing a power conversion
e�ciency around 20 %. However, the power con-
version e�ciency is not the only parameter to con-
sider when choosing a photovoltaic technology. Its
environmental impact, the dependence of its power
conversion e�ciency on the illumination and tem-
perature conditions, and the match between the
PV technology characteristics and the application
are also key factors. Consequently, there is room
for other technologies than c-Si, including less ef-
�cient ones.

In particular, amorphous silicon is an abundant
material with no need for an energy-costly puri�ca-
tion process. Besides, it is non-toxic and displays
excellent optical properties. The main drawback
is its poor material quality, limiting the transport
distance of the minority charge carriers. This is-
sue can be solved in core-shell nanowires, where
the direction for the absorption of the light and
for the collection of charge carriers are separated.
Moreover, these cells can be grown on various sub-
strates (usually glass) at low temperatures. Low-
cost, large-area working solar cells can hence be
obtained.

I showed that the solar cells made of
silicon/amorphous silicon (a-Si:H) core-shell
nanowires are �rst limited by the top contact.
It has to be both transparent and conductive. I
developed a hybrid electrode, made of ITO (able
to connect every single Si nanowire) and silver
nanowires (able to make a conductive network
on top of the Si NW/a-Si:H). I optimized the

electrode properties directly on the device and in-
creased the power conversion e�ciency from 4.3 %
to 6.6 %.

One of the main shortcomings of the silver
nanowires (Ag NWs) is their degradation with
time. We encapsulated them in a titanium-
doped ZnO layer to protect them. I moni-
tored their degradation with scanning electron mi-
croscopy, measurements of total transmittance and
re�ectance, and measurements of the sheet resis-
tance. This study showed that the properties of
bare silver nanowires are not degraded over more
than a year. Yet, they had not been exposed to
light or current stress. Light and current would
nonetheless be present in the use of the solar cell.
The same study under illumination or with current
would be needed.

The cells made of Si NW/a-Si:H with the hy-
brid contact are expected to be �exible. However,
SEM observations showed cracks in the Si NW ar-
ray. Because they are dense, Si NWs behave al-
most as a thin �lm and lose their �exible feature.

We also wanted to understand the change in
performance under strong illumination. Comparing
I-V curves of a Si NW/a-Si:H with a planar a-Si:H
and a crystalline silicon solar cells evidenced di�er-
ent phenomena, reversible or not. In particular, it
showed the Staebler-Wronski e�ect, typical of a-
Si:H, and the consequences of the glass substrate
on the increase of temperature and the drastic loss
in performance.

In addition, I used the EBIC technique (elec-
tron beam induced current) on various structures.
I observed the Si NW/a-Si:H in plane-view. I also
characterized III-V nanowires on silicon for tandem
solar cells. Finally, I also characterized GaN/InGaN
nanowires for electroluminescent diodes.
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Synthèse en français

Une alternative aux énergies fossiles est désormais nécessaire. Parmi les sources possi-
bles d’énergies renouvelables, l’énergie solaire est particulièrement prometteuse, puisque
son potentiel utilisable représente plus du double de la consommation finale humaine en
2019. Néanmoins, elle reste relativement peu exploitée : seulement 0.2 % du potentiel
est aujourd’hui utilisé par la technologie photovoltaïque (le solaire thermique est nég-
ligeable en comparaison), ce qui correspond à ∼0.6 % de la consommation énergétique
(Figure 1 (a)). Le silicium cristallin représente 95 % du marché actuel avec des modules
actuellement produits d’une efficacité supérieure à 20 %. Néanmoins, l’efficacité de con-
version n’est pas le seul facteur pour choisir une technologie photovoltaïque (PV). En
particulier, son impact environnemental, sa résistance aux conditions extérieures (niveau
d’illumination, température...) ou son adéquation avec l’application choisie (flexibilité...)
sont également déterminants. Des technologies alternatives ont donc leur place dans le
mix photovoltaïque.

En particulier, le silicium amorphe constitue un matériau abondant, non toxique, aux
excellentes propriétés optiques. Il présente des limitations électriques, mais l’utilisation
de nanofils permet de remédier à ce problème. Les nanofils sont des structures de fort
rapport d’aspect avec un diamètre inférieur à un micron. Ils peuvent être constitués de
différents matériaux et permettent notamment une meilleure absorption de la lumière.
De plus, l’emploi d’une structure radiale, ou cœur-coquille, permet de séparer les di-
rections de propagation de la lumière et de collection des porteurs de charge. Ainsi, la
distance à parcourir pour les porteurs de charge est diminuée, ce qui est particulièrement
bénéfique pour les matériaux dont les porteurs présentent de faibles mobilités.

Les nanofils utilisés sont schématisés sur la Figure 1 (b), avec leurs dimensions. Ils
sont composés d’un cœur de silicium cristallin dopé p, élaboré par PECVD (dépôt chim-
ique en phase vapeur assisté par plasma) avec un catalyseur d’étain, et d’une jonction
p-i-n en silicium amorphe (a-Si:H), déposée par PECVD. Le contact arrière est consti-
tué de FTO (oxyde d’étain dopé au fluor) ou d’un ensemble argent/AZO (oxyde de zinc
dopé à l’aluminium). La croissance des nanofils peut se faire sur tout type de substrat
(typiquement du verre), à faible température (<400 ◦C pour le cœur, 180 ◦C pour la
coquille). Ainsi on peut obtenir des performances correctes sur de larges surfaces et à
faible coût en limitant l’utilisation de matériau. Le record d’efficacité pour ces cellules
est aujourd’hui de 9.2 % [Misra 2015b].

Dans ce travail, j’ai montré que les cellules à base de nanofils cœur-coquille silicium
et silicium amorphe (Si NW/a-Si:H) sont d’abord limitées par leur contact supérieur.
Comme celui-ci est situé du côté de la lumière, il doit être à la fois conducteur et
transparent. Même sur une structure planaire, il y a un compromis à trouver entre ces
propriétés, puisque les porteurs de charge responsables de la conduction réfléchissent
et absorbent la lumière. Des matériaux efficaces ont été développés pour les surfaces
planaires, notamment les oxydes transparents conducteurs (TCOs) comme l’ITO, mais
leur dépôt est modifié lorsque le substrat est nanostructuré. Ainsi, sur les nanofils Si
NW/a-Si:H, la couche d’ITO déposée par pulvérisation cathodique n’est pas du tout
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Figure 1: (a) Potentiel solaire exploitable comparé à la consommation humaine finale et
à l’énergie consommée provenant du photovoltaïque. L’énergie est en exajoule (1018 J).
(b) Schéma en coupe des nanofils Si NW/a-Si:H.

conforme. Même avec l’épaisseur optimale, la couche est très épaisse sur le dessus du
nanofil et de plus en plus fine sur ses flancs. Cela induit des pertes optiques pour une
conduction latérale qui reste médiocre. De plus, un seul matériau ne peut suffire à
assurer le transport des porteurs de charge sur les échelles très différentes présentes (du
nanofil individuel, 300 nm, à la cellule complète, 4 mm). Pour cette raison, le recours à
un hybride est bénéfique. Dans notre cas, nous avons choisi d’allier l’ITO aux nanofils
d’argent (Ag NWs), qui sont de très bon conducteurs. L’ITO est capable de connecter les
nanofils Si NW/a-Si:H, tandis que le réseau de nanofils d’argent permet un maillage, ce
qui assure une collecte du courant sur l’ensemble de la cellule. La Figure 2 (a) présente
une coupe en microscopie électronique à balayage (MEB) d’une cellule solaire avec un
contact hybride fait d’ITO et de nanofils d’argent. L’utilisation d’un hybride augmente
le nombre de degrés de liberté accessibles pour l’optimisation et permet de décomposer
l’optimisation en plusieurs étapes. Comme la nanostructuration de la cellule modifie les
dépôts normalement prévus pour des substrats planaires, une optimisation directement
sur la cellule est nécessaire. Cela empêche la mesure directe de la transparence et de la
résistance de l’électrode.

Dans un premier temps, j’ai optimisé la transparence de la couche d’ITO. Pour la
caractériser, j’ai utilisé des mesures EQE (efficacité quantique externe). La mesure du
courant généré dans la cellule à très faible illumination permet de se défaire des prob-
lèmes de conduction. Comme le reste de la structure de la cellule est identique, nous
avons pu comparer les électrodes. Parmi les épaisseurs testées (correspondant à 40 nm,
80 nm, 240 nm sur un substrat planaire), 80 nm a montré la plus grande transparence,
grâce à une faible absorption et un effet d’anti-réflexion. Un revêtement plus conforme
pourrait permettre une amélioration supplémentaire. Pour tester cette hypothèse, j’ai
remplacé l’ITO par du TZO (oxyde de zinc dopé au titane) déposé par ALD (dépôt par
couche atomique). Les mesures I-V ont montré que cela mène à de faibles résistances
parallèles, car l’oxyde peut contacter électriquement la cellule planaire parasite, de mau-
vaise qualité, et les possibles défauts. J’ai donc conservé l’ITO déposé par pulvérisation
pour l’oxyde transparent et conducteur. J’ai ensuite déterminé la densité optimale de
nanofils d’argent en comparant les performances des cellules solaires avec un contact hy-
bride {ITO 80 nm / Ag NWs} sous illumination AM1.5G. Comme attendu, les nanofils
d’argent diminuent la résistance de série. Avec une faible densité, ils mènent aussi à
une augmentation du courant de court-circuit Jsc. En effet, malgré les pertes optiques
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induites, ils permettent une meilleure collection des (moindres) charges générées. Au
delà de 9 µg/cm2, les pertes optiques sont prédominantes et Jsc diminue. La densité
optimale (16 µg/cm2) correspond à une faible résistance de série Rse et à un Jsc qui reste
élevé. Grâce au contact hybride, l’efficacité de conversion de la cellule est augmentée
de 4.3 % à 6.6 % (Figure 2 (b)). Cette amélioration provient de l’augmentation de Jsc
(amélioration de la transparence et de la conduction) et du facteur de remplissage, ou
fill-factor (amélioration de la conduction).
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Figure 2: (a) Image MEB en coupe de nanofils Si NW/a-Si:H avec un contact hybride
{ITO 80 nm / Ag NWs}. (b) Courbes J-V d’une cellule avec le contact optimal pour de
l’ITO seul (bleu) et avec un contact hybride (orange).

L’un des inconvénients principaux des nanofils d’argent est leur dégradation dans le
temps. De nombreuses études ont mis en avant cette dégradation, qui survient parfois en
quelques semaines. Il y a deux causes principales : la corrosion de l’argent par le soufre
présent dans l’atmosphère, fortement accélérée par l’humidité ambiante, et l’instabilité
thermodynamique des fils. Cette dégradation se traduit d’abord par des nanoparticules,
qui peuvent d’abord être observées au MEB (Figure 3 (a)). Les fils sont finalement
hachés et la conduction électrique est perdue.

Pour empêcher cette dégradation, les nanofils ont souvent été encapsulés dans des
matériaux devant les protéger. Nous avons choisi d’utiliser le TZO déposé par ALD.
Grâce aux bonnes propriétés optiques et électriques du TZO, cette couche permet la
protection des nanofils tout en faisant partie de l’électrode finale. Pour suivre la dégra-
dation des nanofils d’argent, j’ai réalisé un dépôt de nanofils sur du verre et sur des
substrats verre/ITO (chimiquement proche de l’environnement en cellule). Un échan-
tillon témoin n’a pas été protégé. Sur les autres, ces différentes couches de protection
ont été ajoutées : 5 nm, 10 nm, 20 nm de TZO déposé par ALD ou 20 nm d’ITO par
pulvérisation cathodique. A cause de l’inertie chimique de l’argent, les dépôts de 5 nm
et 10 nm de TZO n’ont pas suffi à recouvrir les fils. J’ai aussi observé un dépôt différent
sur les nanofils d’argent en fonction du substrat sur lequel ces derniers étaient déposés.

J’ai suivi la dégradation des nanofils par l’observation en microscopie électronique à
balayage, et par des mesures de transmittance et réflectance totales et de résistance de
couche R□. Ce suivi régulier s’est déroulé sur 20 mois. Je n’ai pas observé de changement
significatif dans les propriétés optiques (Figure 3 (b)). La résistance de couche Rsheet
est assez stable, et reste bien inférieure à celle de 80 nm d’ITO (47 Ω/□), mais les
mesures étant très dispersées, il n’y a pas de conclusion plus précise (Figure 3 (c)).
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L’observation au microscope a montré des nanoparticules typiques de la corrosion des
nanofils d’argent, mais leur nombre et leur taille restent limités. Ces particules n’ont
été observées que sur les fils nus, car il n’est pas possible de les distinguer du TCO
en microscopie pure. Cette étude montre que les nanofils d’argent sont stables sur une
échelle de plus d’un an. Néanmoins, ils n’ont pas été exposés à d’importants niveaux de
courant ou d’illumination. Or, la lumière et le courant peuvent accélérer la dégradation
et seront nécessairement présents lors de l’utilisation d’Ag NWs sur des cellules solaires.
La même étude sous illumination et/ou courant serait donc utile.
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Figure 3: (a) Image MEB de nanofils d’argent dégradés. De petites nanoparticules
(∼10 nm de diamètre) sont visibles à la surface. (b) Mesures répétées sur 20 mois
de la transmittance totale d’un échantillon verre/Ag NWs sans couche de protection.
(c) Évolution temporelle de la résistance de couche R□ pour le même échantillon.

Les cellules solaires majoritaires sont constituées de matériau inorganiques, peu flex-
ibles. Or, la flexibilité est nécessaire pour certaines applications (bâtiment, procédure
rouleau à rouleau (roll-to-roll process)). Pour un matériau donné, un changement de
structure peut limiter la contrainte et améliorer la flexibilité de l’ensemble. En partic-
ulier, les ensembles de nanofils verticaux sont intrinsèquement flexibles, car le rayon de
courbure typique est bien plus grand que le diamètre d’un nanofil (>mm contre < µm).
Cependant, le contact supérieur nécessaire pour connecter tous les fils est également
soumis à des contraintes mécaniques et peut limiter l’efficacité de la cellule. Le contact
hybride devrait être moins sensible à la flexion. Le réseau de nanofils d’argent peut
en effet se déformer pour s’adapter à la flexion. L’oxyde conducteur peut potentielle-
ment rompre, mais le maillage de nanofils d’argent fera la jonction électrique entre les
morceaux.

Nous avons donc fabriqué des cellules faites de Si NW/a-Si:H sur du verre flexible
(70 um d’épaisseur) et testé leur performance sous illumination AM1.5G, avec différentes
flexions. J’ai testé 29 cellules au total avec des rayons de courbure allant jusqu’à ∼2 cm.
Les résultats sont résumés dans la Figure 4 (a). La Figure 4 (b) est une photographie
d’un échantillon sous flexion. 5 cellules ont montré une forte dégradation, principalement
due à une résistance de shunt plus faible, même si certaines ont été complètement court-
circuitées. 18 cellules n’ont montré aucune dégradation. Il semble que le contact n’était
pas limitant, qu’il soit d’ITO uniquement (risque de rupture) ou hybride (risque de
court-circuit par Ag NWs). Les mesures ont souvent été limitées par la fracture du
verre.
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Afin de mieux comprendre les mécanismes possibles de dégradation, j’ai utilisé la
technique d’EBIC (courant induit par faisceau électronique). Celle-ci consiste à exposer
une structure faite de semi-conducteurs à un faisceau électronique qui excite des paires
électron-trou dans le matériau. En présence d’une jonction, et d’un contact aux bornes
du dispositif, un courant est mesuré. Cela permet de réaliser une carte du courant généré
et collecté en tout point avec une très bonne résolution spatiale (celle-ci est limitée par
la poire d’interaction, i.e. volume dans lequel sont générées les paires). De plus, cette
carte peut être comparée à la morphologie de l’échantillon obtenue par la microscopie
électronique. La comparaison de cellules dégradées et non-dégradées après flexion n’a pas
mis en évidence de différence claire. J’ai donc décidé de réaliser des observations EBIC
directement sur une cellule en flexion. Pour cela, j’ai utilisé des feuillets métalliques
(Al et Cu) comme substrats. Malheureusement, la plupart des cellules avec des nanofils
Si NW/a-Si:H étaient court-circuitées (de nouvelles croissances devraient résoudre ce
problème). Néanmoins, l’observation au MEB a montré des fissures dans les cellules à
nanofils (Figure 4 (c)). Ceux-ci étant denses, ils ont un comportement qui s’approche des
couches minces et perdent leur flexibilité. De plus, des observations EBIC sur des cellules
planaires de silicium amorphe ont confirmé que les cartes EBIC permettent d’accéder à
des défauts électriques qu’on ne peut obtenir avec la microscopie uniquement. Malgré
cela, nous n’avons pu remonter à l’origine de la dégradation responsable de la baisse de
Rshunt.
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Figure 4: (a) Résultats des tests de flexion sous illumination. La légende indique
les différents contacts supérieurs utilisés. Je fais la distinction entre deux types de
dégradation : partielle (diminution de Voc, du facteur de remplissage et de Rshunt, en
jaune) et complète (diminution de Isc, Voc, du facteur de remplissage et de Rshunt, en
rouge). (b) Photographie d’un échantillon sur verre flexible lors d’une mesure sous
flexion. (c) Image MEB (vue de dessus) d’une cellule de Si NW/a-Si:H avec un contact
hybride après flexion. On peut observer une fissure centrale, qui passe entre les nanofils
de silicium (cadre blanc). Les nanofils d’argent sur le dessus joignent les deux parties.
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En raison des problèmes de collecte des charges dans le silicium amorphe, l’utilisation
de ce matériau dans les cellules solaires se limite à de faibles illuminations. De plus, ses
propriétés électriques se dégradent sous l’exposition à la lumière (effet Staebler-Wronski).
Pour ces raisons, on considère souvent le silicium amorphe comme un matériau ne pou-
vant résister à de fortes illuminations et peu d’études à ce sujet existent. Nous avons
voulu comprendre le changement dans les performances sous illumination monochroma-
tique à 532 nm (longueur d’onde adaptée à a-Si:H) et comparer le changement en fonction
de la structure (Si NW/a-Si:H ou a-Si:H planaire). La majorité des mesures présentées
sont faites sur une cellule avec un contact épais d’ITO. La cellule a un diamètre de
2 mm et la surface éclairée de 0.57 mm (utilisation d’un diaphragme de 800 µm). Pour
différentes illuminations jusqu’à 330 W/cm2, j’ai enregistré des courbes I-V pour une cel-
lule Si NW/a-Si:H, une cellule planaire de silicium amorphe et une cellule de référence en
silicium cristallin. A partir des courbes I-V, j’ai extrait les paramètres suivants : courant
de court-circuit (Isc), tension de circuit ouvert (Voc), facteur de remplissage (FF), effi-
cacité, résistances de série (Rse) et de shunt (Rshunt). De plus, j’ai répété des mesures
pour certaines illuminations après exposition à différentes puissances. Cela permet de
déterminer quels sont les changements réversibles ou irréversibles dans ceux observés.
J’ai distingué différents effets.

Dès les premières puissances (1.7 W/cm2), le facteur de remplissage diminue quand
l’illumination augmente (réversible). Cela s’explique notamment par la forte résistance
du contact supérieur et la faible mobilité des porteurs dans le silicium amorphe. J’ai
aussi observé une diminution du courant Isc. Elle correspond à un changement du
matériau, car elle irréversible dans le temps. Après exposition à des puissances plus
importantes (∼100 W/cm2), le niveau de courant initial est obtenu. L’effet Staebler-
Wronski, caractéristique de a-Si:H, en est la raison. Quand le matériau est exposé à
la lumière, des défauts sont créés. Ces défauts sont propices aux recombinaisons des
porteurs de charge et limitent le parcours de ceux-ci. Cet effet est réversible lorsque le
matériau est recuit. Dans notre situation, la température dans les fils augmente avec
l’illumination et un recuit in-situ se produit.

Dans un second temps (∼30 W/cm2), nous avons observé une très forte diminution de
Voc (réversible), qui se produit également pour la cellule a-Si:H planaire, mais pas pour c-
Si (Figure 5 (a)). Des mesures sous lumière pulsée (illumination de 1 ms à une fréquence
de 10 Hz) ne montrent pas ce changement, alors qu’une illumination continue avec le
même dispositif le montre. Cette diminution de Voc provient donc d’un phénomène
assez lent, probablement l’élévation de la température. Une mesure de l’évolution de
Voc en fonction du temps au moment de l’illumination confirme le temps important
nécessaire à cette décroissance (Figure 5 (b)). En parallèle, j’ai mesuré l’évolution
temporelle de la température de surface avec une caméra thermique. Celle-ci coïncide
avec la décroissance de Voc. Enfin, j’ai répété ces séries de mesure pour différentes
surfaces d’illumination (diaphragmes de 400 µm, 800 µm, et 1400 µm). La décroissance
de Voc dépend majoritairement de la puissance totale, ce qui est en accord avec des
effets thermiques. Ceux-ci peuvent provenir de la faible conductivité thermique du
silicium amorphe comparé au silicium cristallin, ou du substrat (verre pour a-Si:H, c-Si
pour c-Si). Des mesures de la température de surface pour une cellule de nanofils Si
NW/a-Si:H avec du silicium cristallin comme substrat ont montré que l’augmentation
de la température était principalement due au verre. Malheureusement, je n’ai pas pu
réaliser les mesures I-V sur la cellule de nanofils Si NW/a-Si:H sur c-Si.
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Pour des illuminations encore supérieures (∼60 W/cm2), j’ai aussi observé une diminu-
tion (réversible) du courant Isc. J’ai montré qu’elle était vraisemblablement causée par
l’augmentation des recombinaisons (due à la température) associée à un faible facteur
de remplissage.

Enfin, au-delà de ∼160 W/cm2, les performances de la cellule ont été fortement
dégradées (Isc, Voc, FF). Ce changement irréversible est probablement la conséquence
d’une seconde dégradation du matériau par la création de défauts sous illumination (effet
Staebler-Wronski). Néanmoins, d’autres phénomènes sont possibles. En particulier, les
mesures avec le diaphragme de 400 µm ont conduit à une cristallisation partielle du
silicium amorphe en silicium cristallin, ainsi qu’à des fissures dues à la température.
Cela n’a pas été observé pour les autres illuminations, pour lesquelles les densités de
puissance étaient plus faibles. Toutefois, on ne peut exclure ce phénomène à une plus
petite échelle, indiscernable au microscope électronique à balayage.
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Figure 5: (a) Tension de circuit-ouvert Voc en fonction de la puissance d’illumination
pour une cellule à nanofils (Si NW/a-Si:H), une cellule de silicium cristallin (c-Si) et une
cellule planaire de silicium amorphe. (b) Evolution temporelle de Voc (bleu, gauche) et
de la température maximale mesurée en surface (orange, droite). Le laser est allumé à
t = 0 s. Des cartes de température montrent la répartition spatiale de la température.

Par ailleurs, j’ai pu utiliser la technique EBIC sur de nombreuses structures, détaillées
en annexe. J’ai observé les cellules à base de Si NW/a-Si:H en vue de dessus. En
particulier, j’ai mis en évidence la dégradation des propriétés électriques de a-Si:H sous
le faisceau électronique. La tension d’accélération utilisée pour une mesure EBIC est un
paramètre déterminant. J’ai montré que pour les nanofils Si NW/a-Si:H avec un contact
épais d’ITO (240 nm), celle-ci devait dépasser 15 kV.

J’ai également caractérisé des cellules solaires à nanofils III-V sur silicium pour tan-
dem, élaborées par gravure ou par croissance de nanofils. Lorsqu’un contact supérieur
est déposé sur les nanofils, l’observation EBIC permet de comparer les propriétés entre
les fils et de déterminer l’homogénéité de l’ensemble (Figure 6 (a)). De plus, l’utilisation
de l’EBIC permet de vérifier la présence des différentes jonctions : la jonction principale
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présente dans les nanofils (Figure 6 (b), gauche) et la jonction tunnel qui fait la con-
nexion électrique entre les deux cellules (Figure 6 (b), droite). Je n’ai pas pu mettre en
évidence la jonction de la cellule silicium. L’illumination avec le faisceau électronique
est ponctuelle. Or, une cellule tandem à deux bornes nécessite qu’un même courant
passe dans les deux cellules. Si une des cellules n’est pas éclairée, elle limite le courant
qui peut être collecté aux bornes de la cellule tandem.

Finalement, j’ai aussi caractérisé des nanofils GaN/InGaN, à jonction axiale ou radi-
ale, destinés à la fabrication de diodes électro-luminescentes. La caractérisation des fils
axiaux a notamment permis de mettre en évidence une inhomogénéité dans la croissance.
Seuls les fils correspondant à la structure attendue ont été électriquement contactés et
un dispositif luminescent a pu être fabriqué.

(b)

0.5 V

-5 V

2 µm

0 V
(a)

Figure 6: (a) Image MEB (gauche) et carte EBIC associée (droite) d’une cellule tandem
composée d’un ensemble de nanofils cœur-coquille GaAs/InGaAs sur silicium. La jonc-
tion radiale des nanofils est visible. Un contact supérieur d’ITO permet de collecter le
courant provenant de nombreux nanofils. (b) Superposition de carte EBIC et d’image
MEB d’un nanofil InGaP sur silicium. Le courant associé à la jonction p-i-n axiale est
collecté lorsqu’une polarisation inverse (ici V > 0) lui est appliquée (gauche). Lorsqu’une
polarisation directe est appliquée, d’autres jonctions, de polarité opposée, peuvent être
observées (droite). Ici, il s’agit un contact Schottky entre le semi-conducteur et la pointe
(haut du nanofil) et de la jonction tunnel (pied du nanofil).



General introduction

In 2021-2022, the Intergovernmental Panel on Climate Change (IPCC) has issued its
sixth assessment report2. It confirmed the modification of climate caused by greenhouse
gases from anthropogenic origin. Although the alteration is irreversible, different miti-
gation and adaptation scenarios are still possible depending on the actions carried out
worldwide. In particular, the third part of the report deals with the mitigation of climate
change and recalls the necessity of low-to-no-carbon energy sources to reach a zero net
greenhouse gases society. In scenarios that limit the global warming below 2 ◦C, low-
carbon sources would produce more than 93% of global electricity by 2050 [Clarke 2022].
As an indication the final energy consumption in 2019 was 418 EJ (418×1018 J). Figure 7
shows the share of electricity in this consumption and the distribution of today’s low
carbon energy sources in electricity. It evidences that the shares of the recent renewable
energies, photovoltaics (PV) and wind energy, are still small.

Figure 7: (a) Distribution of energy sources in the total final consumption (TFC),
(b) share of low-carbon electricity in the electricity generation and (c) distribution of
energy sources in the low-carbon electricity mix. PV stands for photovoltaics, Other
comprises geothermal, thermal solar (1 % of all solar) and marine energy. With data
from [Clarke 2022]. All values correspond to 2019.

PV relies on the conversion of solar energy to electricity. Its potential is tremen-
dous, as it corresponds to more than twice the final consumption of energy by human-
ity in 2019. Even after subtracting the part needed for land-use, the energy reach-
ing the Earth’s surface amounts to 300 PWh (300×1015 Wh) per year (1080 EJ/yr)
[Dupont 2020]. Still, as is clear in Figure 8, only a small percentage is used. Nonetheless,
thanks to the development of technologies (and the resulting lower cost) and policies,
the PV installation is increasing rapidly (+170 % increase in the share of consumed
energy between 2015 and 2019).

In 2020, 95 % of solar PV is made of crystalline silicon, and good-efficiency modules
give a ∼20.4 % power conversion efficiency [Fraunhofer ISE 2022]. Nonetheless, although

2https://www.ipcc.ch/reports/?rp=ar6

https://www.ipcc.ch/reports/?rp=ar6
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Figure 8: Exploitable solar potential, compared to the total final consumption (TFC)
and to the actual energy generated by PV in 2019. With data from [Clarke 2022].

crystalline silicon performs better (today) than most PV technologies, especially on the
scale of panels, the power conversion efficiency is not the only parameter for choosing a
PV technology. In particular, the following factors are also important for a widespread
and low-carbon PV:

• the environmental impact of the system,

• the dependence of the power conversion efficiency on the illumination and temper-
ature conditions,

• the match between the PV technology characteristics and the application.

The environmental impact of the system can be estimated through life cycle assess-
ments. The common criteria for comparison are the energy payback time EPBT (time
required to produce the energy needed for the fabrication), or the energy return on in-
vestment EROI (amount of energy produced over the lifetime of a panel compared to the
energy needed for the fabrication) and the emission of greenhouse gases per kWh (given
in g CO2-eq./kWh). Other environmental effects, such as the land use and the impact
on biodiversity, should be assessed as well [Hertwich 2015]. They are however less de-
pendent on the technology. From several studies, it appears that thin-film PV performs
much better environmentally than Crystalline silicon (c-Si), due to the huge amount of
energy and the acid needed for the silicon purification (1.6 kg HCl at 30 % for 1 kg
solar-grade Si) [Frischknecht 2020, Liu 2020, Louwen 2017]. Cadmium Telluride (CdTe)
shows a particularly low impact in terms of energy and greenhouse gase emissions, while
Hydrogenated amorphous silicon (a-Si:H) remains behind due to its lower efficiency.
However, CdTe or Copper Indium Gallium Sulfide (CIGS) require materials that are
less abundant than silicon, and even highly toxic for cadmium. In addition, whereas
the standard test conditions (1 Sun illumination, 25 ◦C) allow for comparison between
technologies, the change in the performance of different technologies with illumination
(direct or diffuse, illumination power and angle) or with temperature is not taken into
account. Yet, it can affect their actual conversion efficiency depending on the location of
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the panels. Finally, different applications, for instance a utility-scale PV central, rooftop
PV or small on-device solar cells, have different requirements. While they may be less
efficient, smaller installations allow for a distributed production of PV and reduce losses
due to transport. Consequently, there is room for other technologies than c-Si, including
less efficient ones.

Amorphous silicon, that is studied in this thesis, is an abundant material, which
does not require a high energy for fabrication, and better sustains moderate to high
temperatures. However, it is limited by the low mobility of its charge carriers. The
transition from thin films to radial-junction nanowires (NWs) helps to overcome this
issue. In addition, they could result in flexible solar cells that are low-cost and made
of inorganic materials. a-Si:H NW solar cells have been demonstrated already in 2010.
During my phD, I have analyzed different aspects related to their morphology and
material. The manuscript is organized as follows.

In chapter 1, I present the Si NW/a-Si:H solar cells. First, I recall some principle of
photovoltaics and the present status of PV technology, then I explain what nanowires
are and how they are beneficial for solar cells. I also give a detailed description of the
structure studied, made of arrays of Si NW/a-Si:H. Finally, I focus on the impact of
resistances in solar cells.

Indeed, the use of NWs affects the collection of current at the scale of the cell
because of a high series resistance. In chapter 2, I explain why the collection of current
is difficult in the Si NW/a-Si:H solar cells and evidence the advantage of using a hybrid
electrode (made of two materials). This electrode consists in Indium Tin Oxide (SnO2-
In2O3) (ITO) and silver nanowires (Ag NWs). I describe how I optimized its optical
and electrical properties directly on the array of nanowires. Furthermore, I studied the
consequences of replacing ITO by Ti-doped ZnO deposited by Atomic-Layer Deposition
(ALD) and reported the conclusions.

On solar cells with a hybrid electrode, we observed the degradation of Ag NWs. To
prevent it, we used an encapsulation layer made of a conductive and transparent oxide.
I assessed the change in the morphology and optical and electrical properties over more
than a year. All details are given in chapter 3.

Thanks to the standing NWs and to the hybrid electrode, we expect the resulting
solar cell to be flexible. In chapter 4, I report the bending tests carried out under
illumination and the observation of bent cells in a SEM chamber and with EBIC.

Finally, in chapter 5, I focus on the properties of amorphous silicon in order to
understand the actual limitations of the material and how they are affected by the
NW architecture. To this end, I compared the performance of solar cells made of Si
NW/a-Si:H, c-Si and planar a-Si:H under high illumination with monochromatic light
at 532 nm. I observed multiple changes and disentangled the different causes.

In addition, I describe Electron-Beam Induced Current (EBIC), a characterization
tool that gives access to the microscopic electrical properties of solar cells. I carried
out EBIC observations of various structures. Although they are not directly related to
the main topic of the thesis, they show the assets of this tool for the understanding of
semiconductor junctions. They are reported in Appendix A.
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6 Chapter 1. Introduction

1.1 Solar cells

1.1.1 Principle

A solar cell is a device which absorbs light and generates an electrical power from it. Its
Power Conversion Efficiency (PCE) can be determined by comparing the two powers,
the maximal electrical one P el

max and the incoming light power P light,

PCE = P el
max

P light . (1.1)

To obtain a solar cell, a semiconductor is needed, as it enables the transformation of
the light to electrochemical power. As is displayed in Figure 1.1 (a), photons from
the incoming light can be absorbed by the semiconducting material with their energy
transferred to the material, which creates electron/hole (e−/h+) pairs. For an efficient
solar cell, the photogenerated charge carriers must be extracted. It requires a separation
of the charge carriers to be collected at opposite contacts. Asymmetric structures are
used to this end, such as the p-n junction.

A semiconductor material is characterized by its band gap energy Eg. As displayed
in Figure 1.1 (b), only photons of a higher energy (i.e. shorter wavelength) are absorbed.

e-

h+

Load

Ec

Ev

Conduction band

Valence band

(b)

e-

h+

(a)

Eg

Light

Figure 1.1: (a) Sketch of a solar cell in use. The asymmetric structure is shown through
the colors used for the different layers. The use of different materials or doping types
ensures the collection of carriers. (b) Schematic band diagram of a semiconductor with
band gap energy Eg with incoming blue or red light.

The power conversion efficiency of solar cells has intrinsic, physical limitations, de-
scribed and modeled by Shockley and Queissler [Shockley 1961, Guillemoles 2019], which
are imposed by the balance between the absorption losses and thermalization losses.
With the optimal band gap energy (1.34 eV), the highest power conversion efficiency
that can be reached is 33 %. New structures and setups, such as multi-junction solar
cells and Concentration Photovoltaics (CPV), have been developed to overcome these
limitations, with an ultimate record of 47.1 % for a multijunction cell under concentra-
tion [Geisz 2020].

1.1.2 I-V characteristics

I-V curves I-V curves are the most important characterization of solar cells. A voltage
is applied and the current is measured. Figure 1.2 shows an example of a J-V curve
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(I-V curve where the current density J is displayed) under illumination. The maximal
power that the solar cell can generate per unit area, Pmax, can be determined as well
as the corresponding maximal power point (mpp). From this value, the performance
of the solar cell under a given illumination is obtained and different solar cells can be
compared.
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Figure 1.2: J-V curve of a solar cell. The maximal power per unit area Pmax is shown
with ♦.

Other parameters can be extracted that also describe the performance of the device,
they are shown in Figure 1.2. In particular, the short-circuit current density Jsc, the
open-circuit voltage Voc and the fill-factor FF help to understand the limitations of the
device.

Jsc, Voc, FF The short-circuit current density corresponds to the highest current
density that could be extracted from the cell (however, without power since V = 0 V).
It strongly depends on the absorption of light by the device. Conversely, the open-circuit
voltage corresponds to the highest voltage that could be obtained from the cell (however,
without power since I = 0 A). It is mostly determined by the energy of the collected
carriers (via the band gap energy and the contacts). The fill-factor FF compares the
obtained power per unit area to the upper limit set by Jsc and Voc,

FF = Pmax
JscVoc

. (1.2)

The fill-factor describes the good collection of carriers: ideally all carriers should be
collected, without losing any energy. In Figure 1.2, the fill-factor corresponds to the
ratio of the dark blue area to the light blue one. It can also be understood as the
squareness of the I-V line. It is a complex parameter that depends on various param-
eters in the device. High fill-factors are above 75 % up to 85 % for the record cells
[Yoshikawa 2017, Peng 2021]. More information can be found in I-V curves, but it
requires a more thorough analysis.
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Standard illumination Standard conditions (temperature and illumination) have
been stated to compare different PV technologies. The standard illumination for flat
panels is called AM1.5G and is shown in Figure 1.3. It was initially determined from
sunny sites of measurements in the US. It corresponds to a total power density of
1000 W/m2 (or 100 mW/cm2) and to a wavelength distribution close to the sunlight
reaching the earth surface. AM1.5 stands for Air Mass 1.5, because the sunlight has
gone through 1.5 atmosphere (due to the angle). This lowers the overall power density
and add specific features. G stands for global and takes into account both the direct and
diffuse light. Other standards are used for concentration Photovoltaics (PV) (direct +
circumsolar air mass 1.5, AM1.5D) or spatial PV (extraterrestrial spectrum, AM0).

Figure 1.3: AM0 and AM1.5G standard spectra. The absorption due to the atmosphere
(UV light and molecular bands in the IR) is clear. The visible part of the spectrum is
shown with colors. From PV Lighthouse website.

1.1.3 p(i)n junctions

Principle A fundamental structure in today’s solar cells is the p-n junction. A p-
doped and an n-doped materials are combined.1 Because the electrons have different
potentials in the p-doped and n-doped materials, they move, until the potential, called
the Fermi level, is the same everywhere. The junction is at thermal equilibrium. It
results in the situation depicted in Figure 1.4 (a). A gradient in the electron concen-
tration (n) is obtained, as well as in the hole concentration (p). At the junction, the
concentration of carriers is very low. It is the depletion region. In addition, the opposite
charges create a built-in potential Vbi and an electric field.

p-n vs. p-i-n junctions A structure close to the p-n junction is the p-i-n junction,
where an intrinsic (non-doped) layer is inserted between the doped regions. Figure 1.4
shows the features of a p-n and a p-i-n homojunctions at thermal equilibrium. In a p-n
junction, the electric field is localized at the junction. Only carriers generated generated
in the depletion region or able to reach it through diffusion will take advantage of the
field. It is an issue for materials with short diffusion lengths, since the collected current
will be generated only over a very thin layer. In a p-i-n junction, the equilibration
between electrochemical potentials from the p- and n-doped regions results in charged

1If the same material is used, it is a homojunction, if not a heterojunction.

https://www2.pvlighthouse.com.au/resources/courses/altermatt/The%20Solar%20Spectrum/The%20global%20standard%20spectrum%20(AM1-5g).aspx
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Figure 1.4: Schematic energy band diagram with the valence and conduction band
edges (Ev and Ec) and the Fermi level EF (top), electric field (middle) and logarithmic
concentration of carriers (bottom) in (a) a p-n junction and (b) a p-i-n junction at
thermal equilibrium (dark, no applied voltage). N−

a is the concentration of ionized
acceptors and N+

d is the concentration of ionized donors.

regions at the p/i and i/n interfaces. The electric field spans across the whole intrinsic
layer, which makes the collection of carriers generated in this region easier. For the
same doping of the p and n regions, the magnitude of the electric field is lower in a
p-i-n junction than in a p-n one. In addition, the actual depletion width (shaded region)
is smaller. As detailed in [De Lépinau 2020], it can be highly beneficial for core-shell
nanowires, where (thin) doped regions can be fully depleted if the doping is too low.

1.1.4 Out of equilibrium

Figure 1.4 displays the features of p-n and p-i-n junctions at thermal equilibrium. All
carriers share the same electrochemical potential and there is no current. Yet, a solar
cell is used out of equilibrium. When carriers are injected, either from external light or
under bias, the cell is out of thermal equilibrium2 and currents are created. A steady-
state can be reached (no change in the carrier-density at a given position with time,
∂n/∂t = 0), but the band diagrams, currents, potentials, carrier densities are different
from thermal equilibrium.

Quasi-Fermi levels Since the solar cell is not at thermal equilibrium when used,
there is no Fermi level common to all carriers. However, in one band, thermalization
is fast and the population of the band is at equilibrium. A quasi-Fermi level can be
used to describe the population of the band. With Fn and Fp the quasi-Fermi levels for
electrons and holes respectively, and in the case of non-degeneracy (Fn ≪ Ec, Fp ≫ Ev),
the Maxwell-Boltzmann distribution is used instead of the Fermi one. It leads to

2There is also some carrier injection under thermal equilibrium, but it is fully related to the temper-
ature, either generation via thermal or generation via optical from radiations of the black body.
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Fn = Ec + kbT ln
( n

Nc

)
, (1.3a)

Fp = Ev + kbT ln
( p

Nv

)
. (1.3b)

Electrons and holes collected at each contact do not have the same potential. The
difference Fn − Fp is called the Quasi-Fermi Level Splitting (QFLS) and corresponds to
the maximum voltage that can be obtained.

(a) (b)
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Figure 1.5: Schematic energy band diagram (top), electric field (middle) and logarithmic
concentration of carriers (bottom) for a p-n junction under (a) forward and (b) reverse
bias.

Bias When a bias (i.e. a voltage) is applied to the cell, carriers are electrically injected.
Under forward bias (see Figure 1.5 (a)), electrons are injected through the n-doped
region. They are pushed to the depletion region, where they start filling the donor
states that were depleted. The depletion region shrinks and since there are less charges,
the electric field decreases. More carriers can overcome the barriers and recombine. The
diode current, called recombination current, increases. Conversely, under reverse bias
(Figure 1.5 (b)), the depletion region becomes larger, the electric field is increased. The
current, called (reverse) saturation current, corresponds to the carriers generated close
to the depletion region that can be drifted to the region where they are the majority
carriers.

Illumination Illumination generates an excess density of carriers in the cell. It affects
the Fermi level of charge carriers and reduces the electric field, as shown in Figure 1.6
for a p-i-n junction.

At a position x, the density of charge carriers is determined by the density at equilib-
rium, n0 or p0, and the excess density, δn = δp. In the n-doped region (superscript n),
nn(x) = nn

0 (x) + δnn(x) and pn(x) = pn
0 (x) + δpn(x). If this excess density is lower than

the concentration of majority carriers at equilibrium, i.e. δnn ≪ nn
0 and δpp ≪ pp

0, the
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cell is in the low-injection regime. Out of the depletion region, the distinction between
minority and majority carriers remains. Most of the theory of solar cells is done for a
low-injection regime, where the diffusion of minority carriers governs the recombination
current.

In the high-injection regime, δnn ≫ nn
0 , and nn ≃ δn ≃ p. In a doped region, the

density of majority carriers is mostly determined by the doping density. For a c-Si cell,
where the doping is typically around 2×1016 cm−3 in p-doped wafers, and for a lifetime
of electrons of 50 µs, it is already the case under 1 Sun (∼3×1016 pairs/cm3 at 500 nm
depth). Under high-injection, the diffusion of both charge carriers should be considered
in the transport equations (ambipolar diffusion) and some simplifications used for the
solving of equations in the low-injection regime are not valid anymore.

Figure 1.6: Band diagram of a p-i-n junction (a) in the dark and (b) under illumination
under open-circuit conditions. From [Luque 2003].

1.1.5 Solar cell equivalent circuit

One-diode model of solar cells The ideal behavior of a solar cell can be modeled
in an equivalent electrical circuit shown in Figure 1.7.

I

Id

Rseries

Rshunt

I� Ish

V

Figure 1.7: One-diode equivalent circuit of a solar cell as a power generator.

In this circuit, the properties of the device are modeled as lumped components. A
current source delivers a current Iϕ corresponding to the photocurrent. A diode, with a
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diode current ID, models the behavior of the p-n or p-i-n junction. Its current depends
on the voltage following the relation derived by Shockley [Shockley 1949]

ID = I0
[

exp
( qV

kbT

)
− 1

]
, (1.4)

where I0 is the reverse saturation current. The series resistance corresponds to dif-
ferent sources of resistance in the device. It is detailed in Section 1.4.2. Its effect is
mostly evident beyond Voc, but in some cases it can affect the I-V line around the mpp
and even close to short-circuit. It is given in Wcm2, with values as low as 0.32 Wcm2

(1.7×10−3 Ω) in present c-Si solar cells [Yoshikawa 2017]. The shunt resistance is a de-
scription of the alternative current paths that limit the collection of the photogenerated
current. The higher Rshunt is, the better the device. Its effect is clear at reverse bias
(V < 0), but when it is low, it can impact the I-V line around the mpp and even close
to open-circuit. It is given in Wcm2.

From the equivalent circuit, an equation governing the current delivered by a solar
cell under illumination can be derived,

I = Iϕ − I0
[

exp q(V + RseI)
kbT

− 1
]

− V + IRse
Rsh

. (1.5)

It describes the solar cell working as a power generator3. Iϕ, Isc, I0 and Voc are
positive values.

2-diode model and nid Depending on the mechanisms for recombinations and the
cell imperfections, the dependence of the diode current on the voltage can vary. A two-
diode model can be used, with each diode accounting for one recombination mechanism,
or an ideality factor, nid, can be added.

ID = I0
[

exp
( qV

nidkbT

)
− 1

]
. (1.7)

The diode ideality factor nid governs the rectifying behavior of the cell. Its impact
is mostly seen around the maximal power point in the I-V curve.

1.1.6 PV technologies

Among the single junction solar cells under AM1.5G, the highest efficiency (29.1 %) has
been obtained with GaAs. III-V materials are efficient, but expensive and their use is
limited to spatial applications or CPV. Crystalline silicon is the leader of mainstream
PV, with a 95 % share of the market [Fraunhofer ISE 2022]. The technology is advanced,
with high record efficiencies as well for cells (26.7 %) as for commercial modules (20.4 %
in average, up to 22.4 %). However, it needs a rather thick absorbing layer (∼200 µm)

3However, when applying voltage to the cell, it works as a passive component. The I-V curve as
measured corresponds to the passive convention and would be described with

I = −Iϕ + I0

[
exp q(V − RseI)

kT
− 1

]
+ V − IRse

Rsh
. (1.6)

In this case, Isc is negative. We chose to display the I-V curves as they were recorded, i.e. following
the passive convention. Nonetheless, for an easier understanding, we refer to the absolute value of Isc.
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and a high purity. The purification requires a large amount of energy and the use of
hydrocholoric acid (1.6 kg HCl at 30 % for 1 kg solar-grade Si) [Frischknecht 2020].
Thin-film solar cells (e.g. CIGS, CdTe or amorphous silicon (a-Si:H)) are a few µm
- even a few 100s nm - thick. Apart from a-Si:H, they display good record efficiencies
(23.4 % for CIGS, 22.1 % for CdTe). They represent the remaining 5 % share of the
market, mostly with CdTe. Perovskite solar cells have experienced a tremendous
development since 2010, reaching 25.7 % efficiency today. They are a family of hybrid
organic-inorganic or fully inorganic materials in a crystalline structure called perovskite.
They display a high absorption coefficient and a variety of compositions and properties
can be obtained. Nonetheless, their lack of stability impedes their widespread use.
Finally, one can also mention organic (18.2 %), dye-sensitized (DSSC) (12.3 %),
quantum dot (18.1 %) and kesterite (13.0 %) solar cells.

The record efficiencies for each family are summarized in the NREL chart4, which
displays a good overview of technologies and their history. The record details can also
be found in the biannual review by Green et al. [Green 2022], where modules record
efficiencies are also presented.

Most of the established technologies are based on a planar structure (substrate and
stack of thin films). However, non-planar structures such as NWs can be beneficial to
solar cells regardless of the material.

1.2 Nanowire solar cells

1.2.1 Nanowires

Nanowires are structures with a high aspect ratio and a submicrometer diameter. They
are typically several tens to hundreds of nanometers thick and a few micrometers long.
Because of the high surface to volume ratio, they show properties that differ from the
bulk material. In particular they show singular optical, electrical and mechanical prop-
erties. Semiconductor nanowires are therefore very promising for new architectures in
many opto-electronic devices [Yan 2009].

Single NWs can be used, either lying or standing, but I will focus on arrays of
standing nanowires, that are required for efficient solar cells. These arrays can be
made from different materials, with different fabrication methods. This results in very
different structures (density, uniformity and vertical alignment between nanowires), as
shown in Figure 1.8.

1.2.2 Increased absorption

Nanowire arrays allow for an increased absorption compared to thin films, thanks to
their light trapping and low optical reflectance.

Origin Due to their small diameter and high refraction index, radial mode reso-
nances occur in single NWs illuminated along the NW axis and they act as waveguides.
Specific electromagnetic modes develop, depending on the diameter, and wavelength
[Fountaine 2014]. Figure 1.9 (a) displays the simulated electric field and absorbed

4https://www.nrel.gov/pv/cell-efficiency.html

https://www.nrel.gov/pv/cell-efficiency.html
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Figure 1.8: SEM images of solar cells made of a NW array. (a) Self-assembled with
arbitrary direction c-Si/a-Si:H NWs. Extracted from [Tsakalakos 2007]. (b) Verti-
cally etched Silicon Heterojunction (SHJ) Si NWs. Extracted from [Togonal 2016]. (c)
Bottom-up, vertically-aligned GaAs NWs. Extracted from [Aberg 2016].

Figure 1.9: (a) Simulations of the (left) amplitude of the electric field around an InP
nanowire under normal illumination and (right) absorbed power per unit volume in the
NW under normal illumination. Vertical (top) and horizontal (bottom) cross-sections
are displayed. The InP nanowire is standing on top of an InP substrate, the excitation
wavelength is 532 nm. Extracted from [Grzela 2014]. (b) Picture of planar substrates
and NW arrays made of InP, GaP and Si. The specular reflection is clearly lower with
NWs. Extracted from [Muskens 2008]. (c) Experimental absorption in a thin film of
a-Si:H compared to nanostructures at 488 nm. Extracted from [Zhu 2009].
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power in a single InP nanowire. It results in an increased absorption compared to
the amount of material, absorption which strongly depends on the wavelength and can
be tuned by changing the NW diameter. For instance, simulations in [Krogstrup 2013]
show that a single standing GaAs NW can present an absorption cross-section area 10
times larger than its geometrical cross-section. The effect of single NWs on the dis-
tribution of the electromagnetic field can be experimentally assessed, for instance with
fluorescence confocal microscopy [Frederiksen 2017]. The increased absorption can be
enhanced thanks to multiple reflections between the bottom and the top of the NW
(observed as Fabry-Perot interferences in the spectra). In addition, collective effects
also occur when NWs are in an array. Yet, according to [Mokkapati 2012], individual
effects are responsible for most of the enhancement. Among collective effects, some are
specific to well-ordered structures, such as the coupling of near-field evanescent waves
[Azizur-Rahman 2015, Fountaine 2014]. Reduced reflection is also observed in disor-
dered arrays, thanks to scattering between NWs with multiple angles. Muskens et al.
showed that the effective medium model does not fully account for the behavior of (some)
NW arrays [Muskens 2008].

Consequence It results in a lower reflectance of nanowire samples, especially the spec-
ular one, as can be seen in Figure 1.9 (b). Measurements showed that it corresponds to
an increased absorption in NW structures compared to flat ones, with a significant part
of the absorption that occurs in the nanowires [Diedenhofen 2011]. A lower dependence
on the illumination angle is observed (see Figure 1.9 (c)). For a given absorption, much
less active material would be needed.

1.2.3 Stress distribution in NWs

Lattice mismatch In addition, NWs with low densities of defects can be grown on
non-lattice-matched substrates. In bulk materials, dislocations enable the stress re-
laxation, but they cause defects, which act as recombination centers. Because of the
geometry of NWs, the stress relaxation takes place at the free lateral surface and the
NWs can be grown without defects on substrates despite the lack of lattice match-
ing [Cirlin 2009, Kavanagh 2010]. It is of prime importance for III-V materials, whose
lattice-matched substrates are very expensive, or for the development of III-V/Si tandem
solar cells.

Figure 1.10: FEM-simulated stress distribution in a bent array of Si NW/a-Si:H on Al
foil. From [Sun 2018].
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Flexibility High-quality nanowires can therefore be grown on various substrates, es-
pecially inexpensive and flexible ones. Growth of NWs on flexible substrates have been
reported, for instance on stainless steel, Al foil or Polyimide (PI) [Tian 2016]. More-
over, because of the small diameter of a nanowire compared to typical bending radii
(<500 nm vs. >1 mm), nanowire arrays are inherently flexible compared to the bulk
inorganic materials. This is clear in finite-element simulations such as the one presented
in Figure 1.10. There is no stress in the NW, in contrast to the substrate. However, the
junction between the NW and the substrate is a weak spot.

1.2.4 Architectures

(a) (b)

Light Lighte-

h+

e-h+

Figure 1.11: (a) Axial and (b) radial junction in a NW. The direction of light and the
direction for the collection of charge carriers are shown with arrows.

p-n and p-i-n junctions in nanowires can follow an axial or a core-shell structure,
as displayed in Figure 1.11. The axial geometry is similar to thin film solar cells,
with contacts at the base and at the top of the nanowires. Nanowires are typically
encapsulated in a transparent polymer, which serves as an electrical insulating layer and
as a mechanical support for the transparent top contact. Radial junctions can be found
in core-shell structures. This geometry allows for the decoupling of the electrical and
optical directions. Whereas the light propagates along the axial direction, charge carriers
are collected in the radial direction. Because of the nanowires aspect ratio, it leads to a
large optical path and a short electrical path, enhancing both the light absorption and
the charge carriers extraction. However, the outer layer of the NW has to be sufficiently
conductive. It can be done with a highly doped shell or a supplementary electrode,
which needs to cover the whole surface of nanowires. The core-shell morphology is
particularly beneficial for cheap materials (e.g. amorphous Si), which suffer from short
minority carrier diffusion lengths [Kayes 2005].

The two architectures presented are actual NW solar cells, with the junction inside
the NWs. Nonetheless, other architectures employ both NWs and a planar cell, either
with the junction in the planar cell or at the interface between NWs and the planar cell.
These structures also benefit from the optical properties of NW arrays.

1.2.5 Fabrication

Different methods of elaboration were developed. Semiconductor nanowires can be made
with a top-down approach, where the bulk material is etched into nanostructures. For
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the patterning of the array, lithography can be used, in particular low-cost nanoimprint
lithography, as well as Langmuir-Blodgett assembly [Hsu 2008]. Among the various
etching methods, Metal-Assisted Chemical Etching (MACE) is often employed for c-Si
[Hu 2014].

A bottom-up approach allows for material saving, but is more challenging in terms
of the nanostructure control. Molecular Beam Epitaxy (MBE), Metal-Organic Chem-
ical Vapor Deposition (MOCVD) and Plasma-Enhanced Chemical Vapor Deposition
(PECVD) are common bottom-up methods for nanowire elaboration. A patterned sub-
strate or a catalyst is needed to obtain well controlled nanostructures. In particular,
the Vapor-Liquid-Solid (VLS) growth, where catalyst droplets are used to promote the
material growth at given positions and along the nanowire axis, is widespread ever since
the mechanism was detailed by Wagner and Ellis [Wagner 1964].

Common difficulties in the growth of NWs are the ordering of NWs, the doping (con-
trol and measurement) and the parasitic growths (radial and planar on the substrate)
[McIntyre 2019].

1.2.6 NW solar cells today

Depending on the absorber material, different properties of NWs are relevant. They are
summarized in Table 1.1.

Table 1.1: Benefits of NWs in solar cells for different materials. ✓✓✓ highlights the
most important feature of NWs for a given material. ✓ describes a beneficial feature,
- a feature that does not show specific benefits.

Stronger
absorption

Radial
junction

No substrate
constraint

Less
material

Flexibility

a-Si:H ✓ ✓✓✓ - ✓ ✓
c-Si ✓✓✓ ✓ - ✓ ✓
III-V ✓ ✓ ✓✓✓ ✓ ✓

Today, the NW solar cell displaying the highest power conversion efficiency is made of
InP. Due to their good properties for PV and the strong asset they could get from NWs,
III-V materials have been extensively studied for NW solar cells. Table 1.2 summarizes
the current records. Despite the improvement that could be expected from radial junc-
tions, their performance remains far below the axial junctions. Detailed reviews can be
found in [LaPierre 2013, Otnes 2017].

Si NW solar cells also reached rather good performance. They are summarized
in Table 1.3. While disordered arrays are detrimental to III-V NW solar cells, they are
not to Si ones. We can also notice the higher performance of radial junctions made with
silicon compared to those made of III-V. A review of c-Si NW solar cells can be found
in [Yu 2016], for c-Si/a-Si:H in [Zhang 2019].

Other absorbers in NW solar cells are being developed, for instance with Cu2S
[Tang 2011], or II-VI absorbers with heterostructures using ZnO nanowires [Xu 2011,
Akbarnejad 2018]. In particular, Yu et al. suggest that the lower surface recombination
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Table 1.2: Record III-V NW solar cells.

Top-down Bottom-up Radial Tandem on Si
PCE 17.8 % 15.3 % 7.4 % 11.4 %

(9.4 % Si)
Structure Axial Axial Radial Axial

Fabrication Nanoimprint
+ ICP etching MOCVD MOCVD MOCVD

Material InP GaAs GaAs GaAs
Reference [van Dam 2016] [Aberg 2016] [Mariani 2013] [Yao 2015]

Table 1.3: Record Si NW solar cells. We added two references for the record cell due to
the lack of information on the structure of the first one.

Top-down Bottom-up
PCE 17.1 % 16.0 % 9.2 %
Structure Radial Radial Radial
Fabrication MACE MACE VLS, PECVD
Structure p-n SHJ p-i-n a-Si:H
Substrate c-Si c-Si Glass
Reference [Lin 2013] [Dong 2017] [Misra 2015b]

velocities of CdS and CdTe compared to III-V may lead to better performance for NWs
[Yu 2012]. However, their experimental performance remains lower.

1.2.7 Limitations specific to NWs

While they are beneficial for solar cells in some aspects, NWs can also result in sup-
plementary limitations. First, the growth of bottom-up NWs is often cost- and time-
expensive, due to high vacuum and temperature conditions, a slow process and deposi-
tion on small areas. However, it depends on the material and the deposition method.
For instance, Si NW/a-Si:H solar cells can be grown with PECVD at lower temperature,
higher pressure and higher rate. They are the focus of this work and their structure is
detailed in Section 1.3.

In addition, the collection of photogenerated carriers can be hindered in NWs for
several reasons. Their high surface to volume ratio makes surface recombinations critical.
Furthermore, depending on the type of surface states and the polarity of the material,
a depletion or accumulation of charge carriers occurs at the surface (see Figure 1.12).
The width of the depletion (or accumulation) layer depends on many parameters (e.g.
doping, density of surface states). For thin NWs, it can be similar to the radius of NWs,
which strongly limits the collection of charge carriers [Chia 2012]. The passivation of
NWs is a possible solution [Black 2017, Alekseev 2015]. Finally, doping is difficult, both
because of the specific conditions for the growth of NWs and because of the sophisticated
methods needed to assess the doping density [Chen 2021a]. A supplementary layer could
improve the collection of carriers, but usual transparent electrodes are not always suited.
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This question is discussed in the second chapter of this thesis (chapter 2) where a hybrid
contact is developed for Si NW/a-Si:H solar cells.

Ec
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Figure 1.12: Band diagram along the radial direction of a n-doped semiconductor NW
of radius a. The conduction (Ec) and valence (Ev) band edges and the Fermi level (EF )
are displayed. Because of surface states, there is a depletion of electrons close to the
surface (shown by + signs).

1.3 Si NW/a-Si:H solar cells

1.3.1 Towards low-cost and large-area inorganic flexible solar cells

NWs are particularly beneficial when used with amorphous silicon. The performance
of a-Si:H solar cells is indeed limited by the poor mobility and lifetime of carriers in
a-Si:H. With radial junctions, thinner layers can be used, which improves the collection
of carriers. A detailed presentation of a-Si:H and its use in (planar) solar cells can be
found in Section 5.1.

Table 1.4 compares the current record NW solar cell with the record Si NW/a-Si:H
cell. Although the efficiency is lower with Si NW/a-Si:H, it displays practical assets
for a widespread use. Low-cost substrates (potentially even some types of plastics) can
be used, much lower temperatures are required and larger areas can be achieved. In
addition, due to the flexibility of NW arrays, this could result in low-cost and inorganic
flexible solar cells.

Table 1.4: Comparison of the record bottom-up (III-V) NW and Si NW/a-Si:H solar
cells.

GaAs Si NW/a-Si:H
p-n p-i-n

PCE 15.3 % 9.2 %
Structure Axial Radial
Growth MOCVD (400 ◦C/715 ◦C) PECVD (400 ◦C/180 ◦C)
Substrate GaAs Glass
Area ∼1 mm2 13 mm2

Reference [Aberg 2016] [Misra 2015b]
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1.3.2 Structure

Figure 1.13 (a) shows the structure of Si NW/a-Si:H. It consists in a radial p-i-n junction
of a-Si:H around a p-doped crystalline (c-Si) core. Thanks to the NW geometry, the
intrinsic layer can be made as thin as 100 nm, which is half of the thickness in the
best a-Si:H cells [Matsui 2015a, Sai 2016]. A parasitic flat cell of amorphous silicon also
grows between NWs.

Back contact
c-Si (p)

a-Si:H (p) - 10 nm
a-Si:H (i) - 100 nm
a-Si:H (n) - 10 nm

∅ 50 nm

∅ 20 nm

1 µm

(b)

500 nm

(a)

Figure 1.13: Cross-section (a) schematics and (b) SEM image showing the structure of
a Si NW/a-Si:H array. The back-contact here is made of 100 nm Ag / 100 nm AZO and
there is no top contact. The parasitic planar growth can be seen in the schematics and
in the SEM image.

The Si NW/a-Si:H arrays are grown on a boro-aluminosilicate glass substrate. Other
substrates have been used, such as thin glass, Al and Cu foils for flexible cells (chapter 4).
The back contact can either be Fluorine-doped Tin Oxide (FTO) or Aluminium-doped
Zinc Oxide (ZnO:Al) (AZO) with silver (Ag/AZO). Because of the growth conditions,
the Si NW/a-Si:H are randomly oriented. Misra et al. observed that the optimal density
is around 2.6×108 NWs/cm2 [Misra 2015b]. At this density, Si NW/a-Si:H grow close
and can partly merge (Figure 1.13 (b)). A high-density array of randomly oriented NWs
is obtained, which is quite different from the NW array of the record bottom-up NW
solar cell (Figure 1.8 (c)). They remain optically beneficial compared to flat a-Si:H.

1.3.3 Growth

All Si NW/a-Si:H solar cells used in this work were elaborated by Martin Foldyna and his
team, especially Mutaz Al-Ghzaiwat and Weixi Wang, at LPICM, École polytechnique.

Silicon nanowires are grown by the VLS mechanism using PECVD. The a-Si:H layers
are deposited by PECVD. If Ag/AZO is used as a back-contact, Ag and AZO are first
deposited on the substrate by sputtering at room temperature5. A thin layer of tin
(∼0.8 nm) is then evaporated. Tin is preferred over more conventional catalysts (e.g.
Au), since Sn impurities in Si NWs do not alter much Si NWs properties (recombination
and doping especially) and Sn-assisted growth can be carried out at low temperature.
When the back-contact is made of FTO, no Sn deposition is needed, because the catalyst
is obtained from reduced SnO2 from the FTO.

Figure 1.14 describes the one-pump-down process for the growth of Si NW/a-Si:H
solar cells on a FTO back-contact. In (a), a H2 plasma reduces the tin oxide present

5Room-temperature deposition of AZO may be responsible for the S-shape of low-density Si NW/a-
Si:H and flat a-Si:H solar cells (see Figure C.2 (c)).
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Figure 1.14: Growth process of Si NW/a-Si:H solar cells. Extracted from
[Al-Ghzaiwat 2019a].

in FTO. A plasma is also applied with AZO back contact to promote Sn dewetting
and to remove the oxide layer. (b) and (c) steps are common for both back contacts.
In (b), the silicon nanowires are grown by the VLS mechanism using PECVD with a gas
mixture of SiH4, H2 and TMB at 400-425 ◦C. Plasma is required to dissociate precursors,
because of the Sn poor catalytic properties. To improve Voc, a p-doped layer of a-Si:H
with a gradient in doping is added between the p-doped c-Si core and the intrinsic layer
[Levtchenko 2018]. Figure 1.14 (c) describes the PECVD of a-Si:H at 180 ◦C. The p-
doped a-Si:H is deposited by PECVD from SiH4 and TMB (trimethylboron). The main
part is an intrinsic layer of a-Si:H, deposited by PECVD with SiH4. It is followed by an
n-type a-Si:H deposition by adding PH3 to the gas mixture. More details regarding the
growth parameters can be found in [Misra 2015a, Al-Ghzaiwat 2019a].

1.3.4 Current research on Si NW/a-Si:H solar cells

The description of the VLS mechanism in 1964 focused on Si NWs [Wagner 1964]. Later,
other catalysts than gold were developed and plasma was used to promote the growth
of NWs at lower temperature [Hofmann 2003]. In 2007, Tsakalakos et al. reported the
use of a heterojunction c-Si NW/a-Si:H for a solar cell, however with a low PCE (below
0.1 %). Systematic work on PECVD-grown Si NW and Si NW/a-Si:H solar cells started
around 2010 [Yu 2010, Adachi 2010].

Table 1.5 shows the highest performance of Si NW/a-Si:H solar cells in different
configurations. p-i-n structures (from substrate to contact) are now mostly used, but
work on n-i-p structures has also been done in the State Key Laboratory on Integrated
Optoelectronics, Beijing (China) [Xie 2012]. Intensive research on Si NW/a-Si:H was
carried out at the University of Waterloo (Canada) [Adachi 2013], but has now shifted
to ZnO NWs with an a-Si:H shell. Lately, LPICM at École polytechnique (France) and
Nanjing University (China) show the most active research in this domain, as can be
seen in the Table, with a focus on flexible cells. Finally, a team from the SSN College
of Engineering, Tamilnadu (India), reported on the effect of the Sn thickness on the Si
NW growth for Si NW/a-Si:H solar cells [Ahmed 2020].
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Table 1.5: Record Si NW/a-Si:H solar cells. All efficiencies are given before light-soaking.

PCE Structure Absorber
thickness

Reference

Cell 9.2 % p-i-n 100 nm [Misra 2015b]
On Al foil 5.6 % p-i-n 80 nm [Sun 2018]
Module (10 cm2) 4.4 % p-i-n 100 nm [Al-Ghzaiwat 2019b]

Tandem on Al foil 8.1 % p-i-n a-Si:H
p-i-n a-SiGe:H

(56±5) nm
(45±6) nm [Zhang 2021]

1.4 Impact of resistance in solar cells

The performance of Si NW/a-Si:H solar cells is strongly limited by the collection of
current due to the disordered array and the insufficient conductivity of the outer shell.
In chapter 2, we develop an electrode suited to the Si NW/a-Si:H array. To this end,
we need to characterize the electrical properties of the top contact both on glass, using
the sheet resistance R□, and on the solar cell, with the help of the series resistance Rse.
In addition, the shunt resistance Rshunt is also critical for the performance of solar cells.

1.4.1 Sheet resistance R□

The sheet resistance R□ is often used to describe the conductive properties of an elec-
trode. It is defined from the resistivity of the material ρ and its thickness t as

R□ = ρ

t
. (1.8)

It is given in Ω (ohms), but to emphasize the specificity of this parameter, Ω/□
(ohms per square) are commonly used. The sheet resistance corresponds indeed to the
resistance of a square film of thickness t. Since it is invariable under scaling (width and
length), sheet resistance can replace resistivity as a way to compare materials in case of
thin films. Whereas resistivity is an intrinsic property of bulk materials, it can change
with the thickness of thin films. Therefore, a figure taking both the bulk resistivity
and the film thickness into account is more relevant. The sheet resistance is thus a
comparison parameter between thin films.

Besides, it can easily be assessed using a four-point probe method, for instance van
der Pauw method or with aligned probes. In all 4-point measurements, the current is
injected through two probes and the voltage is measured between two other probes.
Because of the high resistance of the voltmeter compared to the typical resistance of
samples, the measured voltage does not come from the contact and wire resistances,
only from the resistance of the material. Specific positioning of the probes is required
to obtain R□.

Van der Pauw measurement Van der Pauw showed that the sheet resistance of any
homogeneous conductive film can be determined from two measurements of resistance
with probes positioned on the edges of the conductive material [van der Pauw 1958].
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Figure 1.15: Schematics of two sample geometries that can be used in van der Pauw
method with the position of the probes, (a) arbitrary and (b) clover-shape geometries.
Extracted from [van der Pauw 1958].

Figure 1.15 presents two conductive films of different shapes with four probes posi-
tioned at A, B, C and D. The resistance obtained from the voltage measurement between
probes A and B, and the current injected between probes C and D, is noted RAB,CD.
If the probes are on the edge of the film and their tip is infinitely small, the following
relation holds

exp
(

− π
RAB,CD

R□

)
+ exp

(
− π

RBC,DA

R□

)
= 1. (1.9)

The sheet resistance can be obtained. Supplementary measurements (for instance
with inverted probes for current and for voltage, or inverted polarities) can help to get
a more accurate value. However, the contact area between a probe and the sample is
finite and not on the edge. Specific geometries of the conductive film can be used to
mitigate the ensuing error, especially the clover-shape. Van der Pauw method has been
derived and used for the characterization of the Hall effect.

Aligned 4-point probe measurement Van der Pauw method requires to control the
shape of the conductive film and the contacts, which is cumbersome for some materials,
for instance Ag NW networks. To this end, a simpler setup, the linear 4-point probe
measurement, can be used (Figure 1.16).

V
I I

s ss
t

Figure 1.16: Schematics of the linear 4-point probe measurement of R□. Probes should
be equally spaced to obtain the sheet resistance.

The probes are aligned and the distance s between them is constant. For a measured
resistance R, it can be shown that the sheet resistance of a thin film is

R□ = π

ln 2 R. (1.10)
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This expression is valid providing the spacing s between probes is much smaller
than the size of the sample and much larger than the thickness t and the tip radius. In
addition, ρ and t should be constant between the probes. For non-uniform films (change
in material or in thickness), it does not strictly hold.

1.4.2 Series resistance Rse

A lumped parameter The series resistance of a solar cell is a parameter that gathers
different sources of resistance in the solar cell. A high series resistance prevents the
current from being collected and lowers the efficiency of the cell.

There are two main contributions to the series resistance, the in-plane and the out-
of-plane contributions (named for a flat sample). The in-plane resistance depends on
the collecting layers at the top and bottom of the cell (contacts or emitter layer). The
out-of-plane resistance is a feature of the semiconductor stack. It depends on the con-
ductivity of the material and the interface resistances between layers due to possible
band misalignment. In Si NW/a-Si:H solar cells, the use of radial NWs improves the
out-of-plane contribution but increases the in-plane one.

Limits of the equivalent model The series resistance is modeled as a lumped com-
ponent in the equivalent circuit of a solar cell. If the cell is homogeneous, the vertical
resistance is the same at every position and a lumped parameter to describe it is rel-
evant. However, it is not the case for the lateral resistance. Even for a homogeneous
sample, different parts of the cell do not experience the same current levels, due to
crowding effects close to the contacts. The impact of this approximation depends on
many factors, such as the contact geometry (central dot vs. circular line), the sheet
resistance and current levels [Nielsen 1982].

It is an issue when fitting I-V curves following the diode model. Indeed, it results
in an approximate estimation of Rse, which affects the value of other parameters such
as the saturation current and the ideality factor [Breitenstein 2013]. An equivalent
resistance, partly dependent on current, has been proposed and implemented to this
end in a MATLAB code for I-V fitting6.

1.4.3 How to determine the series resistance?

Several reasons make the assessment of Rse difficult.
• An equivalent resistance is necessarily an approximation and, treated as such,

different values are obtained depending on the conditions. In particular, it does
not consider the spatial distribution of the resistance.

• The equivalent resistance does not take into account the dependence of Rse on the
charge injection, for instance under illumination or bias [Turek 2014].

• One should be able to distinguish the effect of Rse among other parameters, in
particular the ones that determine the diode behavior.

In this work, we are interested in the comparison of the top contact for similar solar
cells. If they are tested under the same conditions, the two first points should not be
critical. Hence, we focus on the last point.

6Stephan Suckow, 2/3-Diode Fit (2014). http://nanohub.org/resources/14300

http://nanohub.org/resources/14300
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Fit A fit to the one- or two-diode equation can be used. However, there are many
unknown parameters and it could result in an approximate value. It is even more difficult
for materials or architectures that are not well described by the one-diode model, such
as a-Si:H [Merten 1998].

Suns-Voc In Suns-Voc or Jsc-Voc measurements, different illumination levels are shone
on the cell, and Voc and Jsc are measured each time. Voc is not altered by the series
resistance, as there is no current flowing at open-circuit. In addition, if Rse remains low,
it does not affect Jsc. From the comparison between the J-V curve and the Jsc-Voc one,
the series resistance can be determined [Wolf 1963, Yoshikawa 2017]. Yet, due to high
series resistances in Si NW/a-Si:H solar cells, this method cannot be applied.

Rse = 30 cm2
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Figure 1.17: Simulated (a) dark and (b) light J-V curves corresponding to the one-
diode model for different series resistances Rse and diode ideality factors nid. Other
parameters are J0 = 10−10 A/cm2, Rshunt = 108 Ωcm2 and Jϕ = 15 mA/cm2. The slope
was determined over two different voltage ranges, highlighted by frames, [0.7 V,0.8 V]
and [1.5 V,1.6 V]. It is given in Ωcm2.

From the I-V slope Rse is sometimes determined at open-circuit from the slope of
the I-V curve, but it can lead to inconsistent values. With the code written by Stephan
Suckow6, I simulated I-V curves from the one-diode model for different values of the
series resistance Rse and the diode ideality factor nid under dark conditions. They are
displayed in Figure 1.17 (a). The resistance is calculated at different voltages, shown
with grey frames. It clearly appears that a better estimation is obtained from the slope
at high voltages. It is logical: under high forward bias, the diode is fully opened and is
not limiting anymore. The only parameter governing the slope dI/dV is Rse. Depending
on the diode, the voltage required for a good estimation changes (see for instance the
J-V curve for nid = 2). One of the main drawback however is that high current levels
are needed to determine Rse with certainty, which may damage the device. In addition,
it makes it more sensitive to crowding effects and the current injection can change the
resistance of the cell.

Dark or light? Photoconductive effects can affect Rse values under illumination. Even
without any photoconductivity, the illumination has an effect on the determination of
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Rse. Figure 1.17 (b) displays the same simulations as in (a) but under illumination
(Jϕ = 15 mA/cm2). The region where Rse only is limiting the current is reached for
lower voltages than in the dark. Under illumination, the voltage at the junction is
lowered compared to dark (Figure 1.6). A lower bias is needed to open it fully. In
addition, a working cell requires illumination, hence it is relevant to determine its series
resistance from light measurements.

Other methods An accurate estimation of Rse has been the focus of many research
works. In particular, we can cite the methods developed by Chibbaro et al. [Chibbaro 2011]
and Zhang et al. [Zhang 2011], that do not rely on the assumption of a high value for
Rshunt. In addition, electroluminescence can be used to map the resistance effects in a
solar cell and understand their origins [Hinken 2007].

In this work The derivation method is an easy way of determining Rse beyond the
diode effects. Nonetheless, I have mostly determined the series resistance from the slope
at high voltage and under illumination since it is a faster and tangible method. It may
lead to an overestimation, especially for low values. For this reason, I call it apparent
series resistance.

1.4.4 Shunt resistance

The shunt resistance models the alternative paths of conduction in the solar cell. It
may stem from physical pinholes (direct connection between top and bottom contacts),
conductive paths in the material, due for instance to precipitates or grain boundaries,
or from the conduction through defects in the junction. In Si NW/a-Si:H solar cells,
physical pinholes can occur if Si NWs break during the process.

The shunt resistance can be easily estimated from the slope of the I-V curve, usually
at 0 V. While it holds for close-to-ideal cells where Rshunt → ∞ and Rse ≃ 0, it results in
a poor estimation for cells with low Rshunt and high Rse values. Indeed, both resistances
may affect the shape of the curve under low forward bias. Consequently, in the same way
as for Rse, I chose to use the slope of the I-V curve under reverse bias, between −0.5 V
and −0.4 V. Still, the value of the shunt resistance may be underestimated, especially
under some conditions such as high illumination (see Section 5.3.4).

The description of the working principle of solar cells and the use of NWs were needed
to figure out the issues Si NW/a-Si:H solar cells should handle. In addition, since
we focus on the development of the top electrode for Si NW/a-Si:H, it was critical to
understand the definition and signification of R□, Rse, Rshunt and the methods that can
be used to assess them.
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2.1 Transparent and flexible electrodes

2.1.1 What is transparency?

Transparency is evaluated by the amount of light able to go through a sample (a layer of
material, a solution...). The light that is not transmitted is either reflected or absorbed
by the medium. Hence, a transparent electrode should have the lowest possible absorp-
tion and reflection. Yet, these actually depend on the conductivity of the material and
on the frequency range. Hence, no straightforward conclusion can be drawn.

Absorption coefficient αabs and relative permittivity ε The optical response of a
material is described by its permittivity (or dielectric constant). Notably, it determines
the coefficients for absorption and for reflection at interfaces. A relative permittivity
can be defined with respect to the vacuum permittivity ε0, εr = ε/ε0. For simplicity,
the relative permittivity will be used and the subscript removed. Instead of the relative
permittivity ε, the refractive index can be used, or its real and imaginary parts ñ and
k̃,

ε = (ñ + ik̃)2. (2.1)

For a monochromatic progressive plane wave (angular frequency ω and wavevector k⃗,
initial magnitude E0), the electric field E⃗ is

E⃗(t, x⃗) = E⃗0 e−iωt+ik⃗·x⃗. (2.2)

From Eq. (2.2), if we consider the wavevector along the z-direction (k⃗ = k · e⃗z), and
with I0 = |E0|2, the light intensity I(z) after a path of length z inside a bulk material is

I(z) = |E(t, z)|2 = I0 e−2 Im(k) z. (2.3)

The wavevector is affected by the medium, through the dispersion relation. Us-
ing Eq. (2.1), with c the speed of light,

k(ω) = ω

c

√
ε(ω) = ω

c

[
ñ(ω) + ik̃(ω)

]
. (2.4)

The absorption coefficient αabs can be defined as

αabs(ω) = 2 ωk̃(ω)
c

, (2.5)

and the intensity I(z) of the light after a path length z in a bulk material is then

I(z) = I0 e−αabs(ω)z. (2.6)

Bulk reflectivity R and relative permittivity ε At normal incidence, Fresnel’s
formulas connect the reflectivity at the interface between two bulk materials to their
refractive indices [Dressel 2002],

R = (ñ2 − ñ1)2 + (k̃2 − k̃1)2

(ñ2 + ñ1)2 + (k̃2 + k̃1)2 . (2.7)
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The permittivity also determines the losses by reflection at interfaces. We now need
to understand how a permittivity can be defined for a conductor and how it depends on
the frequency and the conductivity. To this end, we will use the Drude model.

2.1.2 The free-carrier theory

We will mostly refer to an electron of charge −q, q being the elementary charge. However,
the argument does not depend on the type of carrier and can be applied to a hole with
a charge +q. Hence, the results also hold for semiconductors of any type of doping.

2.1.2.1 Drude model

In the Drude model, the electrons responsible for the conductivity are considered as
a classical gas of free electrons [Drude 1900]. There is no restoring force and, apart
from the thermal agitation, their movement is governed by the acceleration under an
electric field and by scattering. In the Drude model, scattering corresponds to collisions
between an electron and another particle. The scattering term was initially associated
to collisions with the ionic cores. It is now clear that electrons may be slowed down by
lattice vibrations, electron-electron interactions, defects and impurities, but this does
not affect the results if an averaged scattering time τ is assumed, as it is done in the
Drude model. No magnetic field is considered. For an average electron, which has a
probability dt/τ of scattering and stops upon scattering, the change in momentum p⃗

between two collisions due to the electric field is

d < p⃗(t) >

dt
= −< p⃗(t) >

τ
− qE⃗(t). (2.8)

q is the elementary charge. For a monochromatic light, E⃗(t, x⃗) = E⃗0e−i(ωt−k⃗·x⃗), the
velocity of one charge carrier can be derived from the solution of equation (2.8), with
m∗ the electron effective mass,

v⃗ = − iqτ

m∗
E⃗

ωτ + i
. (2.9)

With n the density of charges per unit volume, the electron current density j⃗ is

j⃗ = −nqv⃗ (2.10a)

j⃗ = inq2τ

m∗
1

ωτ + i
E⃗. (2.10b)

From Ohm’s law, j⃗ = σE⃗, we obtain the complex and frequency-dependent conduc-
tivity σ(ω), also called the optical conductivity (we assume that the medium is isotropic
and with a scalar conductivity). It holds for all conductors with free carriers, such as
metals or highly doped semiconductors. Indeed, the kinetic energy of (some) electrons
in these materials is high compared to the potential one and they can be considered
as free carriers. The interaction with the lattice is taken into account via the electron
effective mass m∗.

σ = nq2τ

m∗
1 + iτω

1 + τ2ω2 . (2.11)
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The DC conductivity σdc clearly appears in equation (2.11). It is defined as σ(ω = 0),

σdc = nq2τ

m∗ . (2.12)

2.1.2.2 Optical conductivity σ and relative permittivity ε

Besides, we can also apply Maxwell’s equations to the material [Griffiths 2013]. In SI
units, Maxwell-Ampere’s law is

r⃗ot H⃗ = J⃗ext + ∂D⃗

∂t
(2.13)

H⃗ is the magnetic field, J⃗ext the current density due to free carriers and D⃗ the
displacement field. In a medium without free carriers, the displacement field is

D⃗ = ε0ε∞ E⃗. (2.14)

ε0 is the vacuum permittivity. The relative permittivity ε∞ describes the response
of the material without free carriers. It also corresponds to the permittivity at high
frequencies (hence the notation), where the free carriers do not alter the response of the
material anymore.

The current density due to free carriers is

J⃗ext = σE⃗. (2.15)

For a monochromatic wave, equation (2.13) results in

r⃗ot H⃗ = ∂

∂t

[(
− σ

iωε0
+ ε∞

)
ε0 E⃗

]
. (2.16)

We can thus define the relative permittivity of the material with free carriers

ε(ω) = ε∞ + iσ(ω)
ε0 ω

. (2.17)

Hence, the real and imaginary parts of the relative permittivity, ε1 and ε2, are

ε1 = ε∞ − σdcτ
1

ε0 (1 + ω2τ2) , (2.18a)

ε2 = σdc
ω

1
ε0 (1 + ω2τ2) . (2.18b)

The imaginary part of the dielectric constant clearly increases with an increasing
DC conductivity. Although the extinction coefficient (hence the absorption coefficient)
mostly depends on the imaginary part of the dielectric constant, it is actually related
to both the imaginary and real parts and the contribution of each part depends on the
frequency. Thus, we should consider various regimes.
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2.1.2.3 The plasma frequency

If σdcτ > ε∞ε0, it is clear from equation (2.18a) that there is a given frequency for
which ε1(ωp) = 0. This frequency is called the plasma frequency and is critical for the
optical properties of the solid

ω2
p = nq2

ε∞ε0m∗ − 1
τ2 . (2.19)

Usually (ωpτ)2 ≫ 1, and the plasma frequency is defined as

ω2
p ≃ nq2

ε∞ε0m∗ = σdc
ε∞ε0τ

. (2.20)

When the density of free electrons n increases, the plasma frequency increases
(i.e. shorter wavelengths). We will see that depending on materials, the transparency
window in the visible range can either become wider or narrower.

2.1.2.4 Frequency dependence of the permittivity and the refractive index

Figure 2.1 shows the typical change in permittivity and refractive index with frequency
for gold following the Drude model (solid line). Three main regimes can be distinguished.
At low energies (not discussed here), the reflection regime corresponds to very large
values of ε1 (negative) and ε2 (positive) and ñ ≃ k̃. In the relaxation regime (below ωp,
around 3 eV), ε1 increases towards zero. At the plasma frequency, there is no significant
change in the slope of the permittivity, but there is a strong variation for ñ and k̃.
Beyond ωp, the real part of the refractive index steeply increases, while k̃ is very close
to zero. A very low absorption is expected in this region, hence called the transparency
regime.

A discrepancy between the model and the experimental points appears beyond 2 eV,
with a strong increase in ε2. This is related to interband transitions in the metal, that
are not taken into account in the model.

2.1.2.5 σdc dependence of the absorption coefficient and reflectivity

The dependence of the absorption coefficient on the conductivity σdc and the frequency
can be explicitly written, using equations (2.1), (2.5) and (2.18). Simplifications can
be obtained if we assume ω ≪ 1/τ , 1/τ ≪ ω ≪ ωp or ωp ≪ ω, which highlights
the link between α and σdc. The relation ωp > 1/τ is generally valid in metals and
semiconductors, with more similar values for the latter (typical values are given in
Section 2.1.3). The reflectivity expressions are more complex and the conductivity effect
is less straightforward. The results are shown in Figure 2.2.

For all frequencies, the absorption coefficient increases with the conductivity. The
strongest increase corresponds to ω ≫ ωp, but due to the high frequencies, values of α

actually remain low.
This explicitly shows the interdependance between conductivity and transparency

for all frequencies. In addition, we can clearly see different regimes, determined by the
values of τ and ωp. The conductivity σdc is related to both (see (2.12) and (2.20)) and
determines the transparency ranges.
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Figure 2.1: Measured (red dots) and fit to the Drude model (solid line) of real and
imaginary parts of (a, b) the permittivity and (c, d) the refractive index of gold. The
experimental results highlight the effect of interband transitions. The plasma frequency
ωp is shown. Modified from [Maier 2007], with experimental data from [Johnson 1972].
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Figure 2.2: Expression of the absorption coefficient for the free-carrier theory depending
on the conductivity for different frequency ranges.
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Figure 2.3: Absorption coefficient and reflectivity dependence on frequency with the
free-carrier theory. νp = 104 cm−1 and 1/τ = 16.8 cm−1. Replotted from [Dressel 2002].

2.1.2.6 Frequency dependence of the absorption coefficient and reflectivity

Figure 2.3 displays the absorption coefficient and the reflectivity following the Drude
model. The dependency on ω from Figure 2.2 corresponds to the three regimes observed.
It is clear that the absorption coefficient is maximal between 1/τ and ωp and close to
zero for frequencies beyond ωp. Even though α is also low at low frequencies, the
corresponding reflectivity is high, almost equal to one. Consequently, the frequency
range beyond ωp would be the most suitable range for transparency.

2.1.2.7 Finite-thickness effects

From Eq. (2.6), it appears that the absorption in the material can also be described
with a characteristic length δ0, known as the skin depth. It is defined as

δ0 = 2
αabs

, (2.21)

and it means that 86 % of the light which enters the medium is absorbed over a
distance δ0. Yet, for thinner films, a substantial amount of light reaches the bottom
interface, where it can be reflected. This second reflection has to be taken into account
for an accurate estimation of the reflectance and transmittance of the film. Moreover,
interferences between the incoming and reflected parts of the light occur. Complete
expressions of the reflectance and transmittance can be found in [Dressel 2002] for a
normal incidence.

When the mean free path of electrons is larger than the skin depth estimated from
Equation (2.21) (at low temperatures or high frequencies), the anomalous skin effect
takes place. Only part of the electrons are involved in the absorption, which results in
a larger effective skin depth. It is the case in silver at room temperature under optical
excitation (∼5×1014 Hz), where the mean free path of electrons is 35 nm, larger than
the estimated skin depth of 25 nm.
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Consequently, even out of the transparency regime, conductors can be used for trans-
parent electrodes as long as they are thin enough compared to the skin depth.

2.1.3 Metals vs. TCOs as electrodes

2.1.3.1 Transparency and visible ranges

TCOs

Noble metals

�
10   Hz14

1/�
5x10   Hz13

10  rad/s15

�p
10  rad/s16

� t

3 µm

6 µm

�p

1.5 µm

150 nm �

5x10  rad/s15

Eg

400 nm

Interband transitions

Figure 2.4: UV-visible-NIR spectrum with the reflection, relaxation, transparency and
interband transitions regimes for TCOs and metals. The scattering frequency 1/τ (in-
troduced in Eq. (2.8)) is given in Hz. The plasma frequency ωp = 2π/Tp (introduced in
Section 2.1.2.3) is given in rad/s. The corresponding wavelengths are also shown. The
colors refer to the different parts of the spectrum: light purple for the ultraviolet range,
rainbow for the visible one, and shaded red to grey for the infrared one. The values are
representative of metals and TCOs, but do not correspond to a given material. They
come from [Ginley 2011, Ellmer 2012, Gordon 2000].

Figure 2.4 displays the UV-visible-NIR spectrum and the different absorption regimes
for transparent conductive oxides (TCOs) and noble metals. TCOs are highly doped
oxides with wide band gaps. Their properties are detailed in Section 2.1.4.1.

Metals For low-resistivity metals, the plasma frequency is typically around 1016 rads−1

(8 eV for Au, 11 eV for Cu) and scattering rates are close to 5×1013 Hz [Dressel 2002,
Ellmer 2012, Maier 2007]. Thus, the visible part of the spectrum falls in the reflection
regime. Besides, interband transitions occur for these metals in the short-wavelength
range, sometimes for frequencies lower than the plasma frequency (around 2 eV for Au
and Cu). The added absorption is shown with a supplementary shade in the figure.
Hence, very thin metallic films are needed as (semi)transparent electrodes.

TCOs For TCOs, the plasma wavelength is generally given and falls in the near-IR,
from 1 µm for ITO to 1.6 µm for FTO (1.0×1015-2×1015 rads−1). The scattering rate is
higher than in metals, 1014 Hz, due to ionized impurities [Gordon 2000, Ellmer 2012,
Ginley 2011]. While the transparency of TCOs in the UV range is limited by the
interband transitions (around 4 eV for ITO), it is limited by free carriers in the IR,
as displayed in Figure 2.5. The visible part of the spectrum hence corresponds to
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the transparency range of ITO, the characteristic absorption length is around 2-40 µm
(ρ = 3.8×10−6 Ωm, 1/τ = 2×1014 Hz).

Figure 2.5: Measured total transmittance T and reflectance R and calculated absorp-
tance A of 240 nm ITO on glass. Absorptance corresponds to 100 − T − R. The plasma
wavelength does not correspond to a specific feature of T, R or A.

2.1.3.2 How to improve transparency for a given conductivity?

A higher mobility of charge carriers The transparency window of a TCO is de-
termined by its band gap energy and plasma wavelength λp. The region of interest
for solar cells (from 350-400 nm to the band gap energy Eg) is generally comprised in
this window. However, while the band gap energy does not depend on the doping of
the TCO, the plasma wavelength is directly related to the density of charge carriers n,
λp ∝ 1/

√
n (Eq. (2.20)). For a wide transparency window, the doping cannot be too

high. Carriers with a high mobility are required to keep a good conductivity without
optical losses.

Furthermore, in the transparency and reflection regimes, it is clear that the ab-
sorption coefficient is lower for a given conductivity when the scattering time increases
(Figure 2.2). It corresponds to charge carriers with a higher mobility (µ = qτ/m∗), hence
a lower density is needed for the same conductivity, which results in less absorption.

Consequently, regarding the absorption, materials with high mobility carriers should
be preferred. Yet, the mobility remains limited in any case, at least by phonon scattering.
In TCOs, the main limitation is the scattering by ionized impurities [Ellmer 2012].

Non-continuous films For a continuous film, lowering the resistance requires a thicker
film, which decreases the transparency (not considering any interferences). With non-
continuous materials, they are not interdependent anymore. For instance, in solar cells
connected with a grid, the metallic fingers are made more conductive thanks to an in-
creased thickness, but it does not affect the openings between them and does not reduce
the transparency strongly.

2.1.4 Main strategies today

For the architecture mainly used in today’s production of c-Si solar cells, Passivated
Emitter and Rear Cell (PERC) [Fraunhofer ISE 2022], no additional transparent elec-
trode is needed, because the top layer (the emitter) is highly doped and conductive
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enough [Green 2015]. The current is then collected through a metallic grid (bus bars
and fingers). However, c-Si heterojunction, thin-film, organic and nanostructured solar
cells lack this conductive layer and a transparent electrode is needed.

Transparent conductive oxides (TCOs) are mostly used, thanks to their very good
conductivity and high transparency. However, for different reasons (processing issues,
flexibility, sustainability...), there is a search for alternative materials, with conduc-
tive polymers and nano-structured materials (graphene, carbon nanotubes or metal
nanowires) as possible candidates. Reviews can be found in [Ellmer 2012, Hecht 2011].

2.1.4.1 TCOs used as top contact

Because of their properties detailed in Section 2.1.3.1, TCOs are a reference as top
electrode for solar cells, especially ITO (Sn-doped In2O3), AZO (Al-doped ZnO) and
FTO (F-doped SnO2). A transparent electrode made of ITO can reach R□ ≃ 10-50 Ω/□
with a transmittance T at 550 nm larger than 90 % [Chen 2019].

They are metal oxides, mostly n-semiconductors, with a wide band gap (> 3 eV)
and a rather low resistivity (10−4 Ω × cm, compared to 10−6 Ω × cm for metals). Their
conductivity stems from high doping levels (up to 1021 cm−3) and fair mobilities (up
to 100 cm2/(Vs)) [Ellmer 2012]. They present two distinctive features: even without
doping, they show substantial electron densities and no compensation occurs at high
doping levels, which results in high effective carrier densities [Lany 2007].

Despite these properties, TCOs show some limitations. Even if p-doped TCOs exist,
they do not reach the same performance [Kawazoe 1997], which may hinder some solar
cells structures. If the p-doped side of a junction is exposed to light and requires a
transparent electrode, either a p-doped TCO (with poor opto-electrical properties) or
a n-doped TCO (with a less efficient extraction of holes) can be used. Besides, ITO,
which shows the highest performance among TCOs, requires indium. Indium has been
listed as a critical raw material by the European Union for several years1 and the current
increase in the use of In could lead to supply issues.

Furthermore, TCOs are not suited to flexible applications. First, they are very
brittle. Moreover, a low processing temperature is required for many flexible sub-
strates (typically below 200 ◦C), whereas high-quality TCOs require a higher tempera-
ture (for instance 350 ◦C in an O-rich atmosphere for sputtering). Developing flexible
TCOs is a challenge that has partly been overcome with amorphous and nanocrys-
talline TCOs. Amorphous TCOs remain partly conductive thanks to the spherical
symmetry of the orbitals in the conduction band (type s), which are less affected
by disorder [Hosono 1996]. Still, they display a rather high sheet resistance (around
100 kΩ/□) [Nomura 2004, Norton 2018].

2.1.4.2 Conductive polymers

Without reaching ITO conductivity, doped conductive polymers as PEDOT:PSS show
electrical properties good enough to be used as electrodes in some applications (65 Ω/□
for 80 % transmittance) [Kim 2011b, Zhou 2008]. Moreover they are inherently flexible,
solution-processed and made from abundant elements. Their main drawback concerns
their fast degradation, leading to a loss of conductivity.

1https://rmis.jrc.ec.europa.eu/uploads/CRM_2020_Report_Final.pdf



38 Chapter 2. Optimization of the top contact for nanowire solar cells

2.1.4.3 Graphene

Because it is a nanosheet with very high in-plane mobility of carriers (up to 104 cm2/(Vs)
[Novoselov 2004]), graphene is also expected to yield both desired properties. A high
quality, highly doped single sheet should indeed transmit 97.7 % of the incoming light
and have a sheet resistance around 62 Ω/□ [Nair 2008, Wu 2010]. Bae et al. [Bae 2010]
demonstrated an electrode with excellent properties (four-layer doped graphene, 30 Ω/□
and 90 % transmittance) using high quality graphene.

Since the graphene quality is crucial, poorer properties are often obtained (for in-
stance 200 Ω/□ for 85 % transmittance [Cai 2009]). MOCVD at high temperature
(700-900 ◦C) is mainly used for the growth of graphene on copper. However, multi-
ple grains (several tens of µm) are commonly observed, with a high resistance between
adjacent grains. Achieving overall resistances as low as the state-of-the-art values is
therefore difficult. Solution processes with graphite reduction could also be considered
when looking for lower cost methods [Hsiao 2014]. In addition, transferred graphene
cannot be used as a conformal coating.

2.1.4.4 Carbon nanotubes

Carbon Nanotubes (CNTs) are tubes made of a single or several layers of graphene. They
have very thin walls (typically below 2 nm) and are a few µm long. They look promising
given the high mobility of carriers in a single nanotube (105 cm2/(Vs) [Dürkop 2004]),
their ability to form a conductive network, and the possibility of solution processing.
Yet limited properties have been obtained until now (up to 100 Ω/□ for 90 % transmit-
tance [Shin 2009]) [Wu 2004, Zhang 2006]. These results are consistent with the lower
mobility observed in random CNT films (150 cm2/(Vs) [Snow 2005]). Beside the high
junction resistance between tubes, a possible reason is that CNT solutions are made
of nanotubes of different lengths, chiralities (thus metallic as well as semiconducting
CNTs) and diameters. Purification is therefore needed, but is time and cost demanding.

2.1.4.5 Metal at the nanoscale

Finally, metals could be used to ensure a good conductivity. Since they transmit little
light, new designs are needed to keep the transparency. Metallic grids could be used
in solar cells. But spacing between fingers has to be large enough to reduce the light
absorption and reflection, and a resistive loss to carrier collection could appear. Very
thin continuous films of metals (e.g. Ni/Au semitransparent contacts used in nitride
LEDs) can also be thought of, but a conformal coverage is a key parameter, which
would be particularly difficult to achieve in nanowire-based solar cells. Besides, no
solution process is possible in this case. Lastly metallic nanoparticles [Sugnaux 2015]
or nanowires have been considered. Nanowires with the appropriate density could form
a conductive network with large transparent holes in-between. Silver nanowires are
particularly interesting because of the low resistivity of silver (1.63×10−6 Ω × cm at
300 K [Bid 2006]). Reported properties of Ag nanowires electrodes [De 2009, Hu 2010,
Jang 2016, Lee 2008] confirm this interest with sheet resistances as low as 2.9 Ω/□ for
89.2 % transmittance [Lagrange 2015].

More details on Ag NWs are given in Section 2.4.
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2.1.5 How to find the optimal combination of transparency and con-
ductivity?

In order to compare candidate materials, figures of merit (FoMs) have been suggested.
Since transparency and conductivity remain interdependent, a trade-off is needed. A
relevant figure of merit should be easy to determine from experiments, be suited for
various applications and representative of the performance of the final device.

Haacke’s FoM Today the one that is mostly referred to is Haacke’s FoM, actually
a special case of Haackes’s propositions [Haacke 1976]. One would naturally compare
the transmittance T and the sheet resistance R□ of a thin film as Fraser and Cooke
did [Fraser 1972]

FoMFraser = T

R□
. (2.22)

Both are related to the thickness, which enables to calculate the optimal thickness
(resulting in the highest FoM) and the corresponding transmittance. With the FoM in
Eq. (2.22) , it results in a transmittance of 37 %. For this reason, Haacke suggested a
more general form of this figure of merit, with a weight w applied to the transmittance.
This coefficient can be changed depending on how critical the transmittance is for the
application

FoMHaacke = T w

R□
. (2.23)

The commonly used Haacke’s FoM takes w = 10, for which an optimized transparent
electrode yields 90 % transmittance. However, many references to the Haacke’s figure of
merit forget to mention that the weight w can be varied depending on the application.

Haacke’s figure of merit is rather easy to use, especially since the material properties
are macroscopic. It can also be adapted to various applications, with the value chosen
for the weight power, but also with the value of T . The transmittance is often taken at
550 nm, but a different choice can be made depending on the objective. In particular
for solar cells, the transmittance can be integrated with the solar spectrum up to the
band gap energy of the absorber [Mendez-Gamboa 2016].

Other figures of merit have been developed. Some are summarized in Table 2.1 in three
sections. Figures of merit that are derived from T and R□ measurements are general,
and an easy way to compare materials. However, they are determined for a given
thickness. In order to compare the material itself independently of the thickness, FoMs
have been derived from material parameters. Yet, these values are not easy to determine
and may not be relevant for very thin films or percolating networks where conductivity
is ill-defined. In addition, they are not necessarily adapted to the application. Hence,
some FoMs have also been suggested expressly for solar cells. Again, they can be rather
general or perfectly suited to a specific type of solar cells and to specific dimensions
(scaling). They gain in precision what they lose in generality. In addition, for a flexible
electrode, the mechanical performance is needed as well. Shim et al. suggested a derived
FoM to this end [Shim 2010].
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Table 2.1: Possible figures of merit (FoMs) of transparent electrodes for solar cells.

FoM Details References

From T and R□ measurements

T

R□

Easy to measure
For a thin film, optimal thickness leads to T = 37 % [Fraser 1972]

T W

R□

Easy to measure
Weight W can be changed depending on application [Haacke 1976]

1/R□ − log T
Linear fit
Independent of thickness
Several measurements needed

[Pekker 2010]

From material constants

σdc

α

σdc, conductivity
α, absorption coefficient

Not easy to determine
Not relevant for nanostructures

[Gordon 2000]

σdc

σopt

σopt, optical conductivity

Not easy to determine
Not relevant for nanostructures

[Dressel 2002]

[
σdc/σopt

(Z0tminσopt)

]1/(n+1)

tmin, thickness transition between percolation and bulk regimes
n, percolation exponent
Z0, impedance of free space

For nanostructures
Can be obtained from T and R□ measurements
Would promote further increase in T (conversely R□) when it is
already high [Jacobs 2016]

[De 2010]

For solar cells

J

R□

J computed from the transmittance spectrum and
the solar spectrum or the EQE

Optically adapted to solar cell technology
Knowledge of solar cell required
No scaling

[Mendez-Gamboa 2016,
Hu 2017]

JmppVmpp

J0
mppV 0

mpp

Jmpp/J0
mpp estimated from loss in transparency

Vmpp/V 0
mpp estimated from the ohmic losses

Developed for a contact with a grid
Knowledge of solar cell required

[Jacobs 2016]

Pmpp(T (λ), Rse)
P ideal

mpp

P ideal
mpp = Pmpp(T = 100 %, Rsh = 0.1mΩ/□)

Intended for comparison of FoMs
Most precise
Scaling
Difficult to handle
Needs to be done on the cell

[Anand 2021]
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Figure 2.6: Comparison between TCOs and possible alternative materials: (a) Trans-
mittance (550 nm) as a function of sheet resistance (from [De 2010]). The dashed
lines represent fits to the bulk regime, while the solid lines represent fits to the per-
colative regime; (b) Transmittance over the visible-near-infrared spectrum (modified
from [Ellmer 2012]).

2.1.6 Ag NWs are the most promising alternative material to TCOs

Figure 2.6 displays the properties of common alternative materials to TCOs. Ag nanowires
are clearly the most promising candidate for a trade-off between optical and electrical
properties. Even though discrepancies exist when comparing the figure of merit σopt/σdc
between materials, silver nanowires also present the highest ratio (ca. 215-415) compared
to ca. 120-240 for ITO [Ellmer 2012], which is corroborated by the figure of merit devel-
oped for very thin films [De 2010]. Besides, Ag nanowires show a flat transmittance in
the visible-near infrared (NIR) range, which could be useful for applications in tandem
solar cells.

2.1.7 Summary

A conductive material requires a high density of free carriers. Despite various origins,
these carriers absorb and reflect electromagnetic waves, limiting the transparency of the
material up to a given frequency. TCOs are suited to a use in the visible range, which
corresponds to their transparency window. Because of their limitations (brittleness, n-
doping, In content), alternative electrodes are developed, mostly with nanostructured
conductive materials, such as metal nanowires, graphene or CNTs. Yet, because the
transparency and conductivity of a film are tightly related, a trade-off is needed. Figures
of Merit can be used for comparison between materials. The best-known one is Haacke’s
FoM, which compares transmittance and sheet resistance, FoM = T 10/R□.
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2.2 Why a hybrid electrode is relevant for Si NW/a-Si:H
solar cells

2.2.1 ITO only?

Non-conformal deposition ITO remains an effective top contact, especially for lab-
scale cells. Misra et al. studied the deposition of magnetron-sputtered ITO on Si
NW/a-Si:H cells. While an 80 nm layer is sufficient for a flat cell, a film corresponding
to 240 nm on a flat substrate was optimal for the NW cell [Misra 2015a]. SEM and TEM
observations of the ITO-covered nanowires reveal a strongly non-conformal deposition
of ITO (Figure 2.7). A thick layer can be seen on top of the NWs, which results in
optical losses, whereas almost no ITO covers the lower part of a-Si:H NWs.

1 µm 0.2 µm

(a) (b)

Figure 2.7: Cross-sectional (a) SEM and (b) TEM observations of Si NW/a-Si:H with
240 nm ITO as top contact (optimal thickness for a Si NW/a-Si:H cell under 1 Sun).
(b) from [Misra 2015a].

Because of the NW array, a thick layer is needed to have a continuous electrode and
for this electrode to be conductive enough on the scale of the cell (a few mm).

Why we dismiss planarization This concern is often encountered in nanostructured
devices. With planarization, transparent electrodes developed for planar cells can be
used with no risk of shunt. NWs are embedded in a dielectric material, with the top
available for electrical connection [Chia 2011, Latu-Romain 2008, van Dam 2016]. How-
ever, it requires additional steps in the process (embedding and etching), and might be
particularly challenging for a network with dense, randomly oriented NWs. In addition,
this enables a connection only at the top of nanowires. For Si NW/a-Si:H cells, the
benefit of core-shell NWs is then lost, because the outer n-doped layer (lowly doped and
very thin) is not conductive enough to bring charge carriers to the top.

ITO is brittle In addition, we aim to design flexible electrodes, but ITO is a brittle
material. It easily fractures for tensile strains around 1 % (for a 100 µm-thick sub-
strate, it corresponds to a bending radius around 5 mm) [Cairns 2000, Leterrier 2004,
Zardetto 2011]. The actual limit depends on the film thickness, with an onset for crack
initiation and propagation at lower strains for thicker films. Once the cracks start prop-
agating, a very quick increase in the sheet resistance is observed, which typically results
in R/∆R0 ∼ 100 − 200. Under bending, cracks in the thick layer of ITO on Si NW/a-Si:H
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solar cells could therefore be expected and would be detrimental to the collection of the
charge carriers.

2.2.2 Ag NWs only?

As detailed in Section 2.1.4.5, Ag NWs are a promising material for transparent and flex-
ible electrodes, especially due to their high conductivity and easy processing. However,
they cannot be used as a single material either. As displayed in Figure 2.8, Ag NWs lie
on top of the array of Si/a-Si:H NWs, but they do not connect every Si NW. A high
density of Ag NWs would be needed to this end, with adverse effects on transparency.

2 µm

Figure 2.8: Top-view SEM image of Si NW/a-Si:H with Ag NWs only as top electrode.

2.2.3 Advantages of a hybrid electrode {ITO + Ag NWs}

Hybrid electrodes make use of several materials to benefit from the properties of each.
We decided to combine ITO and Ag NWs, that have complementary properties for Si
NW/a-Si:H solar cells. Figure 2.9 shows a schematics of the device. A thin ITO layer
would collect charge carriers from each Si/a-Si:H NW. Due to the high density of the
array of Si NWs, ITO connects groups of NWs together. A network of Ag NWs on top of
the array collects the current from groups to the collecting point. This has for instance
been shown by Pathirane et al. [Pathirane 2017].

This hybrid is similar to the top contact of PERC c-Si solar cells, where the collection
of carriers is ensured both by the window layer (short-range) and the grid (long-range).
Jacobs et al. showed how it is beneficial to keep metal wires for thin-film solar cells with
new transparent electrodes, despite the optical losses [Jacobs 2016].

However, printing of fingers made of Ag paste on Si NW/a-Si:H presents some limi-
tations. First the mesh has to be very fine due to the high resistance of the ITO layer
on NWs. Typical metal wires of 20-40 µm width would result in too much shading.
Moreover, Ag printing on high aspect ratio structures might be laborious, especially if
trying to thin wires down, and would not display the flexibility of networks of silver
nanowires.
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ITO

Back contact
c-Si (p)

a-Si:H (p)
a-Si:H (i)
a-Si:H (n)

Ag NW

Figure 2.9: Schematic cross-section of the hybrid contact {ITO + Ag NWs} on top of
Si/a-Si:H NWs.

2.2.4 Summary

In addition to the trade-off between transparency and conductivity, nanostructured de-
vices present supplementary issues regarding the top contact. They alter the deposition
of materials and usual electrodes for planar devices are not suited anymore. Further-
more, devices with NWs display two very different scales. The top contact has to collect
the charge carriers at both scales. A hybrid electrode, made of different materials, is a
possible solution, for instance with a TCO for the short-range collection and Ag NWs
for the long-range collection.

2.3 A transparent conductive oxide for short-range con-
ductivity

2.3.1 ITO and TZO as TCO

Because of its low resistivity (0.77×10−4 Wcm for epitaxial ITO [Ohta 2000]), ITO
is already the typical top contact for Si NW/a-Si:H solar cells [Al-Ghzaiwat 2018,
Zhang 2021]. Despite its short plasma wavelength (∼0.77-1.0 µm [Gordon 2000, Ellmer 2012]),
its transparency window is suited to a-Si:H. We choose to keep ITO in the composite
electrode to highlight the possible benefits of using a hybrid.

However, as already mentioned, the sputtering deposition is not conformal, which
may be detrimental to the collection of charge carriers from each NW and to the optical
transmittance. Atomic-Layer deposition (ALD) results in conformal coatings, but is not
so common for ITO. Instead, I used an ALD zinc oxide doped with titanium (ZnO:Ti
or TZO), that had been developed at IPVF [Coutancier 2020]. For comparison, we
measured the electrical and optical properties of ITO and TZO. They are displayed
in Table 2.2 and their transmittance and reflectance spectra on glass are presented in
Figure 2.10. The better conductivity of ITO is clear. In the 0.4-1.0 µm range, their
optical properties are very similar. However, below 400 nm, the lower band gap energy
of TZO is responsible for an increased absorption.

Despite the differences, ALD TZO enables us to assess the effect of a perfectly
conformal top contact. In addition, as mentioned in Section 2.1.4.1, the sustainability
of indium is questioned and alternatives to ITO should be promoted.
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Table 2.2: Comparison of ITO and TZO properties. When no reference is given, mea-
surements were made in the laboratory. a refers to [Coutancier 2020] for a 1:10 cycle
ratio, b to [Yang 2006], c to [Ginley 2011] and d to [Tseng 2011].

ITO TZO
Thickness 80 nm 80 nm
Sheet resistance 47 Ω/□ 160 Ω/□
Transmittance (550 nm) ∼ 80 % ∼ 80 %
Resistivity 3.8×10−4 Ω × cm 1.3×10−3 Ω × cm
Optical band gap energy 3.75 eV 2 ∼3.5 eV a

Refractive index (633 nm) 1.7 − 2 b 1.9 a

Work function 4.6-4.8 eV c 4.9-5.4 eV d

(a) (b)
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Figure 2.10: Total transmittance and reflectance of 80 nm sputtered ITO on Corning
boro-aluminosilicate glass and ALD TZO on borosilicate glass. The TZO measurements
were carried out by Shan-Ting Zhang. The legend is common to the two figures.

2.3.2 Magnetron-sputtering of ITO

Magnetron-sputtering with a radio-frequency (RF) power supply was used for the de-
positions of ITO and back-contact AZO.

Sputtering is a physical vapor deposition technique in which high-momentum par-
ticles (typically ions) bombard a target (thick film of the material to be deposited).
Thanks to their momentum, they can break bonds and release atoms from the target.
These kicked-off atoms are redeposited on the substrate.

Bombarding particles can stem from a plasma, an ionized gas. Cold plasmas, where
there is no thermal equilibrium between electrons and ions, are generally used. For
sputtering, plasmas are ignited and sustained through an electric field, which accelerates
electrons and leads to collisions and ionization events. The power supply can either be
DC (Direct Current) or RF (Radio Frequency). RF sputtering operates at 13.56 MHz

2Strong optical absorption of ITO films is observed around 3.75 eV. However, an absorption onset
has also been shown at 2.9 eV, which corresponds to a direct band gap with mostly forbidden transitions
[Walsh 2008]. We keep the value of the optical band gap.
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and is particularly useful for non-conductive targets or substrates The plasma gas is
often argon, because it is chemically inert and remains cheap compared to other noble
gases. In addition, it is rather easy to ionize, and able to efficiently break bonds in
the target. Finally, in magnetron-sputtering, a magnetic field increases the density of
electrons close to the target, hence the amount of collisions and ionizations for a given
pressure. Consequently, lower pressures are required to sustain the plasma. Various
materials can be sputtered, e.g. oxides, metals, nitrides. It is a preferred technique for
oxides, since there is little stoichiometry issues, in contrast to evaporation for instance.

Atoms leaving the target follow a rather vertical flux, but they may collide with
atoms and ions from the plasma. Thus, the final deposition is not highly directional,
especially at higher pressures. Still, step coverage remains difficult.

Experimental details We deposited ITO from a In2O3:SnO2 target (9:1) in an Al-
liance Concept system. The conditions used for the deposition are the standard ones
developed at LPICM. The substrate holder is heated at 180 ◦C and the chamber is
pumped down to <9×10−7 mbar . Ar and O2 (3 % in Ar) are used as gases, with a
sputtering pressure around 6×10−3 mbar. To define circular solar cells with a 2 mm or
4 mm diameter, we used a shadow mask during the magnetron sputtering. We changed
only the ITO thickness for the top contact optimization.

2.3.3 ALD for TZO

Atomic-Layer Deposition relies on chemical reactions. It is a step-by-step deposition,
where each precursor is separately introduced in the chamber. Between steps, a purge
removes the precursor molecules that have not reacted. During one step, the sites
available for reaction are saturated by the precursor species. These sites limit the amount
of reactions and enable a layer-by-layer growth. With this method, the total thickness
is finely controlled. In addition, a very conformal deposition is obtained. Indeed, the
precursors are able to reach all available sites, since they are in the gas phase and largely
in excess compared to the reaction sites. However, deviation from an ideal layer-by-layer
deposition can occur, especially at the beginning of the deposition process [Richey 2020].

ZnO ALD was first demonstrated by Tammenmaa et al. [Tammenmaa 1985] with
zinc acetate and water as precursors. Now, diethyl zinc is mostly used with H2O, and
as many as 22 different elements have been reported for doping [Gao 2019].

Experimental details For this work, TZO was deposited from diethyl zinc, H2O and
titanium (IV) i-propoxide with one TiO2 cycle for every 10 ZnO cycles (1:10 cycle ratio).
The conditions standard conditions developed at IPVF, detailed in [Coutancier 2020]
(sequence A). All depositions were made at IPVF by Shanting Zhang and Nathanaëlle
Schneider. We changed only the TZO thickness for the top contact optimization.

2.3.4 Sputtered vs. ALD top contact on Si NW/a-Si:H solar cells

The deposition conditions for ITO sputtering and TZO ALD are summarized in Ta-
ble 2.3. The long deposition time required for ALD is clear, it is an expensive method
due to its slow growth.
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Table 2.3: Comparison of ITO and TZO deposition conditions for 80 nm films.

ITO TZO
Magnetron-sputtered ALD

Power 200 W -
Atmosphere Ar + O2 (3 % in Ar) N2 + precursor
Deposition pressure 6×10−3 mbar 1-2 mbar
Temperature 180 ◦C 200 ◦C
Deposition time 45 min pumping/heating

2 min deposition
30 min pumping/heating
∼25 min deposition

Conformal Roughly Perfectly

Figure 2.11 presents the cross-section of Si NW/a-Si:H with 80 nm of both materials.
While the ITO film on top of NWs correspond to the expected thickness (∼72 nm esti-
mated from the broken Si/a-Si:H NW), there is almost no material on the NW sidewalls.
In contrast, the ALD TZO strictly follows the NWs, down to the substrate. Further-
more, the morphology of ITO and TZO are rather different, with large grains in TZO
and very small ones in ITO.

500 nm

500 nm(a) (b)

Figure 2.11: SEM images of Si NW/a-Si:H after (a) sputtering of 80 nm ITO, (b) ALD
of 80 nm TZO. The bare Si/a-Si:H nanowires are easy to distinguish from the TCO
thanks to a darker contrast.

It should be noted that while the TZO uniform thickness should improve the opto-
electronic properties of the film compared to sputtered ITO (no supplementary loss of
light at the top, collection from the whole NW), it could electrically connect the bottom
of the array, including potential pinholes and the parasitic flat cell, which would result
in a degraded shunt resistance.

2.3.5 Summary

TCO is the best option for the collection of charge carriers from single Si/a-Si:H NWs.
Magnetron-sputtered ITO is preferred because of its good optoelectrical properties. Yet
it does not conformally cover the NWs. Because the core-shell NWs require the collection
of charge carriers along the whole NW, an ALD TCO is also considered, namely ZnO:Ti.
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2.4 Ag NWs for long-range conductivity

2.4.1 A conductive network

Percolation threshold Ag nanowire electrodes rely on percolation, i.e. the formation
of a conductive pathway through the connection of elements whose typical dimensions
are much smaller than the dimensions of the final pathway. When connecting enough
Ag NWs, electrons are able to travel a large distance following the obtained path. The
minimal density depends on the design and the morphology of the small elements.

Figure 2.12: Schematics of the different regimes in Ag NW electrodes depending on the
density of Ag NWs. Extracted from [Sannicolo 2018].

Because of their very high aspect ratio (> 150 in our work) Ag nanowires are prone to
connect and lead to a conductive network. The density required to reach percolation can
be assessed with the percolation threshold, which corresponds to a percolation occurrence
probability of 50 %. As a first assumption, Ag NWs can be considered as objects of one
dimension. For a 2D square network made of rods of length Lw (straight, with the same
length) randomly deposited, Monte Carlo simulations [Li 2009] show that the percolation
threshold N random

th is given by

N random
th = 5.637

L2
w

. (2.24)

It clearly appears that longer nanowires reach percolation more easily.

Design But design also has an impact. When considering an ordered network with a
square lattice (the lattice constant equal to the nanowire length) instead of a random
network, the percolation threshold is ten times smaller

N square
th = 0.5

L2
w

. (2.25)

Whereas no control exists for a random network, in an ordered array, connections are
rather optimized and a wire is more likely to be connected to the conductive path-
way. However, well-ordered nanowire networks are more difficult to achieve by low-cost
methods such as solution depositions.

Conductivity For a given amount of wires, the nanowire length also impacts the
conductivity of the network beyond the percolation threshold. For a density N such that
1.3 < N/Nth < 2, the conductivity of the network follows, with β ∼ 1.3 [Lagrange 2015],



2.4. Ag NWs for long-range conductivity 49

σ ∝ (N − Nth)β. (2.26)

Equation (2.26) shows that adding nanowires quickly increases the conductivity.
Indeed, close to Nth, few possible paths exist and new connections easily lead to less
resistive paths. Even after the percolation regime, the conductivity still increases with
the amount of nanowires, until the bulk conductivity is reached. In 85 nm-diameter
silver nanowires, this transition to bulk properties occurs for a (non-continuous) film
with a thickness ∼160 nm, around twice the diameter [De 2009].

2.4.2 Optical properties

Nanowires versus bulk silver The transmittance of bulk silver is very low over
the UV-Vis-NIR spectrum, with either a high reflectance (visible and near infrared) or
absorptance (UV region). Despite its conductivity, bulk silver can therefore not be used.
However, with silver wires, a conductive and non-continuous network can be obtained.
Hence, large bare areas remain, which reduces the optical losses. This benefit stems
from the non-continuity of the film, not from the nanometric scale of nanowires. The
effect of their diameter is discussed in Section B.1.2.

Haze factor Because they are particles, Ag NWs also strongly scatter light, in agree-
ment with Mie scattering theory [Khanarian 2013]. The haze factor is used to quantify
scattering (usually forward scattering) and is defined as

Haze = Iscattered

Iscattered + Idirect
.

The haze factor increases with the amount of material (areal mass density) and the
diameter of nanowires. For instance, at a 80 % transmittance, the haze factor ranges
from 10 % to 40 % for diameters between 25 nm and 117 nm [Lagrange 2015]. Forward
scattering at the device surface increases the optical path of the light into the active
material, which should be beneficial to solar cells, thanks to an increase in the photo-
generated current [Zeman 2000].

Surface plasmons in Ag nanowires Silver nanowires also present specific optical
properties at given wavelengths. Due to their small diameter and their metallic nature,
localized surface plasmon resonance (LSPR) occurs. Plasmons are collective oscillations
of the free electrons. At the interface between a metal and a dielectric, these oscillations
are confined close to the surface and result in surface plasmons. In nanostructures
with at least one dimension similar to the oscillation wavelength, a sharp resonance can
take place. At this frequency, extinction is particularly significant. For Ag nanowires
with diameters around 50-100 nm, the resonance occurs at 350-420 nm and results in a
yellowish color of the suspension and deposition [Garnett 2012, Khanarian 2013]. For
non-circular cross-sections, more resonances can be observed [Kottmann 2001].

2.4.3 Flexibility of Ag NW networks

Ag NW networks have been used as flexible electrodes, both in bending and stretching
configurations, with improved properties compared to TCOs. For instance, Song et al.
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showed almost no change (< 1 %) in the sheet resistance R□ of a PET/Ag NWs electrode
for a bending radius down to 0.2 mm, while the ITO film displayed many cracks and a
resistance twice as high as initially [Song 2013].

This flexibility comes from the network structure, which can accommodate to the
deformations of the substrate. In addition, and in contrast to bulk materials, there is
no propagation of cracks. When there is fracture in a NW, it is not a starting point for
further cracks. Besides, there is a size effect in the mechanical properties of single NWs,
which results in a higher ultimate tensile strength than for bulk silver. However, ductile
fracture can still be observed [Schrenker 2021]. In order to improve the mechanical
properties of the network, pre-straining can be carried out [Ho 2013, Lee 2012]. Ag
NWs are initially deposited on a strained substrates. Hence, Ag NWs on the device at
equilibrium are in a compressive strain state and the tensile straining of the network
results in a decrease in the strain of individual NWs. Nevertheless, its application to
top contacts raises some issues regarding the pre-straining of the device.

2.4.4 Preparation process

Ag NWs are commonly synthesized by the reduction of Ag nitrates in a polyol in the
presence of polyvinylpyrrolidone (PVP) [Sun 2002]. After purification, they are dis-
persed in a solvent. Solution processing is then used for the fabrication of electrodes. A
post-deposition treatment is required to improve the electrical properties.

For this work, we used commercial suspensions of silver NWs supplied by Sigma
Aldrich. Before the optimization of the hybrid electrode, we had to determine the pro-
cessing of Ag NWs, including their dimensions, the deposition method and the annealing
conditions (temperature and atmosphere). More details regarding the processing of Ag
NWs and the choice of parameters for this work can be found in Appendix B.

Two suspensions in isopropanol have been used, both with nanowires of 60 nm di-
ameter and 10 µm length. Depending on the dimensions of the sample, Ag NWs were
either drop-cast at room temperature or spin-coated. After deposition, the substrates
were annealed. Typical annealing was carried out for 20 min in an oven under ambient
atmosphere. The temperature was 240 ◦C for the first suspension, 180 ◦C for the second
one. When Ag NWs were coated on TZO, annealing was done under N2 atmosphere.

2.4.5 Summary

Ag NWs are a promising alternative to TCOs for transparent electrodes. They are
highly conductive (metal) and remain transparent (non continuous). Furthermore, they
can be used for flexible devices and are easy to process.

2.5 A two-step optimization directly on the device

More degrees of freedom With a hybrid electrode, more parameters can be tuned.
Hence, optical and electrical optimizations can be (partially) separated. The main pa-
rameters that can be varied and that will determine the transparency and the resistance
of the contact are the TCO thickness and the density and size of Ag NWs. Because we
rely on Ag NWs for the long-range conduction, the transparency is the key feature that
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will be considered for the thickness of ITO. In a second step, the density of Ag NWs
will be changed to achieve the maximal performance of the device.

Deposition altered by the NWs Deposition and characterization of transparent
electrodes are usually done on glass. The transmittance and resistance of the contact
are easy to measure. However, it requires that the deposition of the electrode does not
depend on the morphology (especially for evaporation, sputtering and solution tech-
niques) or chemical composition (for instance for ALD, and solution processes) of the
substrate. Because NWs display a high aspect-ratio structure, they strongly alter the
deposition. For instance, in our work, 80 nm of magnetron-sputtered ITO on a planar
substrate resulted in a sheet resistance of 60 Ω/□, while a thicker ITO on NWs (depo-
sition 3.5 times longer) led to 2 kΩ/□. The wetting of the substrate by the Ag NW
suspension is also affected by the morphology of the substrate. Less wetting is expected
for a nanostructured substrate. One could optimize the hybrid on glass and use the
optimized electrode on the NW array, as was done by Pathirane et al. [Pathirane 2017],
but this optimization is not relevant for the nanostructured device.

Characterization on the device Consequently, the optimization has to be done di-
rectly on the NW solar cell. Yet, once on the device, the optical and electrical properties
of the electrode cannot be disentangled. For example, the measured sheet resistance of
the top contact would be related to the conductivity of the layers below and to the
possible shunts in the cell. A mock cell could be made (same structure, but no doping),
which would favor a correct measurement of the sheet resistance of the contact. How-
ever, the measurement of the transparency through the absorber would remain low and
sensitive to errors.

2.6 Step 1: ITO thickness and optical properties

2.6.1 Use of EQE to probe the optical properties

To evaluate the transparency of the ITO film on the Si NW/a-Si:H solar cells, we used
External Quantum Efficiency (EQE) measurements. EQE is defined as

EQE = Ne

Nγ
,

with Ne the amount of generated and collected charges and Nγ the amount of impinging
photons. The amounts of electrons and photons can be respectively related to the short-
circuit current in the solar cell, Jsc, and the incoming power density P0, with Eγ the
energy of one photon:

EQE(λ) = JscEγ(λ)
qP0

.

It is wavelength-dependent.
In an EQE setup, a single-wavelength light is shone on the cell and the short-circuit

current density is measured. The light intensity is low (a few µW), resulting in a low
current (µA), which is crucial to dismiss the resistance effects.

We measured the EQE values with an Oriel IQE200. A grating-monochromator
selects the wavelength of the illuminating light. The area of the spot is a few mm2. A
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scan between 300 nm and 800 nm with a step of 10 nm enables to assess the response of
the cell over the UV-Vis-NIR range. Furthermore, to mitigate the impact of the ambient
light, we used synchronous detection with a lock-in amplifier (30 Hz modulation, 0.1 s
time constant). The modulation frequency is rather low due to the response time of
solar cells. A two-wire setup measures the current.

2.6.2 80 nm ITO results in the best optical performance
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Figure 2.13: (a) EQE, (b) normalized EQE, (c) pictures of Si NW/a-Si:H solar cells
with ITO only as top contact and (d) total transmittance and reflectance of ITO on
Corning glass. The dot of Ag paste used for contact can be seen.

We deposited three different thicknesses of ITO on top of Si/a-Si:H NW cells (stan-
dard growth, FTO back-contact). The thicknesses corresponding to these deposition
times had previously been determined by ellipsometry from reference samples on glass.
They equal to 40 nm (ITO 1’), 80 nm (ITO 2’) and 240 nm (ITO 7’). Then, I measured
their EQE spectra to compare their transparency. They are displayed in Figure 2.13 (a).
The integrated values of EQE are displayed in Table 2.4.

Low transmittance of 240 nm ITO We observe lower EQE values for the thickest
ITO (240 nm) below 600 nm. In the 350-520 nm range, the EQE values of 80 nm ITO
are higher than that of 240 nm ITO by more than 10 %. This is consistent with the
lower transmittance measured for the flat substrate (see Figure 2.13 (d)). It is mainly
attributed to absorption, either residual absorption or from interband transitions (below
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350 nm, consistent with the reported value of the optical band gap of 3.75 eV). Never-
theless, the blueish color of the cell with 240 nm ITO in Figure 2.13 (c) also suggests
an increased reflection in the short-wavelength range.

Despite the optical thickness and hence the absorption path twice as long, 80 nm ITO
shows slightly higher EQE values than 40 nm ITO, with a maximal difference around
550 nm.

Anti-reflection effect The higher EQE of 80 nm ITO could be related to the anti-
reflection effect of the ITO. ITO acts as an anti-reflection coating thanks to its interme-
diate refractive index, close to the optimal one √

n1n3 (around 2.1 for ITO [Yang 2006]
compared to 3.6 for a-Si:H [Swanepoel 1983] at 550 nm). Even though NW arrays trap
light much better than thin films, the reflection losses are still present [Zhu 2009] and
we can expect an improvement for the appropriate thickness of ITO. In addition, inter-
ferences can occur in thin films and lower the reflection around specific wavelengths, as
can be clearly seen in Figure 2.13 (d). For flat a-Si:H cells, taking into account the solar
spectrum and the absorption of a-Si:H, Fan et al. found an optimal thickness around
60 nm [Fan 2010]. Yet, on the transmittance spectra, the lowest reflection for the 80 nm
ITO occurs for shorter wavelengths (around 350 nm) than the increase in EQE. The
difference in the actual ITO morphology between the flat and the NW substrates is
a possible explanation. The anti-reflection effect is supported by the picture of both
cells in Figure 2.13 (c). The cell with 80 nm ITO looks much darker than the cell with
40 nm ITO. It could be due to an increased absorption in the ITO film, but the better
EQE values suggest otherwise. The difference between the EQE measurements and the
transmittance on a flat glass highlights the importance of a characterization directly on
the substrate of interest.

Electrical limitations? However, we could wonder whether the difference between
40 nm and 80 nm is related to the electrical properties of the ITO film. When considering
the normalized EQE spectra (Figure 2.13 (b)), the 40 nm and 80 nm ITO lines overlap
well, except for short wavelengths where the absorption of ITO can be seen. This
suggests that the main difference in the EQE values does not depend on the wavelength.
It could point towards electrical limitations of the 40 nm ITO film. Measurements with
another EQE setup and current values below 10 µA (∼2 mm2 area) also presented higher
EQE values in the 400-600 nm range for the 80 nm film. In addition, SEM observation
of the cross-section shows a rather continuous layer (Figure 2.14). Hence, the collection
of low currents should be possible even with the 40 nm ITO. Electrical effects cannot be
fully ruled out, but seem unlikely.

Among the values we measured, we found that 80 nm ITO is the optimal thickness on
top of the Si NW/a-Si:H ensembles.

2.6.3 Discrepancy between Jsc values from EQE and 1 Sun J-V mea-
surements

Low performance of 80 nm ITO under 1 Sun We characterized the same cells
with different ITO thicknesses under 1 Sun illumination, Figure 2.15 displays the J-V
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500 nm

Figure 2.14: SEM image of a cross-section of a Si NW/a-Si:H solar cell with 40 nm ITO
as top contact.
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Figure 2.15: J-V curves under AM1.5G illumination of Si NW/a-Si:H cells with 40 nm,
80 nm or 240 nm ITO only as top contact. The series resistance is given in the legend.
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curves. Despite the higher optical transmittance of 80 nm ITO, it did not function
as the most efficient top contact for the solar cell under 1 Sun. The cell with 240 nm
ITO presents the highest efficiency (4.3 %) thanks to higher fill-factor and short-circuit
current. 40 nm and 80 nm ITO show low fill-factors, around 35 %. It stems from a poor
collection of the charge carriers, due to the high in-plane resistance of the top contact.

Jsc from EQE vs. J-V under 1 Sun From the EQE measurements integrated
over the solar spectrum, we computed the optically expected Jsc values under AM1.5G
illumination. They are reported in Table 2.4 alongside the measured values.

Table 2.4: Jsc under 1 Sun computed from the EQE values with the AM1.5G spectrum
or from J-V measurements under 1 Sun.

Jsc (mA/cm2)
From EQE measurements From J-V under 1 Sun

ITO 40 nm 12.7 1.3
ITO 80 nm 13.2 8.8
ITO 240 nm 11.5 13.9

The measured Jsc for the cell with 240 nm ITO is higher than expected. We an-
ticipated a discrepancy between EQE and J-V values, it may come from instrumental
errors, especially regarding the intensity and the spectrum of the solar simulator. For
this reason, EQE measurements can be preferred to get an optically relevant value of
Jsc. In contrast, for cells with 40 nm and 80 nm ITO films, the measured current density
is lower than the expected one (much lower for the 40 nm cell). This originates from
the difference in illumination level. The high in-plane resistance of the thinner films
of ITO prevents the substantial amount of charge carriers generated under 1 Sun from
being fully collected. In EQE measurements, the illumination and the resulting pho-
tocurrent are much lower, which makes the setup almost insensitive to the differences
in the contact resistance.

In conclusion, EQE measurements should be chosen to assess the optical properties
of the electrode on the device, but a relevant value of Jsc for devices with a high series
resistance requires AM1.5G illumination.

2.6.4 Summary

Thanks to the use of a hybrid electrode, we can carry out the trade-off between the
transmittance and the resistance in two steps. First, we changed the thickness of the
TCO layer to achieve a high transparency. We had to do it on the device, since the ITO
deposition is altered by Si/a-Si:H NWs. EQE measurements showed that 80 nm was the
optimal thickness. We could not reach this conclusion with J-V measurements due to
the high in-plane resistance of the contact.
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2.7 Comparing ALD TZO with ITO contact

We can use the same method with ALD TZO instead of ITO to determine whether
the conformal coating is beneficial. In addition, because of different optical properties
and morphology of the oxide, the optimal thickness may differ and several thicknesses
should be tested. The samples had the a structure similar to the previous one, except
for the back contact, which is made of Ag/AZO (100 nm/100 nm) instead of FTO. The
substitution of the back-contact comes from a different series of samples. We did not
change it on purpose in relation with the top contact.

2.7.1 Optimal TZO thickness

We deposited 60 nm, 80 nm and 100 nm TZO on top of Si NW/a-Si:H cells from the
same series. Because of ALD, a shadow mask was not sufficient to avoid TZO depo-
sition and Kapton tape was needed to define cells. We removed Kapton tape prior to
measurements.

Figure 2.16: (a) Normalized EQE, (b) Jsc values from EQE and J-V under 1 Sun and
(c) pictures of Si NW/a-Si:H solar cells with TZO only as top contact.

We recorded the EQE spectra and J-V curves for the cells with the three TZO
thicknesses. Figure 2.16 (a) shows the normalized EQE measurements. Some of the
60 nm TZO and one of the 100 nm TZO cells presented an increased EQE at longer
wavelengths. A stronger absorption of the cell in this range stems from increased scat-
tering. It can be related to the front contact, because it scatters the incoming light,
or because it affects light-trapping via enhanced internal reflections [Söderström 2009].
Since we observed an increase for 60 nm and 100 nm TZO and since all of the cells in
question were located close to the edge of the sample, we attribute the variation to
non-uniformities, namely non-uniformities in the Si NW/a-Si:H array. The density of
Si NW/a-Si:H is likely lower in the outer region, which alters the scattering of light by
NWs. Hence, we disregarded these measurements for a better comparison of the top
contact effect, but they are shown in grey.

The thickness of the top contact can affect its transmittance (hence the EQE values
of Si NW/a-Si:H cells with the TZO contact) due to absorption or a change in the re-
flectance. The latter can be clearly seen from the color of the samples in Figure 2.16 (c).
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Because of interferences, the reflectance strongly depends on the wavelength. Hence, no
conclusion on the overall value of the transmittance can be drawn.

We chose to show the normalized EQE values because they highlight the change in
the spectral response of the cells with different TZO thicknesses (Figure 2.16 (a)). In
particular, the absorption of the top contact should mostly affect the region of short
wavelengths. This effect can be clearly seen in the normalized EQE values. Below
500 nm, they display a decrease for thicker TZO films. Below 350 nm, this is attributed
to inter-band transitions. Between 350 nm and 500 nm, residual absorption can be re-
sponsible.

Jsc values The overall transparency of the TZO films on Si NW/a-Si:H under 1 Sun
can be assessed with the Jsc values computed from the EQE (Figure 2.16 (b)). There is
some dispersion, likely related to different densities of Si NWs. Nonetheless, it is clear
that the thickest TZO film (100 nm) is not transparent enough for the Si NW/a-Si:H
solar cells. Further measurements would be needed to determine the most transparent
thickness of TZO.

We also measured Jsc values under 1 Sun, they are displayed in Figure 2.16 (b).
In contrast with ITO, these values are higher than the ones computed from EQE for
all TZO thicknesses. It means that the collection of charge carriers is not strongly
limited by the in-plane resistance of the top contact, even for very thin films. While the
TZO resistivity is higher than the ITO one (Table 2.2), the ALD technique results in
a continuous and uniform layer, which reduces the overall resistance. On the contrary,
in ITO, there are regions with very thin ITO or no ITO. As we had already observed
for the thickest ITO layer, the values from 1 Sun measurements are higher, which we
attribute to the calibration of the solar simulator. This suggests that even thinner films
of TZO could be used in a hybrid contact, but we did not have the opportunity to test
such thicknesses. In addition, we observe a similar trend with the TZO thickness with
EQE or 1 Sun Jsc. 60 nm or 80 nm TZO result in similar current densities and TZO
100 nm displays a lower Jsc.

2.7.2 Comparison with ITO

EQE measurements Figure 2.17 displays the normalized EQE of cells with 60 nm,
80 nm and 100 nm of TZO and 80 nm of ITO. All cells belong to the same growth. Due
to different parameters used during the a-Si:H deposition, their EQE outlines differ from
the previous cells. Yet, the conclusions regarding the effect of the TZO thickness hold,
with thinner TZO displaying a higher transparency in the short-wavelength region. For
the same nominal thickness, ITO leads to less optical losses than TZO. It is mostly
attributed to the higher transparency of ITO in the short-wavelength range, as shown
in Figure 2.10.

I-V measurements From the SEM cross-section (Figure 2.11 (b)), it is clear that the
material deposited by ALD can go to the bottom of NWs. Hence, a possible drawback of
ALD TZO is the direct connection between top and bottom contacts through pinholes
or the connection of more defective parts of the cell, such as the parasitic flat one. This
could result in a decreased shunt resistance.
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Figure 2.17: (a) Normalized EQE measurements on samples from a same series with
different thicknesses of TZO and ITO as top contact. A new EQE setup was used for
most measurements. (b) displays a comparison of the two setups for a cell with ITO as
top contact. They show good agreement.

Figure 2.18: (a) Shunt resistance from 1 Sun measurements for 3 series of samples shown
with different symbols. Because the growth of the Si NW/a-Si:H is critical for the shunt
values, we make the distinction between different growths. Samples from a same batch
are displayed with the same color and marker. (b) Same data as in (a) plotted against
the area of the cells. The different colors show the different top contacts. Again, because
a trend could come from the different Si NW/a-Si:H growths, we use different markers
for the different series of samples. Two (arbitrary) ellipses show that there are two
groups of Si NW/a-Si:H with TZO as top contact, depending on the cell area.
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Figure 2.18 (a) displays the shunt resistance Rshunt of three series of cells with TZO
or ITO as top contact. The shunt resistance indeed looks higher with ITO as top contact.
However, the size of the cell or the growth can also affect the Rshuntvalue. Figure 2.18 (b)
presents the same values of Rshunt against the area of the cells. Three series of samples
are displayed, with different symbols. The cells with TZO as top contact belong to two
groups, shown with grey ellipses: small area and high Rshunt or large area and low Rshunt.
It confirms the dependence of Rshunt on the area. In addition, it confirms that ITO cells
(red and purple symbols) show a different behavior, with higher values of Rshunt. The
low values of Rshunt in the TZO cells result in a loss of performance due to low fill-factor
and Voc.

2.7.3 Summary

Used instead of ITO, ALD TZO covers the NWs with a conformal layer. EQE mea-
surements showed no strong improvement in the optical properties compared to ITO.
However, comparison between the EQE measurements and the J-V curves under 1 Sun
proved that we were far from limitation due to the in-plane resistance, even for 60 nm
TZO. Hence, the use of TZO could result in lower Transparent Conductive Oxide (TCO)
thicknesses. Yet, the conformal deposition also leads to lower shunt resistances, prob-
ably related to the electrical connection of the bottom. This strongly impedes the
performance of the cell. Hence, I chose to keep magnetron-sputtered ITO in the hybrid
electrode.

2.8 Step 2: Ag NW density and highest PCE

Once the TCO has been optimized for its transparency on the cell (namely with 80 nm
ITO), Ag NWs can be added to the cell/ITO structure to make a device with a hybrid
electrode. Their density is varied to find the best trade-off between the conductivity of
the network and its transparency.

2.8.1 Experimental details

Process On a Si NW/a-Si:H sample, I defined six cells (4 mm diameter) with ITO
sputtering (nominally 80 nm). On each cell except for one, I drop-cast 2 µL of Ag NW
suspension with a different concentration. I used a commercial suspension of 60 nm
diameter and 10 µm length silver nanowires in isopropanol (IPA), with an initial con-
centration of 0.5 wt.% (around 3.9 mg/L). I further diluted the suspension in IPA with
final concentrations of 20, 40, 60, 80 or 100 % of the initial one. After the deposition of
Ag NWs, I annealed the sample in air at 240 ◦C for 20 min, including the bare ITO cell.
I tested different deposition and annealing conditions, they are reported in Appendix B.
The process described here led to the best performance of the Ag NW electrode.

J-V curves I determined the average density of Ag NWs on each cell from the total
area and the quantity of deposited NWs. I tested the cells under a AM1.5G illumination,
with a four-wire setup. To avoid any possible change of the effective solar cell area due
to the spreading of Ag NWs, I used an optical mask (3 mm diameter) to keep the
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illuminated area constant. While the PCE is the decisive factor for the optimal density,
I also analyzed Rse and Jsc values.

2.8.2 Effect on Rse and Jsc
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Figure 2.19: Series resistance Rse and short-circuit current density Jsc of Si NW/a-Si:H
solar cells with {80 nm ITO + Ag NWs} as top contact. Parameters were probed under
1 Sun illumination.

I extracted the series resistances and short-circuit current densities obtained for the
different Ag NWs densities. They are presented in Figure 2.19.

Change in Rse A significant reduction in Rse is achieved in the solar cell with a dense
network of Ag NWs (six times lower than that in the same type of solar cell without Ag
NWs). More specifically, the series resistance first decreases for denser Ag NW networks,
then becomes steady at around 20 Ω for a density above 16 µg/cm2. Adding more Ag
NWs does not seem to further improve the electrical properties of the cell. The series
resistance of the complete cell is an equivalent resistance, including the resistance of
the NW core and a-Si:H layers, the contact resistance between materials, and the in-
plane resistances of the top and back contacts. The decrease of series resistance with
increasing Ag NW density suggests that the series resistance of the Si NW/a-Si:H cell
is mainly governed by the in-plane resistance of the top contact. This is indeed the only
parameter contributing to the equivalent resistance which is sensitive to the change of
density of the deposited Ag NWs.

Comparison with theoretical percolation threshold We can compare these den-
sities to the percolation threshold as defined in Eq. (2.24). For randomly deposited NWs
with a 10 µm length, the percolation threshold corresponds to a density of 1.7 µg/cm2,
much lower than the densities in Figure 2.19. The first reason is an overestimation
of the experimental density, for instance due to the drying ring. Indeed, because of
surface tension effects (detailed in Appendix B), many particles deposit on the edge
of the droplet. Moreover, reaching percolation means that one conductive path exists
but its resistance can still be high. Thus, a percolating network does not necessarily
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result in a good conduction [De 2010]. Densities close to 4-10 µg/cm2 for NWs around
100 nm×10 µm are required for R□ below 50 Ω/□ [De 2009, Pathirane 2017]. A much
higher Ag NW density is expected to be used in optoelectronic devices which require a
particularly low resistance such as solar cells.

Change in Jsc Figure 2.19 also shows the evolution of the short-circuit current density
as a function of the density of Ag NWs. Because of the reflection and absorption by
Ag NWs (see Figure 3.6), less light is transmitted into the cell (i.e. lower absorption of
a-Si:H) and a decrease in Jsc is expected. Yet, at low Ag NW densities (≤9 µg/cm2),
Jsc quickly increases with increasing Ag NW density.
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Figure 2.20: Short-circuit current density against the series resistance for two different
illumination currents. The values of Jsc and Rse in case of ITO only and ITO + Ag
NWs are displayed with ♦. The values are computed from the one-diode model with the
following parameters: J0 = 1.1×10−3 A/cm2, area A = 7.1×10−2 cm2 (3 mm diameter),
Rshunt = 4×103 Ω, T = 293 K. This model is rather simple, as can be seen from the high
J0 value required to correspond to the experimental values.

To understand the effect of Ag NWs on the short-circuit current density, I used the
one-diode model (see Section 1.1.5). Figure 2.20 highlights the dependency of Jsc on
the series resistance for two different illuminations, Jϕ,1 and Jϕ,2, with Jsc computed
from Eq. (1.5). The higher illumination current (blue line) models the bare cell (ITO
only), while the lower one corresponds to the cell with a medium density of Ag NWs
(transmittance around 80 %, as measured with a spectrometer). Figure 2.20 shows
indeed a loss in transmittance when adding Ag NWs, with a shift of the short-circuit
current for all resistances. This shift is more pronounced for lower resistances. Yet, Ag
NWs also strongly reduce the series resistance, ensuring a better collection of the charge
carriers, hence a higher Jsc. Less charge carriers are generated, but more are finally
collected.

This increase in Jsc demonstrates that the short-circuit current density was limited
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by the series resistance of the cell. Above 11 µg/cm2, however, Jsc slowly decreases with
further increase of the Ag NW density. With a higher Ag NW density, the transparency
loss is more important than the gain by reduction in series resistance. The moderate
steepness of the Jsc decrease, compared to its increase, highlights the critical impact of
the series resistance on the Jsc value.

2.8.3 Optimal density

The optimal density results from a trade-off between the optical properties (represented
by Jsc) and the electrical properties (represented by Rse, but also Jsc). The highest
efficiency under 1 Sun is obtained for a Ag NW density around 20 µg/cm2 with 80 nm
ITO, which corresponds to a Rse close to the minimal one and a Jsc close to the maximal
one. It ensures a good collection of charge carriers and a low amount of light absorbed
or reflected by the contact.

0.0 0.2 0.4 0.6 0.8

U (V)

15

10

5

0

5

10

J 
(m

A
/c

m
2
)

ITO 240 nm 
Rse = 40 

ITO 80 nm + Ag NWs (16 g/cm2) 
Rse = 19 

400 600 800
Wavelength (nm)

0

20

40

60

80
E
Q

E
 (

%
)

ITO 240 nm

ITO 80 nm 
+ Ag NWs (16 g/cm2)

(a) (b)

Figure 2.21: (a) J-V curves under 1 Sun and (b) corresponding EQE of the Si NW/a-
Si:H cells with the contact optimized for ITO alone and the optimized hybrid contact
{ITO + Ag NWs}.

Figure 2.21 (a) compares the J-V curves of the contact optimized with ITO alone
(nominally 240 nm ITO) with the optimized hybrid contact made of ITO and Ag NWs.
With the latter, the short-circuit current is higher, thanks to a higher transparency,
as confirmed by EQE measurements (Figure 2.21 (b)). With the hybrid contact, the
fill-factor too is clearly improved (from 45 % to 62 %) thanks to a much lower in-plane
resistance of the top contact. The power conversion efficiency is therefore increased by
more than 2 point percentage (from 4.3 % to 6.6 %), which highlights the key role of
the top contact in a nanostructured device.

I optimized this contact for a AM1.5G illumination, but the method holds for any
illumination. In addition, higher illumination powers can be used to characterize the
electrical limitations of the solar cell.

2.8.4 Strong illumination to probe the electrical properties

I changed the power density of the light shone on the cell with a 532 nm laser (suited to
the absorption of a-Si:H) and recorded the I-V curves. Figure 2.22 displays the short-
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circuit current density depending on the illumination power for Si NW/a-Si:H solar cells
with two different hybrid contacts.

Figure 2.22: (a) Jsc of Si NW/a-Si:H solar cells with hybrid {ITO + Ag NWs} top
contacts for increasing illumination power (illumination beam at 532 nm with a 1.18 mm
diameter). A low and a high density of Ag NWs are shown, respectively in blue and
orange. (b) Close-up of (a) where the change of optimal contact can be seen (around
5 W/cm2).

We expect a linear dependence, as the photocurrent should increase linearly with the
illumination. Yet, if resistances are important, the short-circuit current can significantly
differ from the photocurrent. We observe a sublinearity for Si NW/a-Si:H solar cells with
both contacts. The hybrid contact with the lower density of Ag NWs even presents a
saturation around 1.2 A/cm2. This contact corresponds to the optimal hybrid for the
1 Sun exposure. However, it cannot sustain current levels beyond 1.2 A/cm2 and is
limiting under strong illuminations. In contrast, for the contact with a higher density
of Ag NWs, Jsc is first limited by the transparency, but finally results in the highest
short-circuit current density, beyond 5 W/cm2.

In the same way as EQE measurements can be used to characterize the optical
properties of the contact directly on the device, strong illumination can be used to
characterize the electrical properties of the contact directly on the device.

2.8.5 Summary

After optimizing the ITO thickness for transparency, I adapted the density of Ag NWs
to the amount of charge carriers for 1 Sun measurements. Because the collection was
initially limited by the resistance of the ITO, an increased density of Ag NWs first led
to an improved Jsc. With the right density of Ag NWs, the performance of the device
was greatly improved compared to the cell with the thick ITO film, with an increase of
both Jsc and FF.
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2.9 Takeaway messages

• Transparent electrodes require a trade-off between transparency and conductivity.

The exact trade-off depends on the device (e.g. solar cell technology and area). TCOs
and nanostructured materials, such as Ag NWs, are the best options.

• A hybrid electrode made of {ITO + Ag NWs} is relevant for Si NW/a-Si:H.

For a dense array of randomly oriented core-shell nanowires (NWs), a hybrid elec-
trode is needed. It also gives more freedom for optimization. A hybrid made of {ITO
+ Ag NWs} collects the electrons from each Si NW and from the whole cell. A higher
transparency is obtained compared to ITO alone, thanks to the thin ITO layer. A higher
fill-factor is obtained compared to ITO alone, thanks to the high conductivity of the
network of Ag NWs.

• For nanostructured devices, the optimization of parameters has to be carried out
directly on the device.

It is necessary for NW solar cells, as the substrate affects the deposition of the
electrode. A low (high) illumination can be used to probe only the optical (electrical)
properties.

• The series resistance can affect Jsc.

If the series resistance is high, it can hinder the collection of carriers and result in a
lower Jsc. Thus, the short-circuit current does not always correspond to the transparency
of the top contact.

• With Atomic-Layer Deposition, a thin conformal layer of TCO can be used, but
it increases shunts.

ALD ZnO:Ti proved to be conformal around Si NW/a-Si:H. Because of its lower
band gap energy, there is no improvement on the optical properties compared to ITO
for similar thicknesses, but thanks to the better conductivity of the film, thinner films
are required. Nevertheless, the electrical connection of the bottom of the cell lowers the
Rshunt value and impedes the performance.
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3.1 Observed changes

Eight months after their deposition on Si NW/a-Si:H solar cells, we observed a strong
morphological change of Ag NWs (Figure 3.1 (b), (c)). For comparison, (a) displays
the SE image of as-deposited, smooth, Ag NWs. Numerous particles are visible on the
Ag NWs, many have even fallen on the ITO below. The lower magnification image
shows larger aggregates and no more NWs. The consequence of such change on the
electrical properties of the electrode is obvious. For this reason, we wanted to understand
the origin of the degradation, monitor its evolution and find solutions to mitigate the
damage.

500 nm
(a) (b) (c)

500 nm

2 µm

Figure 3.1: SE micrographs of Si NW/a-Si:H cells with ITO (240 nm) and Ag NWs:
(a) as-deposited Ag NWs, (b), (c) degraded Ag NWs, 8 months after deposition.

3.2 Review of studies on Ag NW degradation

3.2.1 Mechanism and timescale

Sulfur corrosion of Ag This change in Ag NWs has been identified in the literature
as sulfur corrosion, which results in Ag2S particles. TEM-EDS in particular showed
the strong presence of sulfur in this kind of particles [Elechiguerra 2005, Deignan 2017].
Sulfur is known to be responsible for corrosion in bulk Ag [Bennett 1969], especially
due to H2S and OCS (carbonyl sulfide) [Franey 1985]. Despite their low concentrations
in atmosphere (0.3 ppb and 0.6 ppb, respectively) [Graedel 1992], these gases present a
high corrosive activity, which makes them the main mechanism for corrosion.

Contributing factors Different degradation timescales in ambient air have been re-
ported, from a few days [Jiu 2015] to more than two years [Mayousse 2015]. Many
parameters affect the stability of NWs and can account for these discrepancies. They
can be related to the experimental conditions during aging or to the process of Ag NWs,
e.g. growth, deposition, annealing. In particular, temperature and humidity acceler-
ate the degradation [Graedel 1992]. Adsorbed water may act as a common medium for
Ag+ and sulfur gases. Deignan and Goodthorpe also showed the effect of the network
density, the plasma treatment of the substrate before deposition, and the annealing
conditions [Deignan 2017]. The presence of current is also important. Joule heating
increases the temperature in the whole electrode, very strongly in some NWs, and can
favor corrosion, even for rather low current densities (∼20 mA/cm2) [Khaligh 2017].
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Fundamental instability of NWs In addition to corrosion, which also affects bulk
silver, Ag NWs are unstable due to their high surface-to-volume ratio. They are ther-
modynamically unstable and, when Ag atoms diffuse, particles can be obtained. Energy
sources (e.g. heating, light) increase the mobility of Ag atoms and accelerate the mech-
anism [Jiu 2015]. This is obvious when NWs are heated as explained in Section B.3.1.
The density of the network also affects the degradation rate [Deignan 2017].

3.2.2 Deposition of a protective layer

To mitigate these mechanisms (sulfur corrosion and reshaping of NWs), the deposition
of a protective layer on top of the network has been implemented, mostly with metal
oxides, even though conductive polymers or graphene [Khaligh 2017, Hwang 2016] have
also been employed. Metal oxides can be deposited by sol-gel methods, sputtering or
ALD. They can be amorphous or crystalline, with thicknesses ranging from 5 nm to
∼100 nm. Finally, they can be doped or not.

Thermal stress of Ag NWs networks shows that an encapsulation layer made of
metal oxide (e.g. ZnO, SnO2 or TiO2) prevents the diffusion of Ag atoms [Kim 2013,
Song 2015, Bardet 2021]. NWs keep their shape instead of becoming particles. The
encapsulation layer can also protect the Ag NWs from atmospheric degradation, as has
been clearly shown for TiO2 [Song 2015] and Al2O3 [Hwang 2017]. In addition to the
lower diffusion of Ag atoms, such a layer hinders the contact of Ag with atmospheric
gases (H2O or sulfur compounds). The main reason here may be the impermeability to
water, which strongly affects the sulfur corrosion of Ag NWs.

3.3 Our solution: encapsulation with an ALD ZnO:Ti layer

3.3.1 Why TZO

Many encapsulations use materials with rather low conductivity. As detailed in Ta-
ble 2.2, TZO (ZnO:Ti) displays good opto-electrical properties. Even if a rather thick
encapsulation layer is needed, we expect no significant degradation of the electrode
properties. In addition, ALD ensures a conformal coverage of the NW surface.

3.3.2 Process

I made several series in order to carry out optical, electrical measurements and SEM
observations without interferences. There are six samples in each series, as detailed in
Table 3.1.

I spin-coated Ag NWs on the substrate (see Section B.2.3). Most series have a
glass substrate, but I also made two series with a glass/ITO substrate for comparison
(ITO deposited as detailed in Table 2.3 for 2 min). I annealed all samples following the
conditions suitable for these Ag NWs (180 ◦C for 20 min in air).

While the standard ALD process requires a substrate heating to 200 ◦C, we lowered
the temperature to 160 ◦C to ensure that it would not damage the NWs during the time
required for the process. For each series, one sample experienced the ALD conditions
but without the precursors (hence no TZO), it is called mock process. In addition, I also
made one sample with ITO as encapsulation layer. t0 corresponds to the day of Ag NW
annealing. The encapsulation was made at t0+1, the deposition of Ag NWs at t0-1.
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Table 3.1: Samples in a series. The given thickness corresponds to the thickness obtained
on a flat glass substrate.

Name Encapsulation Thickness Heating
Usual process - - -

Reference - - 160 ◦C, 45 min
(mock process in ALD reactor)

ITO 20nm Sputtered ITO 20 nm 160 ◦C, 45 min
TZO 5nm ALD TZO 5 nm 160 ◦C, 45 min
TZO 10nm ALD TZO 10 nm 160 ◦C, 45 min
TZO 20nm ALD TZO 20 nm 160 ◦C, 45 min

3.3.3 How to follow the change?

Most studies monitor the sheet resistance, since it is critical for the use of Ag NWs
as electrode and is strongly altered by the formation of particles (either Ag or Ag2S).
When focusing on the mechanism, methods for the characterization of materials are
employed, as SEM, TEM, or XPS [Elechiguerra 2005, Mayousse 2015]. However, these
techniques probe only part of the network, while degradation can substantially depend
on position. For this reason, I also monitored the optical properties of the Ag NWs. I
used the three methods in parallel. To dismiss the possible effect of repeated current or
light exposure, I kept series for purely electrical or purely optical observations and one
series experienced both.

Electrical properties To have results that could be compared to literature, I wanted
to measure the sheet resistance. Methods to determine R□ imply a homogeneous layer,
but they are generally used for Ag NWs electrodes nonetheless. A Van der Pauw mea-
surement requires strict conditions on the dimensions of the sample and is quite time
consuming (see Section 1.4.1). Consequently, I chose to measure the sheet resistance of
the sample directly with four probes in a straight line, with no supplementary contact.

Apart from the homogeneity, the setup fulfills the requirements on the dimensions
for a relevant value measured with the four-point probe method, since the separation
between the tips is much smaller than the size of the sample (1 mm vs. 2.5 cm). To
enable optical measurements on the same samples and to avoid the effect of the solvent
on the network of Ag NW, I chose not to add any metallic contact. I also checked
beforehand that the probes were not damaging the sample and saw no evidence of it.
I chose low levels of currents (up to 1 mA, with 0.1 mA step, typically corresponding
to 0.32 mV). Despite the low voltage, they are not prone to errors (measurements with
currents up to 10 mA showed no difference).

Nonetheless, the obtained values for R□ are rather dispersed. Because it could be eas-
ily repeated, I made several measurements, in both directions, yet the dispersion remains
strong and the precision limited. This dispersion is likely related to non-uniformities in
the Ag NW network. The tip radius is several tens of microns which should be sufficient
to contact many NWs (diameter ∼60 nm). Still, these NWs may be differently connected
to the network, hence the exact position of the tip matters. It does not seem to be a
question of pressure, as I sometimes applied more or less pressure, with no consequence



3.4. A minimal thickness is needed for a conformal ALD layer 69

on the obtained resistance.

Morphology I assessed morphology changes with SEM, under the same conditions.
I used different magnifications to have representative images and to be able to see the
tiny particles. In addition, I did not monitor the change in given positions, because
particles seem to be removed due to the electron beam, as shown in Figure 3.2.

400 nm
(a)

400 nm
(b)

Figure 3.2: SEM images of Ag NWs on Si NW/a-Si:H/ITO, (a) 2 months and
(b) 4 months after the deposition and annealing. Most of the particles that I first
observed cannot be seen anymore. Lower magnification images, that are not displayed,
show a difference between regions exposed to different doses.

Optical properties I measured the total transmittance and reflectance in the 250-
2500 nm range with an integrating sphere. The illumination beam is around 1 cm×1.8 cm.

3.4 A minimal thickness is needed for a conformal ALD
layer

3.4.1 Deposition on glass substrates

SEM I observed the morphology of Ag NWs in SEM directly after the encapsulation
process, as displayed in Figure 3.3. First, we can see no difference in the surface of
Ag NWs between the two samples with bare NWs, despite the long heating of the
reference sample. In addition, ITO sputtering results in an apparently conformal and
polycrystalline layer. Moreover, there is no evidence from SEM of TZO on Ag NWs for
the 5 nm sample. A change in the optical properties compared to the reference confirms
the deposition of TZO (Figure 3.6). However, its distribution is not certain. As ALD
relies on chemical interactions between the substrate and the precursors, Ag NWs may
experience a different deposition compared to glass. In 10 nm TZO, distinct crystallites
on the glass substrate demonstrate TZO presence, but only a few are on the surface of
Ag NWs. The latter have diameters around 5-10 nm. On the 20 nm TZO sample, the
Ag NWs are fully covered with TZO crystallites.

Deposition on Ag vs. on glass The 10 nm TZO sample shows that the growth of
ZnO on Ag NWs differs from the growth on glass. The growth of ZnO relies on -OH
groups on the surface of the substrate, which are expected to be more present on the
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Figure 3.3: SEM images of Ag NWs on glass and glass/ITO after the encapsulation
process. They were recorded 3 days after the last process for samples on glass, 20 days
after the last deposition for samples on glass/ITO. See Table 3.1 for sample description.

surface of glass compared to silver. This is a known effect [Pham 2016] and a possible
solution is the use of Al2O3 as an adhesion layer [Chen 2015]. Al-precursor trimethyl-
aluminum has indeed been shown to strongly be adsorbed on Ag surface [Hwang 2017].

XRD X-Ray Diffraction (XRD) of glass substrates covered with TZO during the same
deposition is shown in Figure 3.4. It proves the amorphous feature of the thinnest TZO
layer, the partial crystallinity of 10 nm TZO and the crystallinity of 20 nm TZO on glass.
From these observations, we cannot tell whether Ag NWs with 5-10 nm TZO are fully
encapsulated (by an amorphous layer) or not.

TEM Transmission Electron Microscopy (TEM) observations are useful to assess the
presence of a continuous layer of TZO on the two samples with the thinner layers. They
were carried out in PICM by Éric Ngo. Bright-field images of a silver NW with 5 nm
TZO are displayed in Figure 3.5. They do show a change on the edge of NWs, but it
may be related to the geometry of Ag NWs (pentagonal cross-section), which results in
different thickness and orientations of planes close to the edge. From the High-resolution
TEM (HRTEM) images, such as in (b), this apparent layer looks crystalline. Because
XRD measurements suggested an amorphous layer, it is unlikely to be TZO. No certain
conclusion could be drawn from these observations. There is no evidence of a continuous
TZO layer. Yet, if this very thin layer is amorphous, as expected, it would be difficult
to assess.
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Figure 3.4: XRD of glass substrates covered with TZO during the same process (160 ◦C).
TZO deposition and XRD were made by Shan-Ting Zhang.

Figure 3.5: (a) TEM and (b) HRTEM images of a silver nanowire with 5 nm TZO.
Observations were made 11 months after deposition and annealing. Degradation had
already started and accounts for the particles observed in (a). TEM observation by Éric
Ngo.
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Degradation of Ag NWs during encapsulation The use of O2 during ITO depo-
sition and H2O for ALD raises the question of a possible degradation of Ag NWs during
the process. I observed an improvement in R□ for ITO and TZO depositions, but there
still may be an increase in the sheet resistance of Ag NWs. I observed no change in the
optical properties. If there is some degradation, it remains limited.

3.4.2 Deposition on ITO substrates

SEM In order to mimic the chemical environment where the NWs could degrade
(in case of a hybrid electrode), I also made two series on glass/ITO substrates. The
comparison with samples on glass in Figure 3.3 highlights the effect of the substrate
on the morphology of the TZO on Ag NWs. For both 5 nm and 10 nm, Ag NWs look
fully covered by small particles (not clear on this image of 5 nm TZO, but on another
one), which was not observed on glass only. Besides, I saw no crystallites on the 10 nm
sample, contrary to the 20 nm sample, where it is difficult to tell whether there is
a continuous layer. The TZO morphology directly on the substrate is not clear. I
observed no difference between all (no-)encapsulation layers. The TZO morphology on
Ag NWs is strongly different from glass, especially for 20 nm TZO, which displayed
typical rice-grain-shaped crystallites. The sputtered ITO did not show any difference
for both substrates, as we could expect.

ZnO ALD on ITO From SEM observations, crystallites seem slower to form on
ITO substrates. ALD often starts with an amorphous layer, which becomes crystalline
beyond a given thickness (see Figure 3.4). A slower deposition can explain the difference
between glass and ITO. Even though ITO and glass are both oxides, they differ in
morphology (crystallized ITO vs. amorphous glass) and in chemical composition. We
expect the latter to be more significant in the ALD process, especially regarding the
very different crystal structures of ZnO and ITO (hexagonal vs. cubic).

Effect of ITO substrates on ALD on Ag NWs Crystallites look also slower to
form on Ag NWs on ITO substrates. Similarly, a possible reason for the difference could
be a lower deposition rate of TZO on Ag NWs when they are lying on ITO. However,
it is surprising that the ITO film affects the growth of ZnO on Ag NWs. In ALD,
precursors species should reach every reaction site (see Section 2.3.3). Hence, there is
no competition between substrates which could explain the difference. The observation
suggests that the growth on Ag NWs stems from the growth on the substrate. Even
though an ideal ALD process should be layer-by-layer, the formation of islands that
finally merge is observed [Richey 2020]. Lateral growth can therefore occur and would
be particularly important for substrates that do not present many nucleation sites, as
Ag.

3.4.3 Optical effect

Figure 3.6 presents the total transmittance, reflectance and the calculated absorptance
of Ag NWs with different encapsulation layers on glass in the 250-850 nm range. The
spectra of Ag NWs on glass/ITO are not displayed because the different glass/ITO
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Figure 3.6: Measured total (a) transmittance T and (b) reflectance R and (c) calcu-
lated absorptance of Ag NWs on glass for different encapsulation layers. Absorptance
corresponds to 100 − T − R(%). Spectra of ITO and TZO on glass are displayed in
Figure 2.10.

substrates showed different optical properties from the start. Consequently, we could
not determine the effect of the TZO deposition.

ALD TZO Bare Ag NWs and Ag NWs with 5 nm TZO show very similar spectra, with
a transmittance close to 82 % at 550 nm. At short wavelengths, two dips in transmittance
are observed, which are attributed to localized plasmon resonance [Kottmann 2001,
van de Groep 2012, Garnett 2010]. With 10 nm TZO, the general shape remains, but
the transmittance is lower due to the increased reflectance and absorptance. With 20 nm
TZO, a brutal change can be observed in the short-wavelength region. The typical
features cannot be seen anymore.

Sputtered ITO Compared to 20 nm TZO, ITO results in less modification, mostly
due to its lower absorptance around 350 nm.

Deposition of TCO has several effects. First, it covers the glass. Because the glass
substrate has a very low reflectance, the film of TCO, either TZO or ITO, increases
the reflectance. In addition, it covers the silver NWs, which alters the metal/dielectric
interface, the NW diameter and their roughness. Hence, the TCO deposition can affect
the behavior of plasmons and the scattering. In particular, it accounts for the change
observed with 20 nm TCO. It is likely due to the full coverage of Ag NWs.

3.5 Slow degradation of Ag NWs under ambient conditions

I regularly monitored these samples through optical, electrical measurements and SEM
observations. The samples were stored in ambient air, in dark.

3.5.1 Optical changes

I observed no significant change, for any of the sample, over 20 months, as shown
in Figure 3.7. There seems to be a slight shift with time, but it has to be confirmed
over time. Glass/ITO samples are not displayed, because I observed no change either.
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However, I did not specifically monitor the haze of the Ag NW network, which is expected
to increase when Ag NWs become particles [Hwang 2017].
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Figure 3.7: Total transmittance of Ag NWs on glass with different encapsulation layers.

3.5.2 Electrical changes

I observed no strong increase of the sheet resistance over 20 months for samples on glass
as shown in Figure 3.8. There still seems to be a slight increase in R□, especially for
samples with bare NWs (Usual process or Reference), but it is difficult to determine due
to the dispersion of values. This increase is clearer in the samples on glass/ITO, shown
in Figure 3.9, where encapsulated Ag NWs also present an increased sheet resistance.
For comparison, the sheet resistance of 80 nm ITO was monitored as well and stayed
around 47 W/sq. The sheet resistance of Ag NW samples still remains much lower.

The dispersion for glass/ITO substrates is narrower (mean standard deviation over 66
measurements of 0.50 Ω/□ vs. 0.89 Ω/□ on glass). This is likely due to the continuous
ITO layer, which connects the whole network and makes the measurement less position-
dependent. The good connection between ITO and the network of Ag NWs can be
apprehended through the R□ values of the glass/ITO/Ag NWs samples (≃12 Ω/□).
It is consistent with two resistances in parallel (with measured R□

ITO = 47 Ω/□ and
R□

AgNWs ≃15 Ω/□) and no resistance of contact.
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Figure 3.8: Sheet resistance of Ag NWs on glass for different encapsulation layers. All
measured values are plotted with +, their average with  . The two first datasets (t0+2
days and t0+13 days) consist in 2 measurements only (8 for others). Hence, their values
are not accurate. In particular, we cannot conclude on the possible increase at the very
start of the monitoring. For comparison, the sheet resistance of 80 nm ITO remained
around 47 W/sq.
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Figure 3.9: Sheet resistance of Ag NWs on glass/ITO for different encapsulation layers.
All measured values are plotted with +, their average with  . The two first datasets
(t0+2 days and t0+13 days) consist in 2 measurements only (8 for others). Hence their
values are not accurate. In particular, we cannot conclude on the possible increase at
the very start of the monitoring. For comparison, the sheet resistance of 80 nm ITO
remained around 47 W/sq.
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3.5.3 Morphological changes

I also followed the degradation of NWs with SEM. I did not perform Energy-Dispersive
X-ray spectroscopy (EDX), although it would have been relevant for the study of degra-
dation in samples which show crystallites from the encapsulation layer, namely 10 nm
or 20 nm TZO, or 20 nm ITO. SEM EDX has a too large probing volume and I had no
access to TEM or STEM EDX.

I observed small particles already after 30 days on some bare NWs and NWs with
5 nm TZO, as shown in Figure 3.10 (a). They are around 10 nm wide, with larger
ones close to 20 nm. They are typical of Ag2S particles. This observation shows that
5 nm of TZO is not enough to protect Ag NWs, probably because it does not fully
cover Ag NWs. Larger particles are observed over time, for instance after 20 months
in Figure 3.10 (b). They also become more numerous with time. As can be seen in
Figure 3.11, after almost 8 months, some positions in networks of bare Ag NWs show
particles on most nanowires. It is however impossible to distinguish the particles on the
encapsulated Ag NWs. Although the morphological change of bare NWs is considerable
in the SEM images, it does not result in strong electrical and optical modifications.

(a)

200 nm200 nm

(b)

Figure 3.10: SEM images of bare Ag NWs on glass (Usual process), (a) 34 days and
(b) 20 months after the encapsulation process. In (b), particles range from 17 nm to
32 nm diameter, with a mean diameter around 25 nm.

SEM monitoring presents some limitations: there is a strong dependence on the
position (inherent to the degradation mechanism) and on the microscope setup and focus
(because of the very small size of particles). This prevents us from drawing conclusions.

3.5.4 Several methods needed for proper characterization

From these observations, it clearly appears that different methods should be used to
monitor the degradation, depending on the purpose. There is an evident microscopic
change before any macroscopic modification. This could be easily understood from a
simple calculation. If we consider that there is an Ag2S particle (10 nm) every 200 nm in
a NW (circular cross-section assumed, 60 nm diameter), it corresponds to an atomic loss
of silver from the NW of 0.1 %. Since these particles are well-distributed, it should not
significantly affect the optical and electrical properties of the Ag NW network. In addi-
tion, this assumption is already an overestimation of the amount of particles. Although
SEM observation can detect degradation early on, it does not provide quantitative in-
formation.
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Figure 3.11: SEM images of Ag NWs 230 days after the encapsulation process. For the
samples with Ag NWs only (usual process and reference), the positions of particles are
shown with white frames. Regarding the other samples, we cannot distinguish them
from the TCO.

3.6 Supplementary stress: light and current

Even after 20 months, Ag NWs on glass do not show a degradation as strong as Ag NWs
on Si NW/a-Si:H after 8 months (Figure 3.11 compared to Figure 3.1). The storage
conditions are different and can account for this discrepancy. Ag NWs on Si NW/a-Si:H
solar cells are exposed to strong light (1 Sun illumination, at least for a few minutes
during our measurements, often more), and high current levels (up to ∼80 mA/cm2).
It has been reported that both light and current can accelerate the degradation of Ag
NWs [Jiu 2015, Khaligh 2017].

The effect of current is difficult to control as current levels are inhomogeneous in
the electrodes made of Ag NWs. This is partly due to the cumulative effect of the
collection (crowding), which is common to all electrodes. When getting closer to the
collecting point(s), currents generated in the absorber add up to the current already in
the electrode. An increasing density of Ag NWs when approaching the collection point
would be efficient. In addition, the network made of Ag NWs is not uniform. NWs in
regions of low density experience higher currents than NWs in regions of high density.
This is one of the reasons for the strong non-uniformity observed in the degradation
rate.

In order to assess the effect of light exposure and current effects, we could do the
same observations on pre-stressed solar cells (either exposed to light, current, or both),
compared to not stressed ones. It is critical to the use of Ag NWs as electrodes for solar
cells.
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3.7 Takeaway messages

• According to literature, Ag NWs suffer from two degradation mechanisms: sulfur
corrosion and NW instability (Section 3.2 and Section 3.3).

These two degradation mechanisms have been heavily characterized in previous stud-
ies, and their origin detailed. A wide dispersion of degradation rates has been reported
(a few days to more than two years). It is related to the effect of many parameters on
the degradation (e.g. storage conditions, Ag NWs process). NWs can be encapsulated
to prevent the degradation. We chose to use ALD TZO, because of its conformal coating
and its good conductivity.

• With ALD, an encapsulation layer made of 20 nm TZO can be conformally de-
posited on Ag NWs (Section 3.4).

I observed that a minimal thickness (>10 nm) was required for a full coverage of Ag
NWs, due to a slower deposition rate on silver. The exact thickness may depend on
the substrate (glass vs. glass/ITO), as it seemed to change the ALD on Ag NWs. On
glass, 20 nm of TZO demonstrated a continuous layer, but resulted in a strong decrease
in transmittance. 20 nm of sputtered ITO performed better, but its protective effect
against degradation has to be confirmed.

• Under the tested conditions (ambient atmosphere, dark), the degradation rate of
Ag NWs was low and I could draw no conclusion on the protective effect of the
encapsulation layers (Section 3.5).

I used three methods in parallel to monitor the degradation. Over 20 months, I ob-
served no changes in the optical and electrical properties. Nonetheless, SEM images
demonstrated a slow degradation of Ag NWs. All these observations were not sufficient
to assess the protective effect of 10 nm and 20 nm TZO and 20 nm ITO over a year due
to this low degradation rate.

• The absence of any stress (light or current) can account for the apparent discrep-
ancy between the slow degradation of this study and the previous observations I
made on Si NW/a-Si:H solar cells (Section 3.6).

I intended to monitor the degradation of Ag NWs without any external stress and
for this reason chose low illumination and current levels. Since the tolerance to light
and current is critical to solar cells, we could do the same study on pre-stressed samples,
with and without encapsulation layers.
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Some photovoltaic applications require bendable or flexible cells. While organic
materials are rather bendable, they are also prone to degradation. Arrays of standing
nanowires are intrinsically bendable and could be made of inorganic materials. Hence,
Si NW/a-Si:H should result in low-cost, bendable solar cells, that are stable over time.
The hybrid electrode developed with Ag NWs should improve this flexibility. In this
chapter, I studied their flexibility.

4.1 What are flexible solar cells?

4.1.1 Mechanical consequences of bending

By definition, a flexible - or bendable - solar cell can be bent, with no (significant)
change in its performance, either under bending, or when back to flat1. For solar
cells, the bending radius is often used as an indication of how much the cell is bent.
Figure 4.1 shows how a bending radius is determined. It should be noticed that the
radius corresponding to the bottom of the substrate (R′) is smaller than the bending
radius of the active region (Rc). It is thus a device parameter, which is affected by the
dimensions of the sample, especially the thickness of the substrate.

l

�Rc

R'
y

Figure 4.1: Bending radius for a bent solar cell (purple) on a substrate (blue).

During bending, the device is strained, either with a load at the edges or with a
uniform load. For a convex bending as shown in Figure 4.1, the upper part is in tensile
strain, while the lower part is in compressive strain. If the sample is thin enough
compared to the substrate, we can assume that it undergoes tensile strain only. The
limit between tensile and compressive strains corresponds to the neutral plane. Its
position depends on the mechanical properties of the different layers and does not always
correspond to the middle plane of the stack. The bending radius can be directly related
to the strain ε in the material. ε is defined as the relative elongation ∆l compared to
the initial length l. With y the position from the neutral plane in the bending direction
and Rc the bending radius corresponding to the neutral plane,

ε = ∆ l

l
= y

Rc
. (4.1)

Stresses under bending The applied strain induces stress inside the material. In
the elastic regime (reversible), stress σ and strain ε are linked by the generalized Hooke’s
law,

1There is necessarily a change in the performance under bending compared to flat, since the angle of
incidence of the light is increased.
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σi,j = Ci,j,k,l εk,l. (4.2)

Indices refer to the directions of the stress and strain. C is the stiffness tensor,
which describes the elastic response of the material. For symmetry reasons and if we
consider a homogeneous and isotropic material, the components of C are reduced to two
parameters. The Young modulus E and the Poisson ratio ν are often chosen. The Young
modulus determines how much a material will strain under a given uniaxial stress, or
how strong the stress is for a given uniaxial strain. The higher the Young modulus, the
stiffer the material. The Poisson ratio describes how the material elongated along one
axis deforms in the orthogonal directions (usually shrinks),

ν = −εyy

εxx
. (4.3)

If the device is very thin, the Kirchhoff’s theory, with equations for the bending
of plates, can be used. The strain in the normal direction, and the transverse shear
strains are assumed to be zero. Depending on the exact geometry of the device and
the loading conditions, different assumptions can be made. Detailed explanation can be
found in [Reddy 2007].

Irreversible changes While in the elastic regime, changes are reversible. Under
higher stresses, irreversible changes can occur to release part of the accumulated en-
ergy, namely plastic deformation, cracks, delamination. The yield strength, the fracture
toughness or the interface energy give an idea of how much stress or energy is needed
for each of the phenomena to occur. However, it strongly depends on the geometry of
the bent device and the possible regions of accumulated stress.

4.1.2 Different meanings depending on application

Even with the bending radius as a common parameter, the term flexible can refer to
very different mechanical properties depending on the application, as shown in Table 4.1.
Figure 4.2 presents some images corresponding to these applications. Not shown here are
also domains which take advantage of the light weight of thin cells on flexible substrates,
typically spatial applications.

Table 4.1: Mechanical properties required for different applications of flexible solar cells.

Application Bending radius Repeated Use References
Building-integrated PV
Vehicle-integrated PV 1-10 m No Bent [Heinrich 2020],

Gochermann2

Roll-to-roll process
Rolled transportation 10-50 cm Yes Flat [Zuo 2018],

Heliatek3

Wearable electronics 1-10 mm
Stretchable

Yes Bent [Hashemi 2020],
Solar-cloth4
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Figure 4.2: (a) Building-integrated PV, from Uni Solar (a-Si:H). (b) Roll-to-roll process
of solar cells, from Asca (organic PV). (c) Stretchable solar cells [Jinno 2017] (organic
PV).

In addition to the mechanical issues, flexible cells imply the growth on new sub-
strates. Polymers are ideal for flexibility, but they need lower deposition temperatures,
lack transparency and can degrade under UV light. Metal foils may lead to contami-
nation by diffusion. Thin glass (typically 50-100 µm) is quite bendable, and does not
require major changes in the fabrication process, but remains very brittle. Finally, for
some materials, as III-V, a direct growth on a flexible substrate is not possible and a
transfer is needed.

4.1.3 State of the art

Table 4.2: Established-technology solar cells grown on flexible substrates with current
record power conversion efficiency (PCE) under AM1.5G. PI stands for polyimide, PEN
for polyethylene naphthalate, PET for polyethylene terephthalate, SS for stainless steel.
* corresponds to the stabilized efficiency for cells with a-Si:H.

Material Substrate PCE Certified Bending
tests?

Reference

III-V ? 29.1 % Yes No Alta Devices [Green 2021]
CIGS PI (?) 21.4 % Yes No EMPA5

Perovskite PEN 20.7 % (19.9 %) 1000
x10 mm

KRICT [Chung 2020]

Organic PET 16.6 % No 1000
x1.5 mm

NIMTE [Wan 2021]

CdTe Glass 16.4 % Yes No NREL [Mahabaduge 2015]
a-Si:H
(Si & Ge, 3J) SS 13.6 %* No No United Solar Ovonic

[Guha 2013]
a-Si:H
(Si only, 3J) SS 13.3 %* No No United Solar Ovonic

[Yan 2006]

a-Si:H PEN 8.8 % No No EPFL Neuchâtel
[Söderström 2008]

4https://www.gochermann.com/semi-flexible-modules/
4https://www.heliatek.com/en/technology/roll-to-roll-series-production/
4https://www.solar-cloth.com/canvas-shelters/
5https://www.empa.ch/en/web/s604/cigs-efficiency-record-2021

http://www.uni-solar.com/2010/05/german-residence/index.html
http://https://en.asca.com/cell-solar-flexible-transparent/
https://www.gochermann.com/semi-flexible-modules/
https://www.heliatek.com/en/technology/roll-to-roll-series-production/
https://www.solar-cloth.com/canvas-shelters/
https://www.empa.ch/en/web/s604/cigs-efficiency-record-2021
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Flexible cells can refer to all those topics and comparison may thus be difficult.
Table 4.2 summarizes the current record efficiencies for cells of established technologies
grown on flexible substrates. It shows that mechanical properties have not been tested
for most of the cells, especially inorganic ones. Figure 4.3 (a) presents a perovskite
sample with a bending radius (and a spacing) of 10 mm, similar to the bending radius
of the record flexible perovskite cell.

Figure 4.3: Examples of bent perovskite and inorganic solar cells. (a) Flat perovskite
solar cell [Feng 2018], (b) 84-µm thick c-Si solar cell [Ohshita 2019], (c) fiber-shaped
perovskite solar cell [Dong 2019].

4.2 How to make solar cells flexible

Several techniques can be used to increase the flexibility of devices.

4.2.1 Material

To obtain bendable cells, a soft material (low E) can be used. This material will easily
follow the strain without high induced stresses. That is the case for organic solar cells
(E ≃ 1 − 2 GPa for active layers [Dauzon 2022, Lee 2021]). For comparison, E ≃
4 GPa for PI and E ≃ 0.5 GPa for Polytetrafluoroethylene (PTFE). Inorganic materials
are much stiffer (E ≃ 130 − 190 GPa for c-Si depending on the crystal orientation
[Hopcroft 2010], E ≃ 130 GPa for a-Si:H [Gaspar 2008, Kuschnereit 1995]) and specific
architectures are needed to reduce the stress.

4.2.2 Design

Thin devices As Eq. (4.1) shows, the maximal strain is directly related to the thick-
ness of the sample. Hence, the thinner the sample, the lower strain (and stress) it has to
sustain. Even crystalline silicon can be used in flexible cells, when it is made thin enough
(Figure 4.3 (b)). However, it also reduces the absorption of light. In addition, the total
thickness is relevant, including the substrate. For thin films, although the absorber is
typically 1-4 µm thick, the substrate is much thicker (50-100 µm for thin glass, 10-25 µm
for polymers) and the resulting strain is increased.

Neutral plane Under bending, the neutral plane does not sustain any strain. The
device can be designed to take advantage of this position, by placing the active layers
at this position, for example through encapsulation. The mechanical properties of all
layers have to be carefully chosen.
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NWs NW arrays are flexible by nature, because their footprint (a few hundreds of
nanometers) is much smaller than typical bending radii [Hwang 2018] (see Section 1.2.3).

Fiber-shaped For wearable PV, fiber-shaped solar cells are promising. Figure 4.3 (c)
shows one such fiber, highlighted by red arrows. They can be woven together - and with
textile fibers - to make a fabric. The network feature can accommodate the deformation.

4.2.3 Top contact

The flexibility of the top contact is crucial for the device. If cracks occur in the contacts
(top or bottom), lateral conduction and the collection of charges carriers are hindered.
This is not as critical in the absorber layer, where the main current is vertical (although
recombinations are expected to increase with new surfaces). Furthermore, as the top
contact is on the outward part of the sample, strain will be higher than in the bottom
electrode.

4.2.4 Si NW/a-Si:H solar cells with {ITO + Ag NWs} as top contact

Because they are made of NWs, Si NW/a-Si:H solar cells should sustain the bending
deformation. Moreover, the reference process for the growth of Si NW/a-Si:H cells uses
an amorphous substrate, glass, and can easily be transferred to a flexible substrate as a
metal foil or polyimide. The growth of Si NWs on polyimide has already been reported,
at 350 ◦C [Tian 2016]. However, no other plastic substrates are possible, because tem-
peratures below ∼300 ◦C strongly affect the shape of the Si NWs [Yu 2009].

As detailed in Section 2.2.1, the flexibility of ITO is limited, but the hybrid contact
is expected to present better mechanical properties. First, the ITO layer is thinner.
In addition to the possible effect on strain (not evident on a NW array), it should
delay the onset of cracks [Peng 2011]. Moreover, the network of Ag NWs can follow the
deformation (see Section 2.4.3) and, in case of ITO fracture, bridge parts that are not
connected by ITO.

Sun et al. reported the degradation of Si NW/a-Si:H solar cells with ITO as top
contact for bending radii down to 5 mm [Sun 2018]. They observed a change in all
parameters, but gave no details on the degradation mechanism. However, the strong
change in Jsc and the 60 % increase in Rse suggest that cracks in the top electrode
played a role in the degradation. Pathirane et al., who studied a similar structure,
showed the better performance under bending of a composite electrode (AZO and Ag
NWs) [Pathirane 2017]. Yet, they tested its mechanical properties only on a planar
substrate. We characterized the effect of bending on the whole NW solar cell.

4.3 Bending-induced changes in Si NW/a-Si:H solar cells
under 1 Sun illumination

4.3.1 J-V curves under bending

In order to assess the effect of bending on the contact, we grew Si NW/a-Si:H cells with
different top contacts (different ITO thicknesses and with or without Ag NWs) on thin
glass (70 µm) and compared their behavior under illumination and under bending. All
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cells had a Ag/AZO back contact. In the set-up, I mounted the sample on double-sided
tape (∼ 0.1 mm thick) and a plastic substrate (∼ 1 mm thick). The deformation is
applied to the plastic card (Figure 4.4 (e)).
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Figure 4.4: (a) Summary of the behavior of the 29 cells tested under bending under
AM1.5G illumination. Damaged cells are shown with yellow (decrease in Voc, FF and
Rshunt) or red (decrease in Isc, Voc, FF and Rshunt). The poor contact label refers to
measurements that were noisy. It was attributed to the loss of contact between the Ag
paste and the cell. (b)-(d) J-V curves under bending for three cells on the same sample
but with different contacts showing either (b) no degradation, (c) small degradation
or (d) strong degradation. The efficiency before and after the whole bending process
is displayed for each curve. The left cell showed one odd measurement (displayed, but
deemed irrelevant). The change in efficiency is written. (e) Picture of the sample under
bending (last bending before the degradation of the center cell).

Figure 4.4 (a) summarizes the degradation in the solar cell performance after bend-
ing. The minimal curvature radius changes from sample to sample, but no correlation
with the degradation (correlation either with the substrate or the cell) was observed.
Typically we used bending radii down to ∼2 cm.

From these results, it appears that the glass substrate is the main limitation. We can
also notice that there is no strong difference between contacts at these bending radii.
In particular, the thickest ITO does not result in stronger degradation. In addition,
Ag NWs do not lead to multiple shunt paths by falling between Si NWs. Finally, the
first parameter of the cell affected by bending is the shunt resistance, which affects the
open-circuit voltage and the fill-factor. It differs from what could be expected from a
broken top contact (higher series resistance, lower fill-factor and perhaps lower Jsc) and
from what was reported by Sun et al. [Sun 2018].

4.3.2 Apparent or actual decrease in the shunt resistance?

As detailed in Section 5.3.4, a lower Rshunt can stem from collection issues. However,
a closer look at the J-V curve can help to determine whether a lower collection of
charge carriers is responsible or whether shunt paths are more important. Figure 4.5
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displays the series of J-V curves of Si NW/a-Si:H solar cells showing a decrease in Rshunt
during bending. (a) corresponds to an actual decrease in Rshunt: the short-circuit
current density Jsc remains the same, while the current under reverse bias increases,
as highlighted by the arrow. In addition, the open-circuit voltage Voc decreases. In
contrast, (b) shows an apparent decrease in Rshunt, due to collection issues: the Jsc
value becomes lower and under reverse bias (when collection is enhanced), the current
approaches the initial value of Jsc, but remains lower.
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Figure 4.5: J-V curves of Si NW/a-Si:H solar cells with {ITO + 80 nm ITO} top contact
displaying a decrease in Rshunt during bending: (a) actual decrease in Rshunt, (b) appar-
ent decrease in Rshunt related to collection issues. The arrows show the main differences.

4.3.3 Possible degradation mechanisms

We consider that the adhesion of the sample to this card is good enough to transmit
the deformation to the sample. Due to the thickness of the plastic card, all elements in
the sample are submitted to tensile stress, when bent downward. In addition, because
the cell is made of layers with different mechanical properties, there should also be some
shear stress.

We are only interested in the irreversible damage. It is expected to stem from cracks
in the different layers of the cell or from delamination between layers, as shown in
Figure 4.6.

A decrease in the shunt resistance as observed during the bending tests corresponds
to new conductive paths in the cell. It likely comes from openings in the bottom flat
a-Si:H (because of cracks or removal of dust), and connection between the back contact
and fragments fallen from the top contact (either ITO, Ag NWs, or the n-layer). J-
V curves give macroscopic information, which is not sufficient to understand how Si
NW/a-Si:H arrays are actually degraded under bending.

4.4 Understanding the mechanism at the microscale

4.4.1 EBIC to probe the degradation

Electron-Beam Induced Current (EBIC) is a characterization tool that maps the current
generated and collected in semiconductor junctions. e−/h+ pairs are generated under
the electron beam in a Scanning Electron Microscopy (SEM) chamber and collected.
Both a current map and a SEM image can be recorded at the same time. Its principle
is detailed in Section A.1.
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Figure 4.6: Main degradations in a Si NW/a-Si:H cell. No crack through a single Si
NW/a-Si:H is expected, since NWs are not submitted to stresses. Delamination is more
likely to occur between the back-contact and the a-Si:H layer, because their mechanical
properties are different.

How to characterize shunts? Given the J-V curves, we mostly expect the creation
of shunts under bending. Usually, electroluminescence or thermography techniques are
employed to make shunts visible [Gerber 2015]. In thermography, a low forward bias
results in a current flowing preferentially through the shunting paths. The locally in-
duced Joule heating can be probed with infrared detection. A spatial map of shunts
can be obtained. The same measurement can be done under reverse bias as well, which
enables to make the distinction between shunts with an ohmic or a diodic behavior
[Breitenstein 2008]. For electroluminescence (EL), a current is injected into the cell
(forward bias applied) and the luminescence is collected. At shunt positions, the lumi-
nescence signal decreases because non-radiative recombinations are enhanced.

Why EBIC instead? However, due to heat wave propagation, thermography maps
display a rather low resolution, even when using lock-in thermography. EL measure-
ments are highly spatially resolved and can be quickly recorded, yet they present some
drawbacks, especially for a-Si:H. Since EL relies on radiative recombinations, the signal
is expected to be quite low in a-Si:H, even though measurements are possible. Fur-
thermore, the required analysis is different due to the important part of tail-to-tail
recombinations [Gerber 2015]. Finally, the EL signal can be quenched by shunts over a
large part of the cell, which prevents a precise location and shape determination of the
shunt defect [Gerber 2015, Kasemann 2006].

Consequently, EBIC can be a useful tool to characterize the bending degradation of
Si NW/a-Si:H solar cells. Maps of the collected current are drawn, with scales ranging
from a few mm (the whole cell) to a few 100 nm. In addition, the observed defects can
be related to the morphology of the sample through the SEM image. This could help to
understand the origin of the degradation. The acceleration voltage can also be changed
to probe different depths in the sample [Sugimura 2012], although it is not relevant for
core-shell nanowires.

How degradation defects should look like in EBIC? Cracks and delamination
result in collection issues. If part of the cell is fully disconnected, no induced current
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will be obtained and the degradation will be clear in EBIC maps. However, if the
disconnection is partial, it may not appear in EBIC maps due to the low levels of
currents (10 µA for our cells).

How shunting paths should look like in EBIC? Depending on the mechanism
of shunt and the EBIC connection, the effect of shunting paths on EBIC may differ.
For instance, in a specific configuration, shunts corresponding to an inversion channel
in a c-Si cell result in enhanced current [Breitenstein 2007]. However, this should not
be relevant in our setup. Shunts should appear as regions with lower to no induced
current, and with different shapes depending on the exact type of shunt, as observed both
in EBIC and LBIC [Fernandes 2015, Breitenstein 2004, Brown 2010, Naumann 2014,
Kaminski 2004].

It may remain difficult to discriminate between these shunts and other defects that
reduce EBIC (for instance region not electrically connected). Yet, because they are
very conductive, shunts should draw current from a larger region than the defective
one, with an apparent damaged area depending on the conductivity of the top-layer
[Fernandes 2015, Vorasayan 2011]. No sharp transition should be observed [Xiao 2019].
A slow transition in the current on the edge of the defect and a larger defective region
in the EBIC map compared to the SEM image can point towards a shunt.

Finally, shunts can make EBIC observations difficult due to a strong current, which
saturates the pre-amplifier. In order to get a correct signal to noise ratio, AC e-beam
with a lock-in detection can be used. As mentioned in Section A.1, a single-contact
EBIC measurement can also be used to avoid the related noise.

4.4.2 Indentation tests

To confirm the expected features of a shunt in EBIC (regions with slow transition to
lower current and a larger defective region in the EBIC map compared to the SEM
image), I used a diamond pen to make a shunting path on one cell with 80 nm ITO
as top contact. A strong decrease in the EBIC level over the whole cell was observed.
However, it may be related to poor electrical contacts. No I-V curve was measured
afterwards to confirm the change. Figure 4.7 presents the EBIC signal in two different
regions with indentation. The damaged parts result in much lower to no signal in EBIC.
But the region corresponds to the damage observed in SEM. In addition, profiles show
a rather steep decrease of the signal, in contrast with the expected slow transition. An
I-V measurement would have been needed to confirm the presence of shunts.

4.4.3 EBIC after bending

Figure 4.8 displays low-magnification SEM images and EBIC maps of a cell that failed
during bending and a cell that did not (from the same sample). They do not show
differences after bending. In both cases, the current is collected from the whole cell.
We can see small defects, but their origin remains unclear and cannot be attributed to
bending or to the breakdown of the cell. Some defects are observed both for degraded
and not-degraded cells. EBIC observations directly on bent cells may bring more infor-
mation.
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Figure 4.7: (b) and (c) EBIC maps superimposed on SEM images of a Si NW/a-Si:H
cell after indentation with a diamond pen, with (a) and (d) profiles of the current
corresponding to the framed region (left to right). The top contact is 80 nm ITO.
Vacc = 20 kV. The current from the p-i-n junction is displayed as positive.

Figure 4.8: SEM image and EBIC map after bending of Si NW/a-Si:H cells that (a),
(b) failed and (c), (d) did not fail during bending. The top contact is made of 80 nm
ITO. The electrical connection is done with Ag paste and a probe (see the SEM image
and EBIC, where they lead to zero signal). The contrast differs between observations
because of the electrical noise during the observation of the top cell. Vacc=15 kV (top),
Vacc=20 kV (bottom). The current from the p-i-n junction is displayed as positive.
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4.4.4 Metal foils as new substrates

To overcome the limitation of the glass in the previous bending tests and for the in-
situ observation, we decided to use more bendable substrates, that are not likely to
break. Because of the temperature of growth (400 ◦C at the substrate holder), we
chose metal foils (Cu and Al, 6 µm and 9 µm thick respectively), for flat and NW solar
cells. Yet, their coefficient of thermal expansion is higher than that of glass or a-Si:H:
around 20×10−6 K−1 for copper (0-1000 ◦C), 29×10−6 K−1 for Al (0-600 ◦C), compared
to 4×10−6 K−1 for a-Si:H. After deposition, an internal compressive strain in the a-Si:H
layer is thus expected [Suo 1999].

I used the usual back contact, Ag(100 nm)/ZnO(100 nm), to prevent shunts due to
direct connections to the conductive substrate. Nonetheless, NW solar cells on Al and
Cu were strongly shunted and could not be observed with EBIC. It could be improved
with a better handling of substrates and smaller areas (∼1 cm2 for these cells).

4.4.5 Bending in SEM

I folded solar cells on Al or Cu foil on the substrate holder, as can be seen in the picture
(Figure 4.9 (d)). Thanks to the substrate, the bending radius is much smaller (around
1 mm). I observed the folded cells in the SEM chamber, with SEM and EBIC.

With SEM, changes in morphology under strong bending can be assessed. In partic-
ular, I observed many cracks in both cells, flat and with NWs, as displayed in Figure 4.9.
These cracks are parallel and follow the direction of maximal strain. We therefore at-
tribute them to bending.

1 µm10 µm
Bent cell

e-beam(a) (b) (c) (d)

Figure 4.9: SEM images of bent (a), (b) Si NW/a-Si:H, (c) flat a-Si:H solar cells on
Al foil. (d) Picture of the flat a-Si:H cell on Al foil on the substrate holder before
observation. The white frame in (a) highlights the fracture of Ag NWs, the frame
in (b) highlights the crack going between Si/a-Si:H NWs.

Contrary to the expectation, Si NW/a-Si:H arrays do not stand extreme bending.
There may be two reasons to this. First, instead of single, free nanowires, the array
is actually made of aggregates of NWs. Because NWs are quite dense, this almost
results in a film. This film is more prone to degradation under bending. As can be
seen in Figure 4.9 (b), cracks zigzag between NWs. NWs themselves are not broken,
but the layer between them can be (mostly ITO, but a-Si:H too). Moreover, there are
some continuous layers as well in the NW cells, namely the back contact (100 nm Ag
+ 100 nm ZnO:Al) and the parasitic a-Si:H cell which grows between NWs (thickness
around 150-200 nm). A close-up on cracks in flat and NW samples shows that (at least)
some go through all the layers of the cell, which suggests that strong bending stresses are
also present in the bottom layers. On a metal foil, the bottom layers could be removed
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to mitigate the degradation, but the parasitic cell and the film-like behavior of the array
would remain. As can be seen in Figure 4.9 (a) and (b), Ag NWs can go over cracks
and bridge together broken parts. With a metal foil as substrate and back contact,
cracks, even through the whole layer, will not fully break the cell. Nonetheless, under
some conditions, Ag NWs finally fracture. This is likely related to the density and is a
supplementary reason for well-dispersed networks.

From the bending tests on flexible glass and on Al foil, it appears that the minimal
bending radius that Si NW/a-Si:H solar cells can stand is between ∼2 mm and ∼2 cm.
The exact value depends on the substrate (thickness, hence actual strain in the active
layers, and thermal expansion coefficient, hence internal strain in flat device).

4.4.6 EBIC during bending

While the SEM observations are useful to understand the ultimate degradation of the
Si NW/a-Si:H cells, they do not explain the change observed in J-V curves. Indeed, we
observed no such cracks after the first bending tests.

Figure 4.10: (a) and (b), (c) and (d) SEM image and corresponding EBIC map of a
bent a-Si:H flat cell. Vacc = 20 kV. The current from the p-i-n junction is displayed as
positive.

Figure 4.10 presents EBIC maps of a flat a-Si:H cell bent inside the SEM chamber
together with the corresponding SEM images. While many cracks are visible in the
SEM images, they do not necessarily hinder the collection of the current. All cracks
in Figure 4.10 (a) can be seen in the EBIC map (lower signal), but only one strongly
prevents the current from being collected. Other cracks are likely partial, and each side
of the cell remains connected.

The effect of such cracks depends on the conductivity of the top contact and on
the amount of current. In EBIC, currents are low compared to 1 Sun illumination.
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The excitation is indeed lower and it is localized (no cumulative effect). Although
cracks increase the in-plane resistance of the top contact, this has almost no effect on
the current collection. Nonetheless, the decrease in the EBIC signal at cracks which
otherwise do not show a discontinuity in the current may be surprising. EBIC is related
to both the generated amount of charge carriers and the finally collected amount. Here
the decrease in signal can be related to a lower generation rate at the position due to
less material. EBIC maps unveil features that are not visible in the SEM image, as the
arrows in Figure 4.10 (d) highlights. These discontinuities in current, which are parallel
to the crack in SEM, are likely to be related to hidden cracks.

In conclusion, EBIC is not sufficient to determine the collection issues and to map
the possible shunt paths with certainty. Nonetheless, it can show damages that are not
observed in SEM.
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4.5 Takeaway messages

• Among the reported record flexible cells, none of the inorganic ones was tested
under bending.

Flexible cells refer to different properties depending on the application. Due to the
stiffness of inorganic materials, design solutions have to be used to avoid cracks and
delamination, for instance with NW arrays. Because they determine the stresses inside
the sample, the mechanical properties of the substrate are also critical, both for the
design of devices and for a thorough understanding of the mechanical state in the sample.

• We obtained an inorganic solar cell that can be bent to Rc ≃ 2 cm.

We grew Si NW/a-Si:H cells on thin glass. Tests under 1 Sun proved that they could
sustain bending radii down to 2 cm. For these bending radii, we observed no difference
between thin or thick ITO and bare ITO or {ITO + Ag NWs}.

• J-V curves showed that the creation of shunts was the main degradation mecha-
nism.

Some cells showed no degradation, while others did. They showed a decrease in Voc
and FF (sometimes in Jsc), attributed to a lower Rshunt. We believe it comes from new
shunting paths, but SEM and EBIC observations after bending did not bring conclusions.

• The flexibility of Si NW/a-Si:H arrays remains limited by the density of NWs and
the parasitic layer between NWs.

To probe smaller bending radii and to observe Si NW/a-Si:H under bending with SEM
and EBIC, we then grew cells on Al and Cu foils. SEM observations showed that the
flexibility of Si NW/a-Si:H is limited by their high density and film-like behavior and
by the parasitic flat cell.

• Although EBIC maps highlighted defects that are not observed in SEM, they did
not bring a better understanding of the Si NW/a-Si:H early degradation. The
origin of the decrease in Rshunt could not be found.

EBIC observations should help for the understanding of the degradation mechanism,
thanks to the parallel observation of the generated and collected current and the mor-
phology and the various magnifications (from 100 nm to mm). However, due to the low
current, collection issues are not necessarily observed. Besides, despite the expectations,
we did not observe in EBIC any distinctive signal for shunts.
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5.1 Properties of a-Si:H

5.1.1 Amorphous semiconductors

Features of an amorphous structure While a crystalline material is determined by
the repeated translations of a unit cell, no long-range order can be found in amorphous
structures. Nevertheless, the coordination of an atom (number of bonds to its immediate
neighbors) in an amorphous material is well-defined and the local structure is retained.
For instance, a Si atom in a-Si:H remains tetrahedrally bonded to its neighbors. This is
in contrast to states without any order, such as gases. Because of the lack of long-range
order, the lengths and orientations of bonds can slightly vary to accommodate to the
structure (typically around 10 % for bond lengths, less for angles [Street 1991]). Beyond
a few bonds, order is fully lost.

Because of less stringent rules on bond orientations, an amorphous structure can
accommodate singularities that would result in defects in crystals, for instance missing
atoms or substitutional atoms with a different valence. It is an issue for doping, since
most of the doping atoms do not result in a ionized atom. However, such an accom-
modation is sometimes not possible, and the coordination of an atom may differ from
the expected one (a three-bond Si atom for example). This is a defect in amorphous
structures. They lead to deep states in middle of the gap.

Consequences on the wavefunction The wavefunction of electrons is significantly
altered by the long-range disorder and differs from crystals. In crystals, it is coherent
over a long distance, but in amorphous materials, changes in potential lead to strong
scattering and a loss of coherence. No momentum can be defined for the wavefunction.
Consequently, the energy dispersion with momentum is not relevant anymore, and there
is no direct or indirect transition [Mott 1969]. Hence, the absorption is not limited by
the conservation of momentum and amorphous semiconductors display a high absorption
coefficient. In addition, because of the potential disorder, the wavefunction is more
localized than in crystals. When the disorder is particularly strong, it results in localized
states. In a-Si:H, it corresponds to a localization length of 3-10 Å [Street 1991]. These
localized states form band tails in the band gap of amorphous semiconductors.

Consequences on the band gap A band gap can indeed be defined in amorphous
semiconductors, because of the short-range interactions (bonding and antibonding or-
bitals are separated) [Weaire 1971]. However, the local disorder (bond distances and
angles) results in bandtails made of localized states. Figure 5.1 displays a schematic
band structure of an amorphous semiconductor. The density of states shows a exponen-
tial decrease in the band tails.

Beyond the band tails, the behavior is closer to a crystalline semiconductor. In
these extended states, the wavefunctions extend over larger distances. Together with
the increased density of states, it leads to a higher mobility. The limit between the
localized and extended states is the mobility edge. The mobility band gap corresponds
to the separation of the valence and conduction band mobility edges. It is the value of
interest in amorphous semiconductors since it governs the electronic transport. It differs
from the band gap of crystalline semiconductors as it does not completely correspond to a
forbidden band. An optical band gap can also be defined from absorption measurements.
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Figure 5.1: Band structure of an amorphous semiconductor (solid line), compared to a
crystalline one (dashed line). Extracted from [Street 1991].

The optical band gap does not probe the mobility, but relies on the density of states only
(no momentum conservation). Optical transitions between localized states are limited
by the poor overlap between wavefunctions. Hence, values lower but similar to the
mobility band gap are obtained for the optical one.

Consequences on the electronic transport In the extended states, the electronic
transport is similar to crystalline semiconductors. It is described by the free-carrier mo-
bility µ0 (also called the microscopic mobility). However, in localized states, the usual
electronic transport is not effective anymore. Instead, hopping, which corresponds to
tunneling from atom to atom, becomes significant. This mechanism strongly depends on
interatomic distances, hence on the densities of carriers, and on temperature. Besides,
at low temperature, electrons do not have enough energy to reach the conduction band
and the conduction mostly takes place in the localized states. In a-Si:H, room temper-
ature is sufficient for the electrons to reach the extended states and the contribution
of localized states is lessened. The drift mobility µd takes into account the successive
trapping/detrapping in the localized states. It is the value obtained with time-of-flight
measurements and is lower than the free-carrier mobility. In addition, when the effect
of localized states is important, a dispersive transport of charge carriers is observed.
There is a change in velocity with time, hence distance and time are not proportional
anymore.

Consequences on doping Amorphous networks are able to adapt to atoms with
different valences. Hence, atoms do not need to ionize and no additional electron or hole
is created. Nonetheless, substitutional doping has been shown in amorphous semicon-
ductors, but with a low doping efficiency.

5.1.2 History of a-Si:H

Chittick et al. first described the deposition of hydrogenated amorphous silicon from
silane gas (SiH4) with an RF-discharge in 1969 [Chittick 1969]. While the presence of
hydrogen is not mentioned in the article, a strong photoconductive effect, possible only
when H atoms reduce the density of defects, was reported. Later studies confirmed the
presence of hydrogen in PECVD amorphous silicon. In 1975, Spear and Le Comber
reported the substitutional doping of glow-discharge a-Si:H from phosphine PH3 and
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diborane B2H6 [Spear 1975]. The properties of a-Si:H have been extensively studied
in the 1970s-1980s, and its use in devices in the 1980s-1990s. Details regarding the
development and characterization of a-Si:H can be found in [Street 1991].

5.1.3 a-Si:H material structure

Local order Coordination and bond features can be estimated with X-ray or neutron
diffraction measurements [Laaziri 1999, Fortner 1989]. From these data, the Radial
Density Function (RDF) can be computed. It displays the averaged distribution of
atoms at a distance r from an atom.1

Figure 5.2: RDF of (a) crystalline and (b) amorphous silicon. From [Laaziri 1999].

Figure 5.2 presents the RDF of crystalline and amorphous silicon. The short-range
order in a-Si, similar to c-Si, is clear, as well as the loss of order at longer distances. The
Si Si bond length (2.35 Å) is very close to the bond in c-Si (2.35-2.36 Å). From the width
of the peak (for c-Si and a-Si), the variation due to disorder in a-Si was estimated to
0.03 Å (< 2 % variation) [Laaziri 1999]. The estimated bond angle is (108.4±0.2)◦, close
to 109.5◦ for c-Si. The effect of disorder is slightly stronger, ∼10◦ (< 10 % variation)
[Fortner 1989]. Finally, amorphous silicon shows a lower coordination number than c-Si,
close to 3.6-3.9, lower than the 4 coordination required in a tetrahedral structure.

Coordination defects The lower coordination number suggests that some Si atoms
show a three-fold coordination, with a dangling bond (unpaired electron). Other coor-
dination defects exist in amorphous silicon (two- and five-fold silicon atoms), but the
dangling bonds are the main one, with densities around 1015 cm−3 for materials with a
low density of defects (well-passivated a-Si:H) to 1018 cm−3 for highly defective materials
[Street 1991]. They are responsible for mid-gap states and strongly limit the electrical
conductivity. However, the hydrogenation of amorphous silicon results in the passivation
of most of these defects.

1Peaks in RDF correspond to high densities of atoms. The distance to the first peak is thus typical
of the bond length between nearest neighbors, and the area is related to the coordination. The width
of the peak is determined by the experimental resolution, the thermal disorder and the static disorder.
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Figure 5.3 shows an example of bonding in amorphous silicon. A two-dimension
representation is displayed, in which Si should be bonded to three atoms. Different
orientations and lengths of bonds can be observed. One silicon atom is only bonded to
two atoms. It is a defect. This makes the basis of the structure of amorphous silicon,
but other features have been observed, such as rings or voids.

Figure 5.3: Schematic bondings in amorphous silicon. From [Street 1991].

Hydrogenation An important feature of a-Si:H is the presence of hydrogen atoms
in the structure. They are required to achieve a material with a low density of defects
by passivating dangling bonds (unpaired electrons of Si atoms that have a coordination
of 3 instead of 4). Because hydrogen is so necessary for the electronic properties, the
term amorphous silicon is now generally used for hydrogenated amorphous silicon in
electronics. The optimal concentration of H is around 10 at.%.

Nuclear Magnetic Resonance and IR absorption measurements have evidenced the
different bondings of hydrogen in a-Si:H. 2 to 4 at.% of H atoms are bonded as mono-
hydrides (one H atom among the neighbors of the Si atom), around 1 % are in voids
as molecular H2 and the rest are bonded in clusters, especially at the surface of voids
[Fritzsche 2001].

In addition to the passivation of dangling bonds, hydrogen can passivate dopants.
Through the breaking of Si Si bonds and diffusion, it also eases the reconstruction of
the network.

5.1.4 a-Si:H band structure

The band diagram of hydrogenated amorphous silicon displays the typical features of
an amorphous semiconductor. It is presented in Figure 5.4.

5.1.5 Optical and electrical properties

5.1.5.1 Absorption

Because no conservation of momentum is needed, amorphous silicon has a high absorp-
tion coefficient, especially compared to c-Si. The optical band gap energy is around
1.7 eV. Figure 5.5 displays the absorption spectra of a-Si:H and c-Si.
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5.1.5.2 Conductivity

In a-Si:H, values for the free-carrier mobility µ0 around 10-20 cm2/(Vs) for electrons
and 0.5-4 cm2/(Vs) for holes have been reported [Street 1991]. These values are already
low compared to most crystalline semiconductors (µ ∼ 103 cm2/(Vs) for c-Si for in-
stance). The drift mobility at room temperature is around 1 cm2/(Vs) for electrons and
10−3 cm2/(Vs) for holes. Holes are more affected by the dispersive transport because of
the larger tail of the valence band.

The conductivity of amorphous silicon strongly depends on temperature, because
thermal energy can excite carriers from the localized states to the extended ones. In a-
Si:H, room temperature is sufficient for this transition to occur in the conduction band.
At room temperature, undoped a-Si:H shows a conductivity around 10−9 W−1cm−1.
a-Si:H can be p-doped with boron B, which results in a conductivity around 10−6-
10−2 W−1cm−1. N-doping employs phosphorus P and is more efficient, with a resulting
conductivity around 10−4-10−2 W−1cm−1 [Spear 1976].

5.1.6 Growth of a-Si:H

Hydrogenated amorphous silicon is now mostly deposited by PECVD with silane (SiH4)
as precursor, whose dissociation is promoted by plasma. Early articles refer to this
technique as glow-discharge deposition. Physical vapor deposition has also been studied,
but results in high densities of defects. Hot-wire chemical vapor deposition, which
employs a hot tungsten wire (∼2500 ◦C) for the dissociation of silane, enables higher
deposition rates up to 30 Å/s [Alpuim 1999]. In PECVD, the hydrogen dilution of
silane is a key parameter regarding the structure of a-Si:H. The H presence also limits
the deposition temperature below 400 ◦C. A summary can be found in [Luque 2003].
For an intermediate rate (15 Å/s), a 500 nm thickness, typical of a-Si:H absorber if the
light-trapping is not optimized, requires a 5 min deposition. In addition, the large-area
(∼1 m2) deposition with PECVD is also an asset for the use of a-Si:H. Guha gives some
figures regarding the manufacturing process of a-Si:H for solar cells in [Guha 2000].

Two main applications can be mentioned for a-Si:H. Solar cells will be detailed below.
The low cost (material and deposition) of a-Si:H and the possibility to deposit over large
areas have also made it suitable for thin-film transistors, especially in commercialized
flat panel displays.

5.1.7 a-Si:H in solar cells

A-Si:H is beneficial to solar cells because of its high absorption. A film thinner than
1 µm is sufficient, compared to a few 100 µm for c-Si. In addition, its high band gap
energy should result in a high Voc. However, due to the band tails, usual doping levels
are not sufficient to bring the Fermi level at the (conduction or valence) band edge.
A ∼0.2 eV separation, corresponding to the band tail extension, remains. The highest
quasi-Fermi level splitting is hence limited to at least ∼1.2 V.
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5.1.7.1 History and current status

The first homojunction solar cell with a-Si:H was reported in 1976 by Carlson and
Wronski [Carlson 1976]. A n-i-p structure with a 1 µm thick layer of intrinsic a-Si:H
resulted in a PCE of 2.4 % in AM1 sunlight. Figure 5.6 presents the increase of the
performance of a-Si:H cells, both single- and multi-junctions, compared to other thin-
film technologies, CIGS and CdTe. The current record at 14.0 % PCE is a triple junction
made of a-Si:H/µc-Si:H:H/µc-Si:H:H [Sai 2016]. The record single junction cell with a-
Si:H has a stabilized efficiency of 10.2 % [Matsui 2015b]. Records for Si NW/a-Si:H
solar cells are also shown with red stars.
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Figure 5.6: Efficiency chart for thin-film and SHJ technologies, with the current record
of Si NW/a-Si:H. Data from the NREL data file1.

Maximal conversion efficiency Carlson and Wronski also gave an estimation for
the highest efficiency achievable with a single junction made of a-Si:H, namely 14-15 %.
It is determined from the maximal current density (22 mA/cm2 from the absorption
spectrum), fill-factor (0.78-0.87 depending on the limiting recombinations) and open-
circuit voltage (that they estimate to be 0.80 V). Kuwano estimated the maximal PCE
from double and triple junctions with amorphous silicon alloys to 21 % and 24 % (at the
16th IEEE PVSC in 1982, cited in [Guha 2000]).These estimations show the potential
improvement for a-Si:H solar cells. Yet, it is also clear from the chart that little progress
has been made over the last 25 years.

As passivation layer However, a-Si:H has undergone a renewed interest in the 2000’s
for heterojunctions with a crystalline silicon absorber (SHJ). Indeed, its higher bandgap

1https://www.nrel.gov/pv/cell-efficiency.html

https://www.nrel.gov/pv/cell-efficiency.html
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compared to c-Si and the properties of the amorphous network make it ideal for the
passivation of surfaces in c-Si cells. With the addition of an intrinsic buffer layer between
the absorber and the doped layer, silicon heterojunctions now play a leading role in
the c-Si technology. This architecture is called Heterojunction with Intrinsic Thin-
layer (HIT)2 and owns the current c-Si record efficiency of 26.7 % [Yamamoto 2018].
As a side note, the acronym HJT is also used for silicon heterojunction solar cells. In
this work, we focus on the use of a-Si:H as an absorber.

5.1.7.2 Structure

a-Si:H solar cells are typically made of a n-i-p stack with the p-doped layer towards the
impinging light. Doped layers are very thin (5-10 nm). The thickness of the intrinsic
layer is around 500 nm, the exact value depending on the management of light. Sub-
strate and superstrate structures can be made, as displayed in Figure 5.7, with higher
performance obtained for the substrate one.3

a-Si:H (pin or nip)

TCO

Substrate
Back-contact

a-Si:H (pin or nip)

Glass

Back-contact

TCO (SnO2)

Substrate Superstrate

Deposition

Light Light

Figure 5.7: Substrate and superstrate structures for a-Si:H.

p-i-n structure Because of their low mobility and their short lifetimes, especially
in doped layers, the charge carriers in a-Si:H present short diffusion lengths (around
100 nm). The performance of a-Si:H in a p-n structure, which relies on diffusion, is
thus low. For this reason, a p-i-n structure is used instead, with very thin doped layers
(band diagrams in Figure 1.4). The electric field governs the collection of carriers, at
least under low biases. Consequently, the drift length Ldrift, the collection length or
the µτ product are often referred to in the literature on a-Si:H solar cells. In a simple
approximation, if we disregard the dispersive mobility of amorphous semiconductors
(see Section 5.1.1), the drift length can be written as

Ldrift = µτ E, (5.1)

with E the electric field in the intrinsic part and τ the lifetime. A relationship
between the diffusion length Ldiff and the drift length is easily derived for one carrier,
using Einstein’s relation Dn/µn = kbT/q,

Ldrift = q

kbT
E L2

diff. (5.2)
2HIT structures can rely on different carrier-selective passivating contacts, such as SiOx with poly-Si.
3The superstrate-type requires a thick TCO layer for texturing (>0.5 µm), which reduces Jsc. In

addition, the quality of the p-layer is better when grown on a-Si:H compared to the TCO.
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p-doped layer close to light In a-Si:H, the mobility of holes is much lower than
that of electrons (see Section 5.1.5). Because e−/h+ pairs are mostly generated close to
the surface, the p contact on top maximizes their collection.

5.1.7.3 Staebler-Wronski effect

The second limitation to the performance of a-Si:H absorber is a characteristic light-
induced degradation, called the Staebler-Wronski Effect (SWE). It was reported in 1977
as a change in conductivity after exposure to light (four orders of magnitude change
in dark conductivity after 4 h under 200 mW/cm2) [Staebler 1977]. In all a-Si:H solar
cells, it results in a decreased efficiency with use. Nonetheless, the degradation slows
down and a steady value for the performance is finally reached. This decrease of PCE
is around 10-20 % for good cells [Matsui 2015b, Guha 2013], and down to 4 % for the
record cell. For this reason, the stabilized efficiency, for instance after 1000 h under
1 Sun, is given for a-Si:H cells. This degradation is reversible, in particular with heating
(a few hours at 150 ◦C).

Microscopic mechanism Under light-soaking, Electron Spin Resonance (ESR)4 shows
an increase of the density of dangling bonds up to a saturation value (typically from
1015 cm−3 to 1017 cm−3). The saturation value depends on the illumination and the
temperature, with higher densities of defects for higher illuminations and lower temper-
atures [Isomura 1991]. These new recombination centers decrease the lifetime of carriers
in a-Si:H and account for the loss in conductivity. The creation of defects stems from
recombinations of e−/h+ pairs, as the same light-soaking conditions under reverse bias
do not show similar degradation. The energy from the recombination can break bonds,
leading to new dangling bonds. The presence of H helps making it stable, by separating
the dangling bonds. Nonetheless, the mechanism is not fully understood. In particu-
lar, different reactions have been suggested, either involving the breaking of weak Si Si
bonds or of Si H bonds. In addition, it is likely that the diffusion of H stabilizes the
defects, by separating the newly formed dangling bonds. However, experimental ob-
servations did not show a spatial correlation between the dangling bonds and H atoms
or between dangling bonds, even though it may come from the difficulty to see the
signal [Stutzmann 2000]. While the Staebler-Wronski effect refers to the light-induced
degradation, similar defects can be created with current injection, particle bombardment
[Schneider 1987] or thermal generation (it can be observed after rapid quenching).

Kinetics Models have been developed to try and better understand the dependence
on the different parameters, especially the light generation rate and the temperature.

4ESR measurements are widely used in a-Si:H to determine the density of dangling bonds and their
environmental structure. Because electrons in dangling bonds are unpaired, a change in spin can occur.
When a magnetic field is applied, the energy of each spin state is different. The transition energy can
be probed with an electromagnetic field. Typically, the absorption of a microwave field is monitored,
while varying the magnitude of the magnetic field. The strength of absorption can be related to the
density of spins (hence dangling bonds in a-Si:H), with a good sensitivity, down to 1011 cm−3. The
resonance in absorption gives the energy of the transition, which depends on the local structure through
hyperfine interaction with surrounding nuclei (H, 29Si). Details on the use of ESR for a-Si:H can be
found in [Street 1991].
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For instance, if the creation of defects is governed by band-to-band (nonradiative) re-
combinations and the carrier densities by recombinations on dangling bonds, the density
of dangling bonds Ns shows the following dependence on the illumination rate G and
time t,

Ns ∝ G
2
3 t

1
3 . (5.3)

It accounts for the stronger degradation observed under high power, short pulses, com-
pared to the long pulses with the same energy. It is confirmed by experimental data,
at least up to 400 mW/cm2 [Stutzmann 1985]. Moreover, according to this model, the
stabilization of the degradation is intrinsic to the degradation mechanism and does not
rely on a balance between the creation and the annihilation of defects.

Overcoming the SWE The SWE is a reversible mechanism. The conductivity of
a-Si:H can be recovered. While thermal annealing is mostly used, current- and light-
induced recoveries are also possible [str 1991, Meaudre 1992, Gleskova 1993]. The struc-
ture of a-Si:H solar cells can also be adapted to mitigate the light-induced degradation,
for instance with thinner layers. Although the collection length is still reduced by light-
soaking, it remains larger than the thickness of the intrinsic region.

5.1.7.4 NWs

Thinner intrinsic layers improve both the collection of carriers and the tolerance to
light-degradation. The single junction a-Si:H record cell thus displays a 220 nm thick
intrinsic layer [Matsui 2014]. Because thin layers also reduce the amount of absorbed
light, a good performance requires light management, with the use of highly structured
substrates and antireflection coatings [Haug 2015]. NWs are the next step to this end.
With the separation of the directions for light absorption and for carrier collection, much
thinner layers can be used, namely ∼100 nm in Si NW/a-Si:H. The thin layer also reduces
the effect of the light-induced degradation, as Misra evidenced with the comparison
of different a-Si:H thicknesses [Misra 2013]. Using 3-dimension rigorous coupled-wave
analysis, Misra estimated the short-circuit current density that could be obtained with Si
NW/a-Si:H to 20 mA/cm2 [Misra 2015a]. With the 1-dimension solving of the Poisson’s
equation, he also estimated the possible values of the fill-factor (79 %) and Voc (0.90 V).
This results in a maximal efficiency of 14.2 %. It is lower than the values given by
Carlson and Wronski (see Section 5.1.7.1), that are probably overestimated.

5.1.8 Summary

The properties of amorphous materials are affected by their lack of long-range order.
A band gap can still be defined, but localized states and coordination defects are more
important than in their crystalline equivalent. The hydrogenation of amorphous silicon
mitigates the effect of the coordination defects and enables its use in opto-electronic
devices. A-Si:H is a better absorber than c-Si, but the mobility and lifetime of its
charge carriers are low. Thus, its use in planar solar cells is limited by the drift length.
The light-induced degradation also impedes its development. However, thanks to a low-
temperature deposition, on various substrates and over large areas, a-Si:H, together with
nc-Si, µc-Si:H, Ge and alloys, leads to low-cost multijunction solar cells. In addition,
the use of NWs helps to relieve the limitations of a-Si:H. The difference in architecture
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between the planar a-Si:H and Si NW/a-Si:H can be enhanced when the illumination is
increased.

5.2 Why study Si NW/a-Si:H solar cells under high illu-
mination?

Under increasing illumination, both the short-circuit current and the open-circuit voltage
of an ideal solar cell should increase (linearly for Isc). If the collection efficiency remains
constant, the resulting increase of power is larger than the increase of the illumination
power and the efficiency rises. That is one of the main benefits of light concentration in
photovoltaics and led to a wide field of research, CPV.

Because of its early degradation due to light-soaking (SWE) and its optical and
electrical properties (good absorption, but poor mobility), a-Si:H as absorber has been
mostly chosen for low-illumination applications, either outdoors or indoors. Amorphous
silicon solar cells have already been developed to this end, for instance in small cal-
culators and more recently by Solems5, or Panasonic6 for buildings or solar-powered
watches. Few works consider the change in the parameters of a-Si:H solar cells under
varying illumination and they focus mostly on low-illumination levels (typically below
1 Sun) [Yoshihiro 1994, Al Tarabsheh 2015]. Studies of higher illuminations are related
to the light-induced degradation [Yang 1991]. For this reason, and despite the decrease
of performance that could be expected, we wanted to check how a-Si:H solar cells could
sustain strong illumination. In addition, the use of NWs should improve the collection
of carriers and can affect the behavior of a-Si:H solar cells under strong illumination.
We were interested in determining the consequences of using Si NW/a-Si:H compared
to flat a-Si:H.

In contrast to concentration setups, we do not change the angle of impinging light
and use a monochromatic light. Consequently, we do not use the term concentration
for our experiments. For solar cells with a sufficiently low series resistance and a linear
relation between the photocurrent and the illumination power, the short-circuit current
is proportional to the illumination power Isc = Iϕ = KPill. Thus, many studies under
increased illumination regard Isc as a direct quantification of the concentration ratio.
However, in our case, the short-circuit current is quickly limited by the poor collection
of carriers. Hence, parameters are displayed against the illumination power.

5.3 Overall behavior

5.3.1 Experimental details

Light source Figure 5.8 presents a picture of the setup for the illumination measure-
ments. Depending on the exact set of measurement, power densities between 0.1 W/cm2

and 1.2 kW/cm2 (powers equivalent to 1-12 000 Sun) have been used. A 532 nm laser
was chosen, as it corresponds to the maximal absorption of the Si NW/a-Si:H solar cells
(see EQE in Figure 2.13). Most measurements employ a continuous-wave laser (Mil-
lennia Edge). The diameter of the laser spot is originally around 2.3 mm. However, a

5https://www.solems.com/en/photovoltaic-modules
6https://industry.panasonic.eu/products/energy-building/amorphous-solar-cells

https://www.solems.com/en/photovoltaic-modules
https://industry.panasonic.eu/products/energy-building/amorphous-solar-cells
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Figure 5.8: Picture of the experimental setup. The path of the laser beam is shown in
green.

pinhole was used to change the beam size. Pinholes of 400 µm, 800 µm and 1400 µm led
to 1/e2 diameters of 0.26 mm, 0.57 mm and 0.97 mm. Profiles are displayed in Appendix
(Figure C.1). Since the beam is not uniform, both the total power and the (averaged)
power density are given. The light intensity on the cell was monitored by the reflected
part after a beam splitter. Two photodiodes were used for the measurement, a Si diode
and a thermopile, depending on the power range.

Electrical measurements I fixed all samples with Ag paste on an Al plate. The cells
were connected with two wires to a Keithley SMU. For each illumination, I recorded a
complete I-V curve, from 0 V to 1 V and back from 1 V to −0.5 V to check for a potential
hysteresis. Between measurements, the shutter of the laser was closed for >60 s. Each
set of measurements on a cell approximately corresponds to 1 h 30 min of illumination,
with every measurement lasting around 2 min.

Time-reversible changes To assess whether the observed changes were reversible
with time, I made repeated measurements after different illumination levels for a given
power density (called probe power). Repeated measurements correspond to the same
illumination power, however the history of the cell (highest illumination power and
total illumination energy) differs.

Measured solar cells I measured Si NW/a-Si:H solar cells, as well as a crystalline
silicon and a flat a-Si:H cells. Details are presented in Table 5.1. Illumination with
the 800 µm pinhole will mostly be discussed. Their performance under 1 Sun before
and after the measurements are shown in Appendix, in Figure C.2. The planar cell
with a-Si:H displayed a so-called S-shaped I-V curve. I still assessed the behavior of the
flat a-Si:H cell under strong illumination, however, Voc and its variations are strongly
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impacted by the barrier and cannot be compared with Si NW/a-Si:H solar cells.

Table 5.1: Si NW/a-Si:H, flat a-Si:H and c-Si cells measured under high intensity 532 nm
light. Details regarding the crystalline silicon cell can be found in [Sobkowicz 2014].

Cell Stack Area Pinhole

Si NW/a-Si:H
Glass/Ag/AZO/
p c-Si NW/p-i-n a-Si:H (intrinsic ∼90 nm)/
240 nm ITO (Figure 1.13 (a))

0.03 cm2

(2 mm �)

400 µm
800 µm
1400 µm

Flat a-Si:H
Glass/Ag/AZO/
p-i-n a-Si:H (intrinsic ∼200 nm)/
80 nm ITO

0.03 cm2

(2 mm �)
800 µm

c-Si (SHJ) Ag/n c-Si (∼250 µm)/p a-Si:H/
ITO

1 cm2
400 µm
800 µm
1400 µm

5.3.2 I-V curves

Si NW/a-Si:H

0.4

340

Po
w

e
r 

d
e
n

si
ty

 (
W

/c
m

²)

0.5 0.0 0.5 1.0

U (V)
10 7

10 5

10 3

I 
(A

)

0.5 0.0 0.5 1.0

U (V)

2

0

2I 
(m

A
)

(b) (c)(a) 0.0 0.5
U (V)

1.5

1.0

0.5

0.0

I 
(m

A
)

c-Si

0.5 0.0 0.5 1.0

U (V)

10 4

10 1

I 
(A

)

0.5 0.0 0.5 1.0

U (V)

100

0

100

I 
(m

A
) (b) (c)(a)

0.4

340

Po
w

e
r 

d
e
n

si
ty

 (
W

/c
m

²)

0.0 0.5
U (V)

60

40

20

0

I 
(m

A
)

Figure 5.9: (a) Linear, (b) semi-logarithmic and (c) close-up I-V curves of a Si NW/a-
Si:H cell (top) and a c-Si cell (bottom) with a 800 µm pinhole (repeated measurements
are not shown). The color scale is linear.

Figure 5.9 shows an example of a series of I-V measurements under increasing illu-
mination for a Si NW/a-Si:H (top) and a c-Si (bottom) solar cells. For an ideal solar
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cell (no series resistance, no shunts), the I-V curve would keep the same shape and only
be shifted to higher short-circuit currents and open-circuit voltages. Isc and Voc would
increase with the illumination. It is nearly what is observed for c-Si, where the rectify-
ing behavior remains and Isc and Voc increase. Yet, the fill-factor is reduced when the
illumination rises, which can be explained by a stronger impact of resistance at high
current levels or by screening effects. The Si NW/a-Si:H cell displays a very different
performance. The rectifying behavior is quickly lost, and Isc and Voc both present a
decrease beyond a certain power (different for Isc and Voc).

5.3.3 I-V parameters

From each I-V curve, the following parameters can be extracted: Jsc, Voc, FF, efficiency,
apparent series and shunt resistances (the term apparent is explained in Section 5.3.4).
All parameters corresponding to the data in Figure 5.9 are shown in Figure 5.11. The
graphs are not straightforward, as they summarize different effects, that need to be
disentangled. I display them now as an overview of the behavior of the Si NW/a-Si:H
and c-Si cells under strong illumination, but the change in Isc and Voc together with the
mechanisms in play, are analyzed in detail in the following sections. In addition, as an
example of how to understand the different symbols, I present quickly the Isc variation
in Figure 5.10.
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Figure 5.10: Isc dependence on the illumination power extracted from I-V curves of a
Si NW/a-Si:H cell under 532 nm illumination. The repeated measurements are added
at the probe power with color symbols. The color corresponds to the probe power,
while the symbol indicates the highest power to which the cell was exposed before the
measurement. These highest powers are detailed in the legend on the right and are also
displayed with black open symbols in the Figure. The pinhole diameter is 800 µm.

During measurements, I gradually increased the illumination power, which results in
the grey line with + symbols. In addition, I wanted to assess the possible degradation
of the cell. To this end, after a few steps, I measured again the I-V curve of the cell
at lower powers. These repeated measurements have two important parameters: the
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illumination under which the measurement is made, called the probe power, and the
highest power that the cell had experienced at that time, called the highest illumination
power. The repeated measurements are displayed in the Figure with color symbols. I
used four probe powers, shown in blue (3 W/cm2), orange (7 W/cm2), green (17 W/cm2)
or red (62 W/cm2). The different symbols refer to the highest illumination power. These
highest powers are detailed in the legend on the right and are also displayed with black
open symbols in the Figure.

When these repeated measurements show no difference compared with the initial
ones, it means that there is no degradation. In Figure 5.10, we see that for measure-
ments above 160 W/cm2, the repeated Isc drops, which attests some irreversible degra-
dation7. The arrows present the three repeated measurements made after the exposure
to 230 W/cm2. In particular, the red arrow shows the increase of Isc when the probe
power goes back to lower values, which evidences the (partial) reversibility of the final
Isc decrease.

5.3.4 Apparent Rse and Rshunt

Section 1.4 explains how series and shunt resistances of a cell can be estimated from an
I-V curve. We chose to estimate them from the relation between I and V in high forward
or reverse bias regions respectively. However, the obtained values may be impacted by
the collection efficiency of the solar cell.

In the previous chapters, the solar cells differed by their top contact and the mea-
surement conditions were the same. Hence, the values obtained for the resistances could
be compared. However, under increasing illumination, the regions chosen for the esti-
mation of resistances correspond to different states of the diode. Their comparison is
not direct. For this reason, we call the obtained values of resistance apparent.

Apparent Rshunt For instance, the apparent value of the shunt resistance is strongly
decreasing under higher illumination, as in clear in the I-V curves (Figure 5.9), both for
the Si NW/a-Si:H and the c-Si solar cells. It has been reported for crystalline silicon
[Terrón 1994] and CIGS [Paire 2012] and is related to collection issues. Strong illumina-
tion reduces the collection efficiency for different reasons. With increasing current, the
present resistance results in high voltage drops. At short-circuit, the junction is actually
forward biased. If we consider Rse coming mostly from out of the junction, Vb ≃ RseIsc.
Because of the forward bias, the collection is less efficient. Other effects are possible,
such as the screening of the electric field by the high concentrations of photogenerated
carriers.

5.3.5 Si NW/a-Si:H do not behave as a solar cell for low-illumination

No significant degradation up to 770 W/cm2 From the repeated measurements,
it appears that the cell can sustain very high illumination intensities without significant
degradation of its performance. It is not significantly degraded up to a power density of
at least 160 W/cm2 with the 800 µm pinhole. This power density increases for smaller
illuminated areas, up to 770 W/cm2 (equivalent to 7700 Sun) with the 400 µm pinhole.

7We can notice an initial degradation for the 3 W/cm2 probe power (blue symbols). It will be
discussed in the following, but is not considered here for the damage of the cell, because it should be
reversible under heating.
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Figure 5.11: Parameters extracted from I-V curves of a Si NW/a-Si:H cell (left) and
a c-Si cell (right) under 532 nm illumination: (a, b) Isc, (c, d) Voc, (e, f) fill-factor
FF, (g, h) PCE, (i, j) apparent Rse and (k, l) apparent Rshunt. The increasing power
measurements are shown in grey (+). In (i)-(l), when the fit done to obtain the resis-
tance is poor (r2 < 0.95 for Rse, r2 < 0.9 for Rshunt), the value is displayed with ■. The
layout for the repeated measurements is described in Figure 5.11. The pinhole diameter
is 800 µm.
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Optimal illumination power Figure 5.11 shows that in Si NW/a-Si:H solar cells
under moderate illumination, the short-circuit current and the open-circuit voltage in-
crease, although less than expected. However, the fill-factor is strongly reduced from the
start, which results in a decreasing efficiency with increasing power. This is attributed
to the high in-plane resistance of the top contact. The effect of resistances is lower
under lower illumination and indeed measurements under lower illumination intensities
(Figure 5.12) show that the efficiency of Si NW/a-Si:H first increases with the increasing
illumination power. Because of the lower current level, the charge carriers are better
collected. The optimal illumination is around 0.1 W/cm2 for the top contact made of
ITO only. It is equivalent to 1 Sun in power density, but corresponds to larger current
densities because of the high absorption of a-Si:H at 532 nm.

The top contact limits the performance Figure 5.12 shows that adding Ag NWs
for a more conductive contact shifts the optimal illumination to 0.5-0.6 W/cm2 and
increases the maximal efficiency. This optimal illumination (equivalent to 5 Sun) is
higher than what is usually expected of a-Si:H and what is experimentally observed for
the planar a-Si:H cell. Thanks to the radial junction in Si NW/a-Si:H, the thickness
of the intrinsic a-Si:H layer is reduced and the collection of charge carriers improved.
Si NW/a-Si:H cells remain limited compared to c-Si, especially because of the series
resistance of the NW cell. The value of the efficiency is an optimistic estimation since the
532 nm illumination is suited to a-Si:H. Concentrated sunlight, made of polychromatic
light, would increase the part of non-absorbed photons and the heating of the cell, which
is detrimental. Still, the Si NW/a-Si:H solar cells show an optimal illumination power
above 1 Sun and are first limited by the top contact.
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Figure 5.12: Efficiency of a Si NW/a-Si:H solar cell with different top contacts (240 nm
ITO or {240 nm ITO + Ag NWs}) under increasing illumination at 532 nm. The be-
havior of a c-Si cell and flat a-Si:H (p-µc-Si:H/∼240 nm i-a-Si:H/n-a-Si:H) cell are also
displayed. Compared to Figure 5.11 (e), we probed lower power densities. In addition,
the samples used are different (FTO back-contact instead of Ag/AZO), which reduces
the light absorption in a-Si:H and may slightly alter the optimal illumination to higher
values.
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5.3.6 Summary and outline

With these measurements, reversible and irreversible changes (with respect to time)
can be sorted out. We first observe an early irreversible decrease of Isc (see repeated
measurements at 3 W/cm2 - blue symbols in Figure 5.11 (a)). It is attributed to light-
soaking effects and is discussed in Section 5.4. A strong and reversible decrease of Voc
is also observed (Figure 5.11 (c)). When looking at the I-V curves, the Voc change
seems to come from a lower shunt resistance. In addition, high-illumination effects,
such as Auger recombinations, should be considered. Thermal effects can also account
for the change in Voc. We establish in Section 5.5 that the increase of temperature is
actually responsible for the Voc decrease. Under higher powers, a reversible decrease
of Isc (highlighted by arrows in Figure 5.10) occurs. We show that it is a side effect of
the Voc decrease (Section 5.7). Finally, the irreversible change in all parameters after
160 W/cm2 illumination is attributed to a change in the material. We evidenced for
instance the crystallization of a-Si:H (Section 5.8).

5.4 Time-irreversible decrease of Isc after moderate illu-
mination

5.4.1 Isc decrease and recovery under stronger illumination

Figure 5.13 displays the repeated measurements of Isc after exposure to light for several
probe powers. An initial decrease is observed with values down to 80 % of the initial
current. It reminds of light-soaking effects observed in a-Si:H solar cells.
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Figure 5.13: Irreversible change in relative Isc with exposure to higher illuminations for
four probe powers. The pinhole diameter is 800 µm.

The change depends on the illumination power used for the probe, with stronger
apparent decreases for lower illumination probe powers. This is probably because the
graph is presented in relative values and the initial value of current for higher probe
powers is already a degraded Isc. When the total illumination (time and power) is
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increased, the current rises towards the initial value because of in-situ annealing. Voc
does not show any change, the fill-factor increases, as is discussed below. A c-Si cell
measured under the same conditions presents no significant variation (< 4 %) in Isc,
Voc or FF. After stronger illumination, Isc plummets to values down to 65 % of the
initial one, tentatively attributed to irreversible SWE and partial crystallization, as is
discussed in Section 5.8.

5.4.2 Staebler-Wronski effect

The decrease of Isc is attributed to the SWE, whose mechanism was detailed in Sec-
tion 5.1.7.3. Under illumination, new dangling bonds are created which prevent some
charge carriers from being collected. A decrease in the efficiency of a-Si:H solar cells
under 1 Sun is typically observed over several hours (tens of hours for stabilization),
while the decrease of Figure 5.13 starts only after a few minutes of illumination. This
is due to the high power densities, equivalent to 60-200 Sun, especially as the effect has
been shown to be more sensitive to the illumination power than time [Stutzmann 1985].

SWE reduces the PCE of the solar cell because it lowers the short-circuit current and
the fill-factor [Smith 1985]. Figure 5.14 (a) displays the change in Isc and FF depending
on the exposure to light. The change in the fill-factor looks correlated to the change in
Isc, but an increase is observed instead of a decrease. It is likely due to the already low
values of FF (below 30 %), as can be seen in Figure 5.14 (b). The strong decrease of
Isc becomes beneficial for the fill-factor.
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Figure 5.14: (a) Time-irreversible change in the relative Isc (blue) and FF (orange)
for two probe powers, 3 W/cm2 ( ) and 7 W/cm2 (+), (b) I-V curves under 3 W/cm2

illumination after exposure to different illuminations (see legend). The pinhole diameter
is 800 µm.

5.4.3 In-situ annealing

The change in Isc with exposure to light (Figure 5.13) displays a typical outline, observed
for different probe powers, diameters of the laser spot and Si NW/a-Si:H cells. The short-
circuit current decreases, then increases. In a single set of experiments (cell + pinhole),
the increase is observed for all probe powers after the same exposure (35-75 W/cm2 for
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the displayed data). The decrease is lower for higher probe powers, because the change
in the material had already started for the initial measurement.

An interesting effect of the light-induced degradation of a-Si:H is its reversible char-
acter under thermal annealing (>1 h at 150 ◦C, shorter time for higher temperatures).
When the power density rises, the solar cell can heat up and in-situ annealing of defects
can occur as well. It is likely responsible for the recovery of the initial value of current.

Size effect (pinhole) and temperature The role of temperature can be assessed
using different pinholes for illumination: the larger the illuminated area, the lower the
thermal dissipation and the higher the temperature. Figure 5.15 displays the change
in Isc after the exposure to different power densities for illumination with 400, 800 and
1400 µm pinhole diameters. The decrease is stronger and the recovering occurs later
for the smallest area (400 µm). It is consistent with a thermal explanation of the Isc
recovery. The creation of defects should only depend on the power density. No difference
is expected between all illuminated areas under the same illumination density. However,
the temperature differs. More defects are annealed when the temperature is the highest
(in the largest illumination area). Consequently, the recovery is faster. The cell used
for the 1400 µm measurement shows no initial decrease of Isc. We think it was already
degraded by light exposure before measurements.
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Figure 5.15: Irreversible change in the relative short-circuit current Isc after exposure to
different illumination levels for the NW cells and different diameters of pinhole: 400 µm
(blue), 800 µm (orange) and 1400 µm (green). The symbols refer to the probe power.
Only two probe powers are displayed, 8 mW ( ) and 17 mW (+). The corresponding
power density differs for each pinhole.

Temperature estimation from comparison with literature The recovery of Isc
depends on the temperature and duration of annealing. The annealing rate decreases
with time and an annealing of defects close to complete requires at least 2 hours
at 140 ◦C. Shorter times are needed at higher temperatures [Stutzmann 1985]. The
3 W/cm2 probe power shows a > 95 % recovery in Isc between 36 W/cm2 and 94 W/cm2.
As 5 measurements with a power density higher than 36 W/cm2 were performed between



118 Chapter 5. Strong illumination of a-Si:H solar cells

these measurements, the recovery corresponds to an annealing time around 10 min, i.e. a
rather short time. These approximate values suggest that the temperatures reached in-
side a-Si:H were quite high, above 160 ◦C. Both because of the heat dissipation through
the edge of the illuminated surface and because of the gaussian shape of the laser beam,
the temperature is expected to be inhomogeneous. Such a recovery (close to 100 %) in-
dicates that a large part of the illuminated surface is affected by this high temperature.

Light- and current-induced recoveries are dismissed because they rely on lower (il-
lumination or current) levels than the ones leading to degradation [Gleskova 1993,
str 1991]. In contrast, our cells are exposed to increasing illumination and current
densities. Higher injection levels are expected to increase the amount of defects, not to
assist their recovery. Nonetheless, Carlson et al. showed that heating under a reverse
bias accelerates the recovery [Carlson 1998]. The change in the applied voltage during
the I-V measurement makes the estimation of temperature less accurate.

5.4.4 Comparison with flat a-Si:H

The SWE is one of the strongest limitations in the use of a-Si:H in solar cells and its
mitigation has been the focus of many works [Guha 1981], with a renewed interest due to
its use in SHJ cells [El Mhamdi 2014]. For flat a-Si:H solar cells, one of the possibilities
is the reduction of the absorber thickness, since the shorter collection length induced
by the SWE would remain longer than the thickness [Smith 1985]. Si NW/a-Si:H have
a rather thin absorber layer (∼100 nm), but they still show a significant change in Isc
under illumination.
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Figure 5.16: Irreversible change in the relative short-circuit current Isc after exposure
to different illumination levels for the Si NW/a-Si:H cell (blue) and the flat a-Si:H
cell (orange). The results for three probe powers (3 W/cm2, 7 W/cm2, 17 W/cm2) are
displayed with different symbols. A 800 µm pinhole is used.

For comparison, I measured a flat a-Si:H solar cell under the same conditions. Its
intrinsic layer is twice as thick compared to the Si NW/a-Si:H (∼90 nm vs. 200 nm).
The change in Isc is plotted for both in Figure 5.16. The minimal Isc value for the flat
cell is substantially lower than for the NW cell (75 % compared to 84 %). Because the
initial current is higher for the flat cell (3.4 mA (flat) compared to 1.6 mA (NWs) under
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17 W/cm2 illumination), the absolute decrease is even stronger. In addition, the final
increase is observed for both cells, but later (higher illumination levels) for the flat cell.
In particular, for the probe power of 17 W/cm2 no initial decrease is seen for the NW
cell, while the flat a-Si:H looses at least 10 % of its Isc value.

Two reasons can explain these differences. The absorber thickness of the Si NW/a-
Si:H is half the thickness of the planar cell. Hence, for the same degradation rate, the
performance of Si NW/a-Si:H cells remains better. In addition, the thermal behavior of
both devices can differ. The heat dissipation is expected to be easier in the flat a-Si:H cell
thanks to lateral conduction in the different layers. In Si NW/a-Si:H, lateral conduction
is more difficult due to the morphology. While this may be an issue, here it enables an
annealing of the defects at lower illumination, which mitigates the degradation.

5.4.5 Summary

Under moderate illumination (starting below 10 Sun), a decrease of Isc is observed for
cells with a-Si:H, either NWs or flat ones. It is typical of the Staebler-Wronski effect
in a-Si:H, where light-soaking leads to the formation of new recombination centers.
Because of the high powers, short times are sufficient for degradation. Thanks to the
thinner absorber of Si NW/a-Si:H solar cells, this degradation is reduced compared to
the planar cell. The SWE should reduce the fill-factor as well as the current, but an
increase is observed. It is likely related to the already low FF value, which is strongly
dependent on the current intensity. The Isc decrease is not reversible with time, but a
recovery is observed when the total illumination (power and time) is increased. It is
due to the in-situ annealing that can occur when the heat from illumination is not well
dissipated. The estimated time for annealing is short (∼10 min), which suggests that
high temperatures (>160 ◦C) are reached based on the literature results. These thermal
effects are stronger in NWs compared to a flat cell, which results in a quicker recovery
of the initial current.

5.5 Reversible decrease of Voc

As can be seen in Figure 5.11, Si NW/a-Si:H solar cells presented a significant decrease
of Voc starting from a certain illumination, although a continuous logarithmic increase
with the illumination is expected. To better understand this observation, we briefly
remind the origin of a logarithmic increase. A change in the material, the high injection
of carriers or the increase of temperature are possible reasons. I-V measurements under
constant illumination combine all phenomena. To sort out the one responsible for the
Voc decrease, other characterizations are needed.

5.5.1 Voc behavior under high illumination

One-diode model The logarithmic increase of Voc is clear from the one-diode model
(Section 1.1.5). If the shunt resistance is large8 and neglecting the unity term, the Voc
dependence on the photocurrent Iϕ is logarithmic. With a reference illumination P 0

ill for
which the photocurrent is I0

ϕ, the open-circuit voltage under illumination Pill is

8Voc/Rsh ≪ Iϕ and Voc/Rsh ≪ I0eqVoc/kbT .
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Voc(Pill) ≃ Voc(P 0
ill) + nidkbT

q
ln

(Iϕ

I0
ϕ

)
. (5.4)

The photocurrent is often assumed to be linear with the illumination power, which
results in a logarithmic dependence of Voc on the illumination power Pill. As long as
the shunt resistance is large enough, Voc is not affected by the series resistance.

The equivalent circuit relies on the superposition principle, which assumes that the
total current is the sum of the photocurrent and the diode current. In particular, no
dependence of the photocurrent Iϕ on the voltage across the cell is considered, which is
a strong limitation of the model for some materials or illumination conditions.

Quasi-Fermi levels The increase of the open-circuit voltage Voc with illumination
comes from the increase of the densities of excited carriers and the resulting higher
potential of electrons and holes. From the band diagram perspective, an increase of the
generation rate and of the n and p densities results in a stronger splitting of the quasi-
Fermi levels, EFn − EFp . The maximal voltage that can be extracted directly depends
on the voltage at the junction Vjn

Vjn = EFn − EFp . (5.5)

When the Boltzmann approximation is valid (quasi-Fermi levels inside the band gap,
a few kbT from the band edge), and with Nc and Nv the effective densities of states,
respectively in the conduction and valence bands,

Vjn = Ec − Ev + kbT ln
( np

NcNv

)
. (5.6)

The densities of excess carriers increase with the illumination level, in an almost
linear way if the Shockley-Read-Hall (SRH) mechanism is the most important one.
Consequently, a logarithmic increase of Voc should be first observed. Yet, if the radiative
or Auger recombinations become the main mechanism of recombinations, the increase of
the densities of excess carriers is lower than the increase of the generation rate. Hence,
a smaller increase of Voc than the logarithmic one is expected.

Deviation from the Boltzmann distribution Under very strong illumination, the
quasi-Fermi levels are expected to reach the bands. If the quasi-Fermi level is deep into
the corresponding band, the Fermi integral can be approximated as F1/2(x) ≃ 4/(3

√
π)x3/2

[Grundmann 2006], and

Vjn ≃ Ec − Ev + kbT
(3

√
π

4
)2/3[( n

Nc

)2/3
+

( p

Nv

)2/3]
. (5.7)

In this case, the expected increase of Voc would be larger than the logarithmic
one. This approximation should be used for a density of charge carriers larger than
the effective density of states in the conduction band. Values for Nc in the range
1019-5×1020 cm−3 are usually considered for a-Si:H [Misiakos 1988, Levtchenko 2018].
Such densities of charge carriers can be expected with the illuminations used in our
experiments. It should be noted that this approximation of the Fermi integral has been
derived for a parabolic band edge, which is not the case in a-Si:H. Even if we do not
consider the exponential band tails, the Density Of States (DOS) in a-Si:H is linear with
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the energy (see Section 5.1.4). In real conditions, recombinations, resistance or thermal
effects limit the Voc increase under high illumination, and an increase to the power of
2/3 is not observed. Nonetheless, it is still relevant to remember that the logarithmic
increase of Voc is related to the Boltzmann distribution.

5.5.2 Decrease of Voc observed for Si NW/a-Si:H and flat a-Si:H

In contrast with these expectations, Si NW/a-Si:H solar cells presented a smaller than
logarithmic increase under moderate illumination and even a significant decrease of
Voc under stronger illuminations (beyond 40 W/cm2 for the 800 µm pinhole), as can
be seen in Figure 5.17. When probing back Voc with lower illuminations, no change
was observed, which proves that the decrease only depends on the present illumination
level and does not correspond to an irreversible change in the material. In addition,
as displayed in Figure 5.17, the same measurements on a flat a-Si:H cell showed a
similar decrease, while the Voc of the c-Si kept increasing until it reached a limitation
value of 0.61 V (the saturation can stem from recombination mechanisms, for instance
Auger recombinations). Hence, the NW morphology is not the main reason for the Voc
decrease.
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Figure 5.17: Change in Voc with illumination power for solar cells made of Si NW/a-
Si:H, flat a-Si:H or c-Si. A 800 µm pinhole is used.

The decrease of Voc can be due to an increase of recombinations. A higher recombi-
nation rate can stem from larger densities of charge carriers, as is observed with Auger
recombinations. A higher temperature also facilitates recombinations. Time- and area-
varying measurements help to distinguish between the two.

5.5.3 Auger recombinations

Limiting the performance of solar cells The value of Voc is usually related to the
recombination rates in the cell. Distinction is made between intrinsic recombinations
(radiative and Auger recombinations) and recombinations due to the material defects,
either in the bulk or at interfaces. Different mechanisms show different dependencies
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on the density of charge carriers. In particular, the Auger recombination rate strongly
increases with the carrier densities and can become the major contribution under strong
illumination. It corresponds to a recombination involving three charge carriers, two that
recombine and a third one that takes the released energy (and the change in momentum
in crystalline materials). The effect on the performance of the solar cell is mostly a
limitation in Voc, possibly Isc, with increasing power [Sinton 1987]. No decrease of
values is expected with increasing illumination intensity.

Dependence on material In addition, although Auger recombinations are expected
to occur in every material, the consequences depend on the other recombination rates9.
As mentioned in [Vossier 2010], Auger recombinations are more significant in materials
with an indirect bandgap since their radiative recombination rates are very low. For
instance, in c-Si, Auger limitation has already been observed for 100 Suns, which could
account for the saturation observed in Figure 5.17.

Auger recombinations in a-Si:H Not much literature can be found on Auger re-
combinations in a-Si:H. There are two likely reasons for it. First, the study of a-Si:H
under strong illumination is not so frequent. In addition, potential Auger effects would
be difficult to evidence due to the high rate of trap-assisted recombinations. Because
the latter are much lower at low temperatures (mostly localized states are filled, which
prevents carriers from reaching recombination centers), other mechanisms can be high-
lighted. In particular, a quenching in the PL signal has been attributed to Auger re-
combinations [Street 1981, Esser 1990] (respectively for excitations ≥1020 cm−3s−1 or
excess carrier densities ≥5×1018 cm−3). In both cases, it was considered as a bimolecu-
lar process involving two geminate pairs10. However, there is still controversy regarding
this attribution [Vollmar 1993, Shkrob 1998]. In any case, it seems dubious that Auger
recombinations have a significant impact at higher temperatures (beyond 250 K, suffi-
cient to overcome the band tail [Mott 2012]). Finally, Zhai et al. have included Auger
recombinations in their FEM simulations of a-Si:H and a-Si:H/µc-Si:H:H NW solar cells
[Zhai 2015]. The change in Voc from the Auger recombinations in a-Si:H was negligible
(30 mV in a-Si:H compared to >180 mV in µc-Si:H). Yet, the value used for the Auger
coefficient (10−30 cm6s−1) may not be reliable. It is higher but rather similar to the
coefficient in c-Si, unfortunately no source or explanation is given.

5.5.4 Pulsed vs. continuous illumination

To assess the potential thermal effect, we performed Voc measurements under pulsed
and continuous illumination with a diode laser (520 nm). The beam had a 1/e2 diameter
around 0.3 mm (total diameter around 0.75 mm). The pulsed illumination had a 10 Hz
frequency with a 1 ms pulse duration. The voltage was measured with an oscilloscope.
Its sampling frequency ensured a relevant temporal resolution and its high impedance
the open-circuit condition.

Figure 5.18 shows the change in Voc depending on the illumination power for a
continuous and a pulsed illuminations. For lower powers (around 10 W/cm2), the Voc

9Besides, the governing coefficient may differ. Still the order of magnitude for c-Si, GaAs, is similar,
may be due to a limited knowledge.

10e−/h+ pairs stemming from the same generation mechanism.
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Figure 5.18: Voc depending on power, either with continuous illumination (CW) or
cycled illumination (1 ms at 10 Hz). The average value is displayed with the standard
deviation. A logarithmic fit of the pulsed measurements following the one-diode model
(Eq. (5.4)) is also shown. The very low value for the continuous illumination at 2 mW
is attributed to a difference in the actual output of the laser diode between the two
measurements, since it is very close to the onset of lasing. The dispersion was not taken
into account for the fit.

values overlap. However, when the power increases, the continuous illumination results
in lower Voc compared to the pulsed illumination. Repeated measurements showed
that it is reversible. The comparison of pulsed and continuous illuminations proves
that a mechanism taking place on a timescale larger than 1 ms is responsible for the
reversible decrease of Voc. In particular, this allows us to discard the effect of Auger
recombinations in a-Si:H up to 65 W/cm2 illumination. The role of trapped carriers is
also to be dismissed, since carriers are likely to be (fully or significantly) trapped on
a timescale shorter than 1 ms. Hence, this difference should be attributed to a local
increase of temperature.

Logarithmic fit With the pulsed illumination, the dependence of Voc on the illumi-
nation power is similar to the expected behavior, as the fit with Eq. (5.4) highlights. An
ideality factor close to 1 is obtained. This is surprising as the ideality factor of a-Si:H
solar cells is usually higher, due to numerous trap-assisted recombinations [Kind 2011].
Yet, I-V curves are mostly used to determine the ideality factor, which likely affects its
value.

Thermal diffusion in a-Si:H is expected to be slow and if it is responsible for the Voc
decrease, it should be possible to monitor the change in Voc with time when the shutter
is open.

5.5.5 Time variation of Voc

For a given setup, we measured both the change in the open-circuit voltage with time
(25 ms time resolution) and the full I-V curve.
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Figure 5.19: (a) Relative Voc change with time. The shutter is open at t = 0 s. (b) Voc
against power when measured either from I-V curve, from the peak value or from the
steady value (> 15 s) in (a). The pinhole is 800 µm.

Figure 5.19 (a) shows the relative change in Voc for increasing powers. When the
shutter is opened, a peak value is reached, which slowly decreases with time (3-3.5 s are
needed to carry out 95 % of the change). The decrease cannot be well described by
an exponential decay. The relative decrease is more significant when the illumination
increases. Repeated measurements show that this slow decay is reversible.

Comparison with values from I-V curves It clearly appears that different values
for Voc could be considered, in particular the peak value (right after the start of illu-
mination) and the steady value (at the end of the decrease). We compared both with
the values obtained from the I-V curves. For each power, the I-V curve was recorded,
followed by the dependence of Voc on time. Thus, the history of the cell is almost the
same in both cases. The values are plotted in Figure 5.19 (b).

First, the IV-Voc values correspond perfectly to the steady values. It is expected,
since the I-V recording is rather slow and thus corresponds to a steady-state. In addition,
while the IV- and steady values decrease with increasing illumination, the peak value
keeps on increasing, as expected. It is similar to the behavior observed with pulsed
illumination and indicates that thermal effects are observed when measuring I-V curves.
The variations at very high power are due to the limited temporal resolution of our
recording. The actual peak occurs between two measurements and an already degraded
value is considered as peak value. The effect is significant at high illuminating powers,
where the change in Voc is fast.

Camera I used an infrared (IR) camera (Compact camera from Seek Thermal, fram-
erate between 5-8 Hz) to monitor the (relative) change in the surface temperature with
time during the change in Voc. I observe a rather long stabilization time, close to a few
seconds.

Figure 5.20 displays the change with time in Voc as well as some temperature maps.
It appears that the change in temperature with illumination is rather slow. This can
come from the poor thermal conductivity of a-Si:H or from the glass substrate. In
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Figure 5.20: Change with time of Voc and the maximal surface temperature measured
with an IR camera. Some temperature maps of the cell corresponding to different times
are displayed. They show the area that is heated by the laser (∼1.3 mm in diameter,
larger than the beam, smaller than the cell which cannot directly be seen on these maps).
The shutter is open at t = 0 s. Due to the rather low framerate of the camera, there is
an uncertainty on the initial time for the temperature change. It is shown as the shaded
orange region. The pinhole is 800 µm and the power density is 260 W/cm2.



126 Chapter 5. Strong illumination of a-Si:H solar cells

addition, the timescales for the change in Voc and temperature are very similar, which
confirms the origin of the observed change. Because the light was absorbed rather deep
(mostly in a-Si:H, below 240 nm ITO) and we measured the surface temperature, the
actual heating close to the junction was probably faster than the observed variation in
temperature. However, the vertical heat conduction through the ITO layer is probably
easier than the lateral one between nanowires. Consequently, the observed change would
give a correct estimation of the heating timescale at the junction.

Voc compared to the temperature Figure 5.21 (a) displays the maximal surface
temperature depending on the shining power. Above a threshold (100 W/cm2), the
increase of temperature is linear with the power as is expected [Yuan 2009]. Even
though the measured temperature is lower than the actual temperature of carriers, we
assume that they remain proportional. Thus, the relative change should be relevant.
The decrease of Voc compared to the maximal temperature reached at each illumination
power follows a linear behavior, with a slope of 8.7 mV/K. Here we attribute the whole
change in Voc to the temperature, although it is also impacted by the illumination level,
but to a much lesser extent (see Figure 5.19). This value is commented in Section 5.6.5.
I planned the same measurements with a flat a-Si:H solar cell, but the flat a-Si:H cell
presented a S-shape, which strongly affected the Vocvalue.
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Figure 5.21: (a) Change in the maximal surface temperature measured with the IR
camera depending on the illumination power. (b) Voc against maximal temperature
measured at the surface for each illumination power shown in (a). The pinhole is
800 µm.

5.5.6 Area dependence

To characterize the thermal effects, the illuminated area can also be changed. I used
three different pinhole diameters, 400 µm, 800 µm and 1400 µm (with 1/e2 diameters of
0.026 mm, 0.057 mm and 0.97 mm).

Figure 5.22 (a) presents the value of Voc depending on the averaged power density.
The larger the beam diameter, the earlier the Voc decrease. The Voc behavior is thus not
governed by the local amount of charge carriers. If we consider it as a 2D problem, the
ratio between the edge, where the heat dissipation occurs, and the illuminated surface
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Figure 5.22: Voc of Si NW/a-Si:H solar cells for three pinholes, 400 µm, 800 µm and
1400 µm. The open-circuit is plotted against (a) the averaged power density, (b) the
total power.

follows 1/r. When the illuminated area increases, the ratio decreases and heat dissipation
is more difficult. The same trend is observed for c-Si, where a very small decrease can
be seen for the two larger illumination beams (around 20 mV starting at ∼100 W/cm2

for 1400 µm). In contrast, when plotted against the total power (Figure 5.22 (b)), the
three lines seem to overlap. It seems that Voc mostly drops with the total amount of
energy in the beam, the illuminated area is less important.

5.5.7 Summary

A strong decrease of Voc (over 400 mV) is observed for Si NW/a-Si:H solar cells under
strong illumination, when a logarithmic increase is expected. It is reversible and not
related to material damage. It occurs in flat a-Si:H as well, but to a lesser extent. A
small decrease is observed for very high illumination powers in c-Si (below 25 mV). The
comparison between a pulsed and a continuous illuminations proves that the decrease
corresponds to a phenomenon taking place on a timescale larger than 1 ms, most likely
heating. The monitoring with time of Voc, as well as the change in the thermal temper-
ature with an IR camera, shows that the decrease of Voc occurs at the same time as the
increase of temperature in the cell, over 3-4 s. The maximal value of Voc (obtained at
t = 0 s before heating takes place) keeps on increasing as expected. The Voc decrease
occurs earlier and is stronger for larger illuminated areas, which confirms the thermal
origin.

5.6 Measurements of temperature in the a-Si:H p-i-n junc-
tion

5.6.1 Thermocouple

A thermocouple could be used for the measurement. However, it raises many issues.
First, only the surface temperature would be measured. In addition, the sensor should
be positioned on the illuminated area and would change the illumination. A very small
sensor would be needed. Finally, the surface of the cell is nanostructured, which makes
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even more difficult the fabrication of such a sensor, with a good thermal contact. For
these reasons, we dismissed this solution.

5.6.2 IR camera

In order to assess the increase of temperature under strong illuminations, I first used
an IR thermographic camera. However we cannot fully rely on the obtained values.
First, the measured temperature is at best an estimation of the surface temperature,
and is probably below the actual temperature of carriers. In addition, the amount of IR
waves that exit a material for a given temperature strongly varies with the emissivity
of the material. It can lead to discrepancies between materials. Hence, to determine
the temperature of carriers in a-Si:H, we considered photoluminescence and Raman
characterizations.

5.6.3 Photoluminescence

Principle Analysis of Photoluminescence (PL) spectra can be used to determine the
temperature of the carriers of a solar cell [Abou-Ras 2016]. The expected PL signal can
be derived from the distribution of carriers in the bands and the radiative recombination
coefficient. The latter can be related to the absorption coefficient of the material, α,
through the detailed balance at thermal equilibrium. If thermalization is fast enough to
ensure an intraband thermal equilibrium, quasi-Fermi levels can be defined and the PL
signal depends on the quasi-Fermi level splitting, ∆µ. The generalized Planck’s law is
obtained, valid under illumination (i.e. outside of thermal equilibrium). The PL signal
emitted at an energy E is

PL(E) = 1
4π2ℏ3c2

α(E)E2

exp
(

E−∆µ
kbT

)
− 1

. (5.8)

The absorption coefficient and the quasi-Fermi level splitting are often unknown.
Possible solutions are a full fit of the spectra [Chen 2021b], or the use of both sides to
first determine α, then ∆µ. When the temperature is a supplementary unknown value,
a ratio of the spectrum of interest with a reference one is possible [Paire 2011]11,

PL(E)
PLref(E) = exp

[E − ∆µ

kb

( 1
Tref

− 1
T

)]
. (5.9)

PL of a-Si:H Amorphous silicon displays a broad peak centered around 1.4 eV, which
is attributed to recombinations between the band tails12. The peak is rather broad even
at low temperature (0.3 eV width), due to the extension of the band tails [Austin 1979,
Street 1991]. A defect peak can also be observed around 0.9 eV, whose intensity depends
on the preparation of the sample, for instance on the doping. Photoluminescence studies
of a-Si:H are often done at low temperatures, because the PL efficiency weakens at higher
temperatures [Engemann 1976]. Carriers are indeed excited to the extended states,
which makes it easier to find other, non-radiative, recombination paths.

11There seems to be a missing "-" in [Paire 2011]
12Energy matches, increases when defect density decreases, and long recombination times suggest

localized states.
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PL cannot be used for temperature estimation of a-Si:H Although the PL
signal is most interesting for the estimation of the temperature closest to the junction,
it cannot be used for a-Si:H, for practical and more fundamental reasons. We tried to
record the PL signal of Si NW/a-Si:H solar cells with micro-PL and 532 nm excitation
at room temperature, but we were not able to distinguish any signal, despite the use
of a good collecting setup and long acquisition times. In addition, even if this very
low signal could be recorded, the broad peak would prevent a precise estimation of
temperature. Finally, the filling of tail states in a-Si:H leads to a strong change in the
absorption (low DOS in the band tails and rapid change in DOS with energy). Hence
the absorption coefficient does not depend only on the photon energy, but also on the
QFLS. A modified law has to be used to take into account this change [Wong 2021]. It is
particularly significant for amorphous semiconductors, where band tails are important.

5.6.4 Raman scattering

Because of the low PL signal of a-Si:H, we looked for other methods to determine
the temperature. As Raman scattering enables to probe some vibration modes in the
material, an increase of temperature is expected to result in a broadening of the peak
and a decrease in the Raman shift.
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Figure 5.23: Raman scattering signal of Si NW/a-Si:H solar cell under 532 nm illumina-
tion. The 100 % intensity corresponds to a power density around 2 kW/cm2. The solar
cell has 80 nm of ITO as the top contact, but comparison of the Raman signals with
and without ITO did not show any difference. Transverse optical (TO) and longitudinal
acoustic (LA) modes are shown.

We measured the Raman scattering of 532 nm light from the Si NW/a-Si:H solar
cells13. As displayed in Figure 5.23, a peak is obtained around 470 cm−1, corresponding
to the TO (transverse optical) mode in a-Si:H. The low-intensity peak around 310 cm−1

is related to the LA (longitudinal acoustic) phonons [Zhigunov 2018, Viera 2001] . Due
to the amorphous feature of a-Si:H, broad peaks are observed. We do not see any signal
from the c-Si core. It is likely too low compared to the a-Si:H one because of the small

13No crystallization is observed, although a lower power density (1.2 kW/cm2) resulted in crystal-
lization in another setup (see Section 5.8.2). This apparent discrepancy comes from the very different
illumination areas (400 µm vs. ∼20 µm diameters) and resulting temperature increases.
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amount of material of the (thin) c-Si NWs and may be limited by the short absorption
length of the green light in a-Si:H.

Successive measurements under increasing illumination in Figure 5.23 present indeed
a very slight decrease in the Raman shift, as was reported for a-Si:H [Viera 2001] or for c-
Si [Piscanec 2003]. They confirm an increase of temperature under illumination, but the
change is small and cannot allow for a sufficiently precise estimation of the temperature.

5.6.5 Change in performance parameters with temperature

I was not able to precisely determine the temperature inside the p-i-n junction under
laser illumination. Instead, I separately assessed the effect of heating on Si NW/a-Si:H
solar cells.

5.6.5.1 Experimental details

I tested the thermal behavior of Si NW/a-Si:H solar cells under limited illumination.
The samples were placed on a thermally conductive substrate holder. The measurements
were done in air, in a closed chamber. I heated the substrate holder up to 140 ◦C. The
sample experienced a continuous slow heating from the backside. I did not assess the
temperature of the sample, but I monitored the variation in the supplied power and
recorded I-V curves once the power was steady (waiting times 10-20 min). I used a
520 nm laser diode for the illumination. Both cells are illuminated over a 2 mm area.
While it corresponds to the whole Si NW/a-Si:H solar cell, it is a small part of the c-Si
one. It accounts for the low Voc that I measured.

5.6.5.2 Strong decrease of Voc and FF

Figure 5.24 displays the I-V curves for a Si NW/a-Si:H and a c-Si solar cell under
heating. The most affected parameters are Voc and the FF, both for Si NW/a-Si:H
and c-Si cells. Isc does not present any significant change. The shunt resistance in the
Si NW/a-Si:H solar cells remains the same, while it decreases for c-Si. Measurements
during cooling down (not shown) proved that the change in Voc is reversible, as well as
the decrease in Rshunt for c-Si.
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Figure 5.24: I-V curves under 520 nm illumination for increasing temperature for (a) Si
NW/a-Si:H and (b) c-Si solar cells.
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In the Si NW/a-Si:H solar cell, the magnitude of the decrease of Voc (300 mV over
100 ◦C) confirms the strong effect of temperature on the open-circuit voltage and sug-
gests that it plays a significant role in the high-illumination measurements, as discussed
in detail in Section 5.6.5.3. The fill-factor is decreasing as well. Since Rse and Rshunt re-
main constant (at least for Si NW/a-Si:H), the increase of the recombination rates with
temperature is likely responsible. In literature, an increase of the fill-factor of a-Si:H
solar cells with temperature has been reported [Carlson 2000]. In planar a-Si:H cells, the
collection of carriers is indeed strongly limited because of poor diffusion lengths. This
limitation is reduced with increasing temperature. However, in Si NW/a-Si:H cells, the
collection of carriers is not limited by the absorber, but by the top contact. Hence, we
do not expect an improvement of the fill-factor with temperature.

In the c-Si solar cell, we observe a lower Rshunt under increasing temperature. The
current under reverse bias becomes much higher than the (rather constant) short-circuit
current. Hence, we believe that the change is mostly due to an actual change in the
shunting paths and only partially to a lower collection efficiency.

5.6.5.3 Temperature dependence of Voc in a-Si:H solar cells

Theoretical dependence The decrease of the open-circuit voltage with temperature
comes from the increased recombinations compared to the generation rate. A derivation
based on the equivalent circuit model of solar cells, on the common dependency of
recombination mechanisms on the np product [Green 2003], or on the external radiative
efficiency14 [Dupré 2015] leads to the following expression

dVoc
dT

= 1
T

(
Voc −

E0
g

q

)
− γkb

q
. (5.10)

The meaning of γ depends on the model. For the equivalent circuit model of solar
cells, γ ≃ 3. In addition, the changes in the band gap energy and photocurrent with
temperature are dismissed. More complex expressions of γ are used in [Green 2003] and
[Dupré 2015], and the band gap energy refers to the value linearly extrapolated at 0 K.

When the expression is derived from the np product, the γ value is close to 3 and
the last term is 0.26 mV/K. In addition, Voc is lower than Eg and the term in brackets
is negative. For the best c-Si cells (Voc around 0.75 eV), we find a decrease of 1.2 mV/K
at 300 K. In a-Si:H, if this expression holds, the difference between the band gap energy
and the open-circuit voltage is particularly large (0.9 eV vs. 1.7 eV) and the first term
corresponds to a decrease of 2.7 mV/K.

Temperature coefficient Over the temperature ranges assessed (typically 20-60 ◦C),
the change can be considered linear. To compare the sensitivity to temperature of each
performance parameter and of different materials, a single value is then needed. A
relative temperature coefficient, β (often given in %/°C), can be used. The reference
value corresponds to T0 = 298K. For Voc,

14With the external radiative efficiency, the total recombination current can be replaced by the radia-
tive recombination current. Its expression can be derived from thermodynamic considerations.
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βVoc(Tc) = 1
Voc(T0)

Voc(Tc) − Voc(T0)
Tc − T0

. (5.11)

The power conversion efficiency is given by

PCE = Voc Isc FF. (5.12)

If the coefficients β are sufficiently small, we can neglect second order terms and the
overall change in the power conversion efficiency can be easily written,

βP CE ≃ βVoc + βIsc + βF F . (5.13)

Consequently, the efficiency of Si NW/a-Si:H and c-Si solar cells decreases with
temperature, mostly because of the change in Voc. An absolute temperature coefficient
can also be found,

TCVoc(Tc) = Voc(Tc) − Voc(T0)
Tc − T0

. (5.14)

I obtained the Voc temperature coefficients for Si NW/a-Si:H and c-Si cells from
a linear fit, displayed in Figure 5.25. I present a comparison between coefficients in
Table 5.2. I did not assess the temperature dependence of Voc for a flat a-Si:H cell
because of the S-shape of the I-V curve of the samples. The experimental coefficient
(from the fit) and the theoretical one (from Eq. (5.10)) for Si NW/a-Si:H are similar to
those reported in literature for a-Si:H. This is not the case for c-Si. Whereas we observe
a lower effect of temperature on c-Si compared to a-Si:H, the opposite is expected from
literature.
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Figure 5.25: Voc change with temperature for Si NW/a-Si:H and c-Si solar cells. A
linear fit is added.

a-Si:H performance under heating in literature Figure 5.26 presents the relative
change in efficiency and Voc under heating for the main PV technologies. (a) shows that
the PCE is not linearly dependent on temperature for a-Si:H. In addition, a-Si:H is less
sensitive to an increase of temperature than other materials. The similar scale in (a) and
(b) proves that the main parameter which reduces the efficiency under heating is Voc.
Yet, the change in the open-circuit voltage of a-Si:H is similar to the other technologies.
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Table 5.2: Voc temperature coefficients for a-Si:H and c-Si solar cells. For the values
computed from Eq. (5.10) and derived from the fit in Figure 5.25, the reference temper-
ature is 298 K and the open-circuit voltages are Voc

NW s = 0.80 V and Voc
c−Si = 0.41 V.

The low value of Voc due to the partial illumination strongly affects the coefficients
for c-Si. Because they are not relevant, they are displayed in grey. The references are
a [Virtuani 2010], b [Carlson 2000], c [Riesen 2016], d [Stiebig 1996], e [King 1997].

Material Origin βVoc (%/°C) dVoc/dT (mV/°C)

Si NW/a-Si:H Figure 5.25 −0.35 −2.8
Si NW/a-Si:H Eq. (5.10) −0.42 −3.3
a-Si:H References −0.25-−0.33 a, c, d −2.9-−4.3 c, e

c-Si Figure 5.25 −0.46 −1.9
c-Si Eq. (5.10) −0.64 −2.6
c-Si References −0.33-−0.4 a, b −3.8-−4.1 e

Its peculiar behavior regarding the efficiency comes from the thermal annihilation of
light-induced defects in a-Si:H and the possible increase of the collection length with
increased temperature that mostly affects the fill-factor.

Figure 5.26: Temperature-induced relative change in (a) power conversion efficiency
and (b) open-circuit voltage for different PV technologies under 800 W/m2 illumination.
From [Virtuani 2010].

5.6.5.4 Relation with laser experiments

The decrease of Voc under laser illumination was mostly observed for the amorphous
silicon cells. From the I-V measurements under heating, we saw that the open-circuit
voltage of Si NW/a-Si:H solar cells is slightly more sensitive to temperature than c-Si.
However, it cannot explain the strong difference observed under strong illumination.
The increase of temperature is likely much higher in a-Si:H cells than in the c-Si one. It
may be due to the low thermal conductivity of a-Si:H compared to c-Si (see Table 5.3),
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or to the low thermal conductivity of glass (a-Si:H substrate) compared to c-Si. Indeed,
there is no heat sink for the sample. To assess the effect of the substrate, I measured
the change in temperature under the same laser illumination for cells made of Si NW/a-
Si:H on glass and on a c-Si wafer15. The temperature maps are shown in Figure 5.27.
According to the IR camera, the cell on glass reaches a temperature larger than 60 ◦C,
whereas on the c-Si substrate, there is no significant heating (<1 ◦C). The effect of the
laser can still be seen right after the start of illumination (0.16 s), but the heat dissipates
quickly. The steady-state heat map (2.76 s) does not show any difference between the
illuminated part of the cell and the dark one. Therefore, the Voc decrease is mostly a
consequence of the substrate. As in bending tests, the substrate can be a key parameter
for the properties of the whole device. To understand the effects of strong illumination
on the a-Si:H material only, or and the NWs, I-V measurements for a Si NW/a-Si:H or
a flat a-Si:H cell on c-Si could be used.

Table 5.3: Room temperature thermal properties of a-Si:H, c-Si and glass. The values
come from a [Zink 2006], b [Street 2000],c [Weber 2003], d Corning data sheet.

Material Thermal conductivity Specific heat
(Wm−1K−1) (Jg−1K−1)

a-Si:H 1 − 2 a ≃ 1 a

c-Si 165 b 0.71 c

Corning glass (Eagle XG) 1.1 d 0.77 d
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Figure 5.27: Temperature maps of Si NW/a-Si:H (a) on glass and (b) on c-Si. The
illumination power is the same, 260 W/cm2. Both cells have a top contact made of ITO.
A 800 µm pinhole is used. The heated spot on glass has a diameter around 1.3 mm, the
heated spot on c-Si is smaller.

If one expects no dependence of the Voc change with temperature on the illumina-
tion intensity, an estimation of the temperature in the Si NW/a-Si:H cell under laser

15I wanted to perform I-V measurements on the Si NW/a-Si:H cell with a c-Si substrate, but the
samples displayed no rectifying behavior, possibly because of the high resistivity of the c-Si wafer used
as the substrate and back-contact.
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illumination could be obtained. In Figure 5.19, a 400 mV difference is observed between
the peak and steady values at the highest power, 290 W/cm2. If it is only due to heating,
it corresponds to a difference in temperature close to 140 ◦C, i.e. a total temperature
around 165 ◦C. It is consistent with the previous estimation from the in-situ annealing
which had set a lower limit of 160 ◦C. Table 5.4 gives an overview of all the temperature
estimations in Si NW/a-Si:H solar cells under strong illumination.
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Table 5.4: Summary of the temperature estimations in Si NW/a-Si:H solar cells under 532 nm illumination. The power density refers to a
power at which we clearly observed the phenomenon. Nonetheless, the change, when it is irreversible, can be the result of a longer change,
which started at lower power densities.

Method or phenomenon Temperature Illuminated area or
local temperature Junction? Power density Illumination area

(diameter) Section(s)

Thermal camera >70 ◦C ∼ Locala Surface 290 W/cm2 800 µm 5.5.5
In-situ annealing >160 ◦C Illuminated areab a-Si:H 130 W/cm2 800 µm 5.4.3
Voc decrease + βVoc ≃165 ◦C Illuminated area a-Si:H 290 W/cm2 800 µm 5.5.5, 5.6.5
Crystallization (solid-phase) <650 ◦C ∼Local a-Si:H <1.2 kW/cm2 400 µm 5.8.2
Photoluminescence No conclusion Illuminated area a-Si:H <2 kW/cm2 >10 µm 5.6.3
Raman No conclusion Illuminated area a-Si:H <2 kW/cm2 >10 µm 5.6.4

aDepends on the camera’s resolution.
bFull recovery of Isc.
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5.6.6 Summary

In the previous section, we attributed the Voc decrease to thermal effects without assess-
ing the temperature. Direct and indirect measurements of temperature at the junction
are difficult in a-Si:H. To understand the thermal effects, we instead studied the change
in the performance of Si NW/a-Si:H solar cells under heating and Voc was indeed the
most affected parameter. A decrease such as the one observed with the laser would
correspond to a temperature around 165 ◦C. While the sensitivity of a-Si:H solar cells
to temperature is lower than for other inorganic materials, we observed no strong dif-
ference between the behavior of c-Si and Si NW/a-Si:H, which may be related to the
morphology of NWs. It highlights that the specific behavior of a-Si:H cells (both flat
and NWs) under strong illumination stems from the difficult dissipation of heat, mostly
due to the glass substrate.

5.7 Reversible decrease of Isc

5.7.1 I-V curves

Figure 5.10 displays a significant decrease of Isc under high illumination levels. Repeated
measurements show that there is an irreversible change, attributed to material damage
and detailed in Section 5.8. However, a closer examination proves that part of this
decrease is also reversible, as the red arrow in Figure 5.10 highlights. Both 800 µm and
1400 µm measurements present a reversible part in the final Isc decrease, which starts
before the irreversible one. For the 400 µm pinhole, we cannot tell with certainty whether
the decrease is partly reversible or not. No decrease is observed for c-Si, it is unclear for
flat a-Si:H.
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Figure 5.28: (a) I-V curves under increasing illumination (above 55 W/cm2) that show
the decrease both in Voc and Isc. (b) ∆Isc/∆Voc ratio for Si NW/a-Si:H solar cells with
different illumination areas. The ∆I and ∆V differences between one I-V curve and
the previous one are shown in (a). For the ratio, we computed them at short-circuit
and open-circuit conditions respectively. Only part of the probe power densities are
displayed. A horizontal line is drawn at ∆Isc/∆Voc = 3.1 to show how all ratios converge
(arbitrary value).
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The I-V curves corresponding to this decrease, displayed in Figure 5.28 (a), show
almost no rectifying behavior. It is due to the high series resistance of the Si NW/a-
Si:H solar cells. Under high illumination levels, it limits the collection of charge carriers,
even at the short-circuit condition (same behavior as in Section 2.8.2). A saturation
in the current that can be collected would be expected. However, these illumination
levels also correspond to a strong change in temperature and a decrease of the open-
circuit voltage. With a fill-factor limited to ≃ 25 %, a decrease of Voc necessarily goes
with a decrease of Isc. In addition, for geometrical reasons, the ratio of their change,
∆Isc/∆Voc, should remain constant. To determine whether both decreases are correlated,
I computed this ratio for different illumination powers in Figure 5.28 (b). The ratio is
first negative because of the Voc decrease (∆Voc < 0). It becomes positive at higher
power densities, when the decrease of Isc starts. When the power density keeps on
increasing, ratios for all pinholes seem to converge to a constant value, around 3.1 for
the Si NW/a-Si:H cells. It is consistent with a current decrease that is governed by the
fill-factor limitation and the change in Voc. In addition, the convergence is faster for a
larger illumination area. For instance, it is not completed yet for the smaller pinhole.
This difference probably comes from the thermal effects, which are more important for
a given power density with larger areas.

5.7.2 A consequence of heating

The reversible decrease of Isc is thus due both to a limitation in the collection efficiency
and to the heating of the cell, which increases recombinations. This can be clearly
seen in the one-diode equation for the short-circuit current. In the passive convention,
corresponding to the I-V measurements (Isc< 0),

Isc = −Iϕ + I0
[

exp
(

− q(RseIsc)
kbT

)
− 1

]
− (IscRse)

Rsh
. (5.15)

The series resistance Rse limits the short-circuit current through ohmic losses (last
term of Eq. (5.15)). In addition, because of Rse, when the device is in short-circuit,
the junction is forward-biased (−RseIsc > 0). Hence, the recombination current affects
Isc. If the saturation current I0 is increased, as it is the case at higher temperatures, Isc
decreases. The thermal origin explains why the reversible Isc decrease is clear with the
larger pinholes and not with the 400 µm one.

5.7.3 Reversible and irreversible

In Figure 5.28, both reversible and irreversible changes in Isc are displayed. The onset
of irreversible decrease does not correspond to any significant change in Figure 5.28 (b),
because the irreversible part in the total decrease is slowly growing, from ≃ 17 % at
the onset to almost 60 % for the last measurement (800 µm pinhole). The irreversible
decrease of Isc is detailed in Section 5.8.

5.7.4 Summary

In addition to the decrease of the open-circuit voltage, we observed a reversible decrease
of Isc in the Si NW/a-Si:H cells. According to I-V measurements under increasing
temperature (Section 5.6.5), we do not expect such a change in Isc due to thermal
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effects. Yet, a careful observation showed that together with a low value of the fill-
factor, thermal effects are likely to account for the reversible decrease of Isc.

5.8 Final degradation of the solar cell

5.8.1 Second light-soaking after recovery

After the recovery from the Staebler-Wronski effect, a second irreversible decrease of
Isc is observed, also due to light-soaking. Figure 5.29 displays this variation for two
probe powers. The 7 W/cm2 measurement shows that the second decrease is much
stronger than the first one. In addition, the change in Isc is accompanied with a change
in all parameters, especially the apparent series and shunt resistances. Rshunt is also
presented in Figure 5.29. The reference c-Si cell does not show any difference. The same
behavior is observed for all illumination areas. For larger illumination areas, the second
decrease starts at lower power densities (see Figure 5.15), which suggests a correlation
with thermal effects.
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Figure 5.29: (a) Irreversible change in Isc and apparent Rshunt with exposure to different
illuminations. They are displayed for two probe powers, 7 W/cm2 (+) and 62 W/cm2

(D). The measured value of Rshunt in the dark is also displayed. (b) Repeated I-V
curves under 62 W/cm2 illumination. They show the change in the rectifying behavior
with Isc decrease.

This second decrease was also observed for probe powers which had already experi-
enced a first decrease ascribed to SWE and a recovery due to in-situ annealing. Although
higher temperatures are reached under increasing illumination, they are not sufficient
to anneal the increasing concentration of defects. There may be several reasons to it.
First, the annihilation of a defect (a dangling bond) relies on the bonding of a hydrogen
atom to this dangling bond. If the amount of defects exceeds the quantity of (available)
hydrogen, no recovery is possible, even with an increasing temperature. The creation
rate can also exceed the diffusion rate of H, which thus limits the recovery. Finally,
high temperatures result in the removal of hydrogen from the material. Depending on
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the structure of the a-Si:H film, two peaks of H effusion have been reported in liter-
ature, around 350 ◦C and 600 ◦C [Beyer 2003]. They are respectively attributed to H
desorption from internal microvoids or to atomic H outdiffusion. In our experiments,
the temperature likely went beyond 350 ◦C for very high powers, at least locally (crys-
tallization, detailed in Section 5.8.2). However, this probably does not account for the
whole Isc change.

Change in Rse and Rshunt The decrease of Isc goes with a significant increase of the
apparent values of Rse and Rshunt(Figure 5.29 (a,b)). The change in Rshunt is a direct
consequence of the Isc decrease. As mentioned in Section 5.3.4, the limited collection
efficiency results in a slope in the I-V curve, even under reverse bias. It is the value that
we compute and in this case it does not correspond to the actual Rshunt. This is clear
in Figure 5.29 (a), where the apparent Rshunt under illumination is much lower than
the one measured in the dark. When the short-circuit current is lower, the collection
efficiency is better and the shunt resistance becomes closer to its actual value. The
decrease of Isc can also affect the value of the apparent Rse. However a comparison of its
dark value before and after measurements also shows an increase. Hence, there is likely
a material change as well. It can stem from the light-soaking, but other degradation
mechanisms have been demonstrated under very strong illumination.

5.8.2 Crystallization of a-Si:H

With SEM and Raman, we evidenced the recrystallization of the absorber of a-Si:H
NWs after high power illumination, which was accompanied with a pronounced shape
change. It may play a role in the irreversible Isc decrease.
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Figure 5.30: Si NW/a-Si:H cell after illumination with the laser and the 400 µm pinhole.
The highest (spatially averaged) density was around 1.2 kW/cm2. (a, b) SEM images
of a non-damaged region and a crystallized region respectively. (c) Raman scattering
of the same Si NW/a-Si:H solar cell at different positions. For comparison, the signal
of a c-Si wafer is also displayed. The inset is an optical microscopy image of the region
exposed to the laser. The damage is clear. The region corresponding to (b) is shown in
red.
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The inset in Figure 5.30 (c) presents a picture of the region exposed to the laser illu-
mination using the 400 µm pinhole. The damage is obvious at the center (over ∼200 µm),
although regions beyond the illuminated area look affected too. Figure 5.30 (a) displays
the SEM top-view of pristine Si NW/a-Si:H. Figure 5.30 (b) shows a region close to
the center of the illuminated area. Crystallites are clear on top of NWs (over ∼100 nm
height), with a cubic structure that points toward the transformation of a-Si:H into c-Si.
They were observed at different positions, over a distance of 100-200 µm. No evidence
of crystals was found with SEM after illumination with larger areas. As they corre-
spond to lower maximal power densities (0.34 kW/cm2 and 0.19 kW/cm2 compared to
1.2 kW/cm2), this is not surprising. Still, the presence of smaller crystallites that cannot
be observed with SEM cannot be excluded.

Furthermore, Raman scattering measurements confirm the transformation of a-Si:H
to c-Si under laser illumination (Figure 5.30 (d)). Close to the center of the illuminated
area, a signal coming from (poly-)crystalline silicon can be observed (around 520 cm−1).
A signal around 500 cm−1 shows the presence of µc-Si:H in the damaged region. Away
from the most degraded zone, only the weak a-Si:H signal is observed, typical of original
Si NW/a-Si:H. We do not see any c-Si signal in the regions 1 and 2, but we can draw no
conclusion regarding the presence of smaller crystallites due to their weak signal. For
instance, the signal from the c-Si cores cannot be distinguished from the a-Si:H one in
the Raman spectra of Si NW/a-Si:H (Figure 5.23).

Maximal temperature reached under illumination This phenomenon can help
us determine the magnitude of the maximal temperature under illumination, but we
need to determine which crystallization mechanism is involved. Post-deposition crys-
tallization of a-Si:H has been the subject of extensive research, with the objective of
high-quality poly-Si for Thin-Film Transistor (TFT) on low-temperature substrates
[Voutsas 2003]. Amorphous silicon can transform to c-Si through melting and recrystal-
lization, with a lower melting point than c-Si (Tm = 1150 ◦C vs. 1410 ◦C) [Donovan 1983].
It is the usual mechanism under pulsed-laser excitation, where heating times are short
(20-250 ns) and power densities are very high. A very high temperature (> Tm) is locally
achieved.

Because it is metastable, a-Si:H is also prone to become crystalline through a solid-
phase transformation. Temperatures much lower than the melting point are sufficient
(down to 550 ◦C for a few days or 800 ◦C for a few minutes). It is typically the mech-
anism of recrystallized poly-Si in furnaces [Hatalis 1998], but has also been reported
for continuous-wave laser illumination [Morales 2014]. Solid-phase transformation is
likely responsible for the crystallization in our experiment. It occurs over a 10-20 min
illumination (determined from the irreversible change), which would correspond to a
temperature below 650 ◦C for a-Si:H according to [Mahan 2006]. This study also shows
that most of the crystallization time is actually an incubation time. Because of the c-Si
core that can act as a nucleation site, this time might be shorter in the Si NW/a-Si:H
and lower temperatures might be sufficient to account for the observed kinetics. We
can be certain that the maximal temperature reached in a-Si:H is much higher than the
surface one measured with an IR camera, even though it is very localized. It is probably
below 650 ◦C.
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Crystallization effect on solar cell parameters The impact of crystallization on
the parameters is difficult to determine, since the resulting cell is a mixture of cells with
a-Si:H, µc-Si:H and c-Si absorbers. Still, we could expect a decrease of Voc (lower band
gap energy of c-Si and µc-Si:H) and Isc (indirect band gap). But no increase of Rse is
expected. In addition, we did not observe large-scale crystallization in the cell that was
illuminated using the 800 µm pinhole, although it displays an irreversible decrease of Isc
and Voc. A thorough study of crystallization would be needed to understand its role in
the change in parameters.

5.8.3 Thermally induced cracks

20 µm

Figure 5.31: SEM image of the Si NW/a-Si:H cell after illumination with the laser and
the 400 µm pinhole. The center of the illuminated area is clearly damaged. Cracks are
indicated with white arrows.

SEM observation of the cell which experienced the highest power density (400 µm pin-
hole) also showed cracks originating in the center of the illuminated area (Figure 5.31).
These cracks are believed to be due to the difference in thermal expansion between ma-
terials (probably between Ag and glass). Because they disconnect part of the cell, they
account for the increase of Rse, and (part) of the decrease of Isc and Voc. They are also
expected to lower the fill-factor, but an increase is observed. This may be due to the
fact that the low fill-factor is strongly dependent on Isc.

5.8.4 Summary

Under higher illumination intensities, we observed a strong change in all parameters. Its
onset is not determined by the power density. It occurs earlier (lower power densities) for
larger illumination areas, where the thermal effects are stronger. Partial crystallization
to µc-Si:H and c-Si is a likely explanation, which would account for the change in Isc and
Voc. Full crystallization of some NWs has been evidenced for the highest illuminations,
but partial crystallization can occur as well. Nevertheless, it does not explain the change
in Rse. Thermally-induced cracks, observed in one of the cell, do. Yet, it is not clear if
they could occur on smaller scales, not visible in SEM. In addition, a fully irreversible
SWE (no recovery with heating) can also account for the observed changes.
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5.9 Takeaway messages

• Si NW/a-Si:H solar cells can sustain illumination powers up to 770 W/cm2 (Sec-
tion 5.3).

Under 532 nm illumination, the performance of Si NW/a-Si:H solar cells is first limited
by the top contact. With a high density of Ag NWs on top of ITO, an optimal illu-
mination power of 0.5 W/cm2 (equivalent to 5 Sun) can be reached. Nonetheless, the
performance of Si NW/a-Si:H solar cells is also strongly affected by the decrease of Voc
and Isc. However, no strong irreversible degradation is observed until very high powers
(770 W/cm2, equivalent to 7 700 Sun for the 400 µm pinhole).

• SWE and in-situ annealing are observed under strong illumination (Section 5.4).

The first irreversible change in a-Si:H/NWs is the degradation of the material through
light-soaking. Because of the high powers used, it occurs quickly. With higher powers,
in-situ annealing enables the recovery of Isc. Si NW/a-Si:H solar cells are more beneficial
than planar ones due to the lower thermal conductivity. A temperature above 160 ◦C is
expected.

• The performance of a-Si:H cells is strongly limited by the poor thermal conduc-
tivity of the glass substrate (Section 5.5 and Section 5.7).

A strong (over 400 mV) and time-reversible decrease of Voc is observed. Measurements
of temperature (thermocouple, IR camera, PL or Raman) are not reliable enough to
confirm that the change is fully related to a temperature increase. However, indirect
measurements (cycled illumination, time- and area-dependence) point to a thermal ef-
fect. The temperature coefficient of a-Si:H and c-Si solar cells under controlled heating
does not account for the observed difference with laser illumination. The different be-
haviors of Si NW/a-Si:H and c-Si solar cells is related to the poor thermal conductivity
of the glass substrate of the Si NW/a-Si:H solar cells. Because of the limited collection
efficiency, the temperature also reduces the short-circuit current under increasing power
in a-Si:H cells.

• With the 800 µm pinhole, a final degradation is observed for power densities above
230 W/cm2 (Section 5.8).

It likely stems from thermal effects. Evident crystallization of Si NW/a-Si:H is observed
at very high powers, but it could locally occur in NWs and change the performance of
the cells. A fully irreversible SWE (no recovery with heating) can also account for the
observed changes.





Conclusion

With the climate change induced by greenhouse gases, sources of energy alternative to
fossil fuels are urgently needed. Photovoltaics, which consists in the conversion of solar
energy to electrical energy, has a role to play in the energy mix with other renewable
sources of energy such as wind or hydraulic energy. Indeed, the potential of solar power
is huge, there are multiple technologies available and crystalline silicon PV has demon-
strated high power conversion efficiencies, in the lab (26.7 % compared to a theoretical
efficiency of 32 % for silicon) and in commercialized modules (∼ 20 %). Nonetheless,
there is still some room, either for new principles and structures that enable to reach
higher efficiencies, or for new applications, suited to an absorber’s strengths and short-
comings. Nanowires, that are high aspect ratio structures with a submicron diameter,
can replace bulk and thin film materials. In particular, they help to make the most of
amorphous silicon. Amorphous silicon is made of an abundant element and its deposi-
tion is less energy-consuming than the fabrication of c-Si wafers. Yet, it is limited by
the low mobility and short lifetime of its charge carriers. Its use in NWs with a radial
junction results in a separation of the directions for the propagation of light and the
collection of charge carriers. Very thin layers can be used, which overcomes the short
collection length. Furthermore, NW arrays also display good optical and mechanical
properties (lower reflection, inherent flexibility). For a-Si:H, PECVD is used, which cor-
responds to a rather low temperature deposition (180 ◦C), and correct deposition rates
on large areas. Various substrates can be used, including amorphous one. Since the
start of the development of Si NW/a-Si:H solar cells (∼ 2010), their efficiency has now
reached 8-9 %.

Nonetheless, the low mobility of carriers in a-Si:H, especially in doped layers, does
not allow for the collection of current at the scale level. In addition, the disordered
NW array affects the deposition of electrodes developed for flat cells and results in a
poor lateral conduction. For this reason, we proposed to use two different kinds of
materials for a hybrid electrode (chapter 2). Even for planar substrates, transparent
electrodes are a challenge. Because free carriers are responsible for the absorption and
reflection of light and for the conduction, a trade-off between transparency and con-
duction is needed. Among the possible materials, TCOs are mostly used, because their
transparency window corresponds to the visible and near IR range. Yet, a thick layer of
ITO is needed on top of the Si NW/a-Si:H, which affects the optical performance of the
cell. Networks made of Ag NWs show properties that are complementary to ITO. Ag
NWs make a percolative (non continuous) network of conductive NWs. Together with
a transparent conductive oxide, they ensure a good collection of carriers on short and
long ranges. The use of a hybrid also gives more freedom in the optimization. Instead
of the magnetron-sputtered ITO, ALD Titanium-doped Zinc Oxide (ZnO:Ti) (TZO)
could be used. However, I showed that the conformal layer connected the bottom of the
cell and resulted in lower Rshunt values. Hence, I kept the magnetron-sputtered ITO in
the hybrid and first worked on its transparency. I did it directly on the device, since
the NW morphology affects the deposition of the electrode materials. To probe only
the electrical properties of the contact, I used a very low illumination with EQE. I then
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characterized the complete hybrid under 1 Sun. Thanks to the increased transparency of
the thin ITO film and the higher conductivity of the network of Ag NWs compared to a
thick ITO layer, I improved the short-circuit current and the fill-factor of Si NW/a-Si:H
solar cells, with a resulting PCE increase from 4.3 % to 6.6 %.

While many studies showed the assets of Ag NW electrodes, many also raised the
issue of the degradation of Ag NWs. According to literature, it stems both from corro-
sion with sulfur, greatly enhanced by the water concentration in atmosphere, and from
the thermodynamic instability of the NWs. In chapter 3, I studied the protection of Ag
NWs with TZO and ITO. I observed that a minimal thickness (∼20 nm) is needed for
a full coverage of ALD TZO on NWs. For a better characterization of the degradation
process, I monitored the change in morphology (SEM), optical (total transmittance and
reflectance) and electrical properties (R□) of the Ag NWs on glass and on glass/ITO
substrates. Without any external excitation, I demonstrated that the Ag NWs de-
posited following our process degrade very slowly. After 20 months, by performing SEM
observation, I observed the formation of nanoparticles that do not strongly affect the
resistance. I could distinguish them only on bare NWs. Consequently, no conclusion
was possible regarding the effect of the different protecting layers. However, Ag NWs
are sensitive to the stress due to light or current and the same study under stress could
help to determine the lifetime of Ag NWs for solar cells and the effect of the protective
layers. This should lead to a three layered electrode, with protected Ag NWs.

The solar cells with the highest efficiencies today are made of crystalline materials
and are brittle. Yet, some applications would benefit from flexible solar cells, for instance
Building-Integrated Photovoltaics (BIPV) (low flexibility), roll-to-roll processes (moder-
ate flexibility) or wearable devices (high flexibility). Organic materials are more flexible,
but they are prone to degradation over time. Apart from the material, the structure can
be adapted to be flexible, either with thinner layers or with NWs. Arrays of standing
nanowires are inherently flexible. In addition, the hybrid electrode should sustain the
deformation better than the thick ITO. Using Si NW/a-Si:H, we could thus develop
(rather low cost) flexible solar cells that are made of inorganic materials. In chapter 4,
I reported the characterization of Si NW/a-Si:H solar cells grown on thin glass under
1 Sun, for bending radii down to ∼2 cm. Some cells did not show any degradation
with bending, while others displayed a limited degradation (especially in Rshunt) and
others became completely shunted. We could not establish any correlation with the top
contact. Furthermore, the glass substrate often broke, which limited the study. Obser-
vations of the cells with Electron-Beam Induced Current did not reveal any degradation.
To test the cells at smaller bending radii, I used thin Al and Cu foils as substrates and
studied these devices with SEM and EBIC. It evidenced that their flexibility is limited
by the density of the Si NW/a-Si:H, that behave as a quasi-film. In addition, I observed
current collection issues with EBIC that I did not assess in morphological SEM images.

In chapter 5, I analyzed the behavior of Si NW/a-Si:H solar cells under strong
illumination, up to 103 W/cm2. They showed both reversible and irreversible decreases
in Isc, Voc and fill-factor, for different powers. Thanks to a thorough analysis, I identified
the origins of the different phenomena. The performance of Si NW/a-Si:H solar cells
was first limited by the series resistance of the NW array. The light-induced degradation
(Staebler-Wronski effect) and thermal effects then impacted the short-circuit current and
the open-circuit voltage respectively. While the mechanism of light-induced degradation
was due to the a-Si:H material, the thermal effects were mostly related to the glass
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substrate. Besides, the final degradation of the Si NW/a-Si:H solar cells occurred under
very high powers (> 770 W/cm2). In conclusion, the performance of Si NW/a-Si:H solar
cells under strong illumination was not limited by a-Si:H at first. With radial junction
NWs, the performance of a-Si:H can remain correct above 1 Sun.

In addition, I characterized various structures with EBIC, reported in Appendix A.
Unfortunately, amorphous silicon is easily degraded by the electron beam and no in-
depth study of the p-i-n junction in Si NW/a-Si:H was possible. Nonetheless, the dis-
tance over which the degradation occurred helped me to determine the size of the probe.
Furthermore, we used EBIC to analyze the electrical properties in NWs for tandem solar
cells and for LEDs.

While I optimized the hybrid contact for Si NW/a-Si:H, the architecture and opti-
mization steps can be adapted to any nanostructured device. The use of two materials is
particularly suited to this case, since the length scale of nanostructures is much smaller
than the one of the device. In addition, nanostructured devices require an optimization
directly on the device. Changing the illumination is a useful tool to assess only the
optical or only the electrical properties.

Besides, there is still some work to be done on the optimization of the hybrid con-
tact for Si NW/a-Si:H solar cells. We evidenced the stability of Ag NWs without any
stress, but we should assess the change under light and current. The effect of the ITO
substrate should also be further studied. Once an efficient encapsulation layer has been
demonstrated, a three-layer hybrid electrode {TCO / Ag NWs / ALD TCO} could be
used. Its flexibility should be confirmed (it may be stiffer than a two-layer hybrid).
Small cells with a lower density of Si NW/a-Si:H on a metal foil would be ideal for these
tests. Increasing the bending in the SEM chamber with EBIC observation could help
to understand the degradation.

Through this work, I showed how the performance of Si NW/a-Si:H is mostly limited
by the resistance of the top contact. Measurements under high illumination also evi-
denced that Si NW/a-Si:H are not significantly damaged up to very strong illumination.
Because the main limitation was related to the glass temperature, the comparison of
the performance of a Si NW/a-Si:H and a planar a-Si:H cells on a c-Si substrate would
help to determine the limits of a-Si:H and of the NWs.
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A.1 Electron-Beam Induced Current (EBIC)

A.1.1 Principle

In EBIC, a sample is scanned with an electron beam. Figure A.1 shows a schematics
of the setup. Electrons from the beam are responsible for the excitation of e−/h+ pairs
in the semiconductor. If there is a gradient in the electrochemical potential of the
generated charge carriers and electrical contacts are made, a current can be collected.
Scanning with the probe results in a current map, that shows where the current was
generated and collected. The signal of secondary electrons is collected at the same time.
Hence, the morphology and the electrical properties can be compared. In addition,
the same magnifications as in SEM can be used, with observed regions ranging from
hundreds of nm to a few mm. Because of the small size of the e-beam probe and the
interaction volume, a high resolution map can be obtained. Plane-view and cross-section
observations are possible. For an EBIC observation, one has to choose the acceleration
voltage of electrons, Vacc, the current of the electron beam and the bias applied to
the sample. The acceleration voltage affects the generation volume (probe depth and
the lateral spreading) and indirectly the density of generated electrons, the current the
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Figure A.1: Working principle of EBIC method on a p-n junction. From [Zhou 2020].

quantity of electrons. A reverse bias can be applied to the junction of interest for a better
collection of charge carriers. When several diodes of opposite polarity are present, it
also enables to probe one junction or the other.

EBIC is relevant for the observation of junctions in semiconductors. Under "illumi-
nation", a current is generated and collected. Consequently, EBIC measurements are
used to determine the position of the junction of interest, the width of the depletion
region, the diffusion lengths of minority carriers or the doping [Saket 2020]. It also
enables the mapping of potential barriers in the device or defects such as dislocations.

Variations of the method exist. For instance, STEM EBIC has also been reported,
with an improved resolution [Mecklenburg 2019]. Alternating e-beam exposure (lock-in
EBIC ) can also be used to get rid of strong offset currents [Breitenstein 2009]. Meng et
al. also suggested a single-contact EBIC measurement where the charge and discharge
of the sample are used for EBIC mapping [Meng 2015] .

EBIC in C2N A Kleindiek prober shuttle is used in the Hitachi SU8000 SEM chamber
(displayed in Figure A.2 (a)). Thanks to piezoelectric micromanipulators, the electrical
connection is done inside the chamber and several locations can be easily probed. In ad-
dition, sharp tungsten tips (0.5 µm tip radius) enable the contact with a single nanowire.
The prober shuttle is connected to triaxial cables. The current value is obtained after
amplification by a low-noise current preamplifier (Standford SR570), with gains typi-
cally around 2×106. A bias can be applied. I kept the same connections for all samples:
a positive bias always corresponds to a positive potential connected to the top of the
sample, a negative one to the bulk. When the n-doped region is on top, it results in
a negative current. The polarity of the electrical connections, the bias and the current
sign are important parameters for the analysis of the EBIC signal as several junctions of
opposite polarity can be present in the device. For this reason, and even if it may look
irrelevant in some cases, I chose to keep the same electrical connections for all EBIC
observations. When only one junction is considered (Section 4.4 and Section A.2), its
current is displayed as positive for a more straightforward representation. It is written
in the caption.
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Figure A.2: (a) Kleindiek PS4 prober shuttle. Its diameter is 10 cm. The four micro-
manipulators can be seen. (b) EBIC map of an InGaP NW with an axial p-i-n junction
(Section A.4.2). The EBIC signal is displayed on the SEM image. Thanks to the sharp
tip, a single NW can be contacted. From the map, a profile along the junction (axial
direction) can be drawn.

A.1.2 What determines the shape of the signal?

A typical EBIC profile of a p-i-n junction that was measured in C2N is shown in
Figure A.2 (b). A high current corresponds to the intrinsic region, where generated
carriers are easy to collect. The decrease in the signal on the top part can be re-
lated to the diffusion length of minority carriers. However, an accurate explanation
of the EBIC profile can differ from this description and the resulting profile can also
be altered. Surface effects [Zhou 2020], short diffusion lengths or high injection effects
[Nichterwitz 2013, Haney 2015] are possible issues.

The obtained profile for EBIC is a combination of the generation profile and the
collection efficiency. In particular, the volume where e−/h+ pairs are generated strongly
affects the observation. Several models have been suggested for the generation profile
[Donolato 1981, Everhart 1971, Werner 1988]. The current understanding of the gener-
ation corresponds to a pear-shaped volume with a lateral gaussian distribution and a
depth-dose dependence based on [Everhart 1971]. Increasing the acceleration voltage of
electrons (Vacc) increases the generation volume and lowers the resolution. In addition,
the use of different Vacc enables an in-depth probing of the sample.

A.1.3 EBIC vs. photocurrent

EBIC is particularly relevant for solar cells, since it corresponds to a similar mechanism.
Yet, because the impinging electrons are significantly more energetic than visible pho-
tons, they are able to generate much more carriers. Electron-hole pairs generated by the
e-beam are a consequence of ionization by secondary electrons. The e−/h+ pairs that
are finally stable have a low kinetic energy (insufficient for further ionization). It has
thus been estimated that about three times the band gap energy is needed to generate
an e−/h+ pair from one high energy particle [Klein 1968],
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Eebeam
e−/h+ ≃ 3Eg. (A.1)

Hence, much larger generation rates can be expected in EBIC compared to the
typical rates under 1 Sun illumination (1024-1027 cm−3s−1 vs. 1021 cm−3s−1). Their
precise value depends on the probe current and the acceleration voltage. A higher Vacc
increases the interaction volume and decreases the generation rate.

In addition, the generation in EBIC is spatially limited, while the whole cell is usually
illuminated for 1 Sun observations. This may affect the collection of charge carriers.

Electron-Beam Induced Current (EBIC) is a powerful method to understand the elec-
trical properties of a semiconductor junction. During my thesis, I had the opportunity
to characterize various samples, including Si NW/a-Si:H (Section A.2, Section A.3),
III-V nanowires on Si for tandem solar cells (Section A.4) and GaN nanowires for Light-
Emitting Diode (LED) devices (Section A.5). Although most observations are not re-
lated to the work described in the main part of this thesis, I wanted to report them to
illustrate the use of EBIC for semiconductor NWs. The electrical connections have been
detailed in Section A.1.

A.2 a-Si:H degradation under electron beam

I wanted to record the EBIC signal from Si NW/a-Si:H to determine how charge carriers
are collected in the p-i-n junction. However, a-Si:H degrades under exposure to an
electron beam.

A.2.1 Loss of EBIC signal reversible with annealing

I analyzed this degradation in Si NW/a-Si:H. Figure A.3 (a) displays a top-view SEM
image of a Si NW/a-Si:H solar cell. The corresponding EBIC map prior to any high-
magnification is presented in (b). Apart from the Ag paste region, the whole cell gener-
ates a current under e-beam exposure. (c) shows the same map after high-magnification
SEM of two regions (one highlighted). They do not display any EBIC signal. Interest-
ingly, no change is observed in SEM. It is thus related to a modification of the electronic
properties of a-Si:H. Because charging effects could occur, I left the sample for 12 days
in air (map (d)), but it was not sufficient to recover the original current level, there-
fore the degradation is persistent. Directly after this observation, I annealed the cell at
180 ◦C on a hot plate for 20 min. The resulting EBIC map (e) shows no more difference
between regions which were exposed to a high dose or not. A new region had been
damaged just before the annealing process and perfectly recovered with annealing (not
shown).

A.2.2 Relation with light-induced defects

The degradation of a-Si:H under e-beam has been previously reported, as well as the
annihilation of defects by annealing. Schneider et al. showed that this degradation



A.2. a-Si:H degradation under electron beam 155

Figure A.3: Plane-view (a) SEM image and (b)-(e) EBIC maps of the same Si NW/a-
Si:H solar cell, (b) before, (c) after high-magnification observation, (d) after 12 days
stored in air, (e) after annealing at 180 ◦C (right after (d)). The damaged region is
highlighted. A new damaged region can be seen in (d), following a high-magnification
observation the day after the first session. The blue region on the left (no current)
corresponds to the Ag paste, which prevents e− from reaching a-Si:H. Vacc = 15 kV.
The current from the p-i-n junction is displayed as positive.
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depends on the dose of electrons [Schneider 1987]. It explains why this effect is only
observed for high-magnification observations, but we did not assess the electron dose.
In literature, different methods have been used to characterize them and their relation
with light-induced defects. Some similarities exist, as they both result in increasing
defect densities, that go to a saturation value and can be annihilated by similar an-
nealing conditions. However, it has been shown that the e-beam generates different
types of defects, with one type at an energy level similar to the defects mostly found
in SWE mechanism [Babras 1990]. A two-stage annealing kinetics has been observed
[Grimbergen 1993], which confirms a partial similarity with SWE mechanism. However,
the creation of defects with e-beam is much more efficient. More defects are created with
e-beam compared to light for similar energies [Schneider 1987], and even for the same
rates of e−/h+ pair recombinations [Yelon 2000]. This corresponds to our experiments,
where most current is lost after a <1 min observation.

A.2.3 Difficult EBIC acquisition of Si NW/a-Si:H
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Figure A.4: (a) Top-view SEM image and EBIC map of the normalized current in a
Si NW/a-Si:H solar cell. The scanning is from top to bottom and from left to right.
(b) Schematics of the scanning process with e-beam (top) explaining the profile of
current (bottom). The inset shows the orientation of the profile. Vacc = 20 kV.

The degradation under e-beam is very fast and makes the high-resolution EBIC
observation of Si NW/a-Si:H difficult. Figure A.4 (a) displays a high-magnification
SEM image and the corresponding EBIC map of Si NW/a-Si:H. The scanning is from
top to bottom and from left to right. A high signal can be observed at the top of the map,
but it quickly vanishes. This degradation is strongly detrimental for the observation of
a-Si:H with EBIC. Low electron doses and large probe volumes (with high acceleration
voltages) are a possible solution. In addition, in the same way that a reverse bias
prevents the recombination of e−/h+ pairs and the creation of SWE-related defects, a
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reverse bias during EBIC observation could help. Yet, it is possible only for solar cells
with a high Rshunt.

The signal decrease can be used to determine the size of the probe volume. Scanning
is made line by line, but the probe volume is larger than the pixel size and affects the
neighboring pixels, as drawn in Figure A.4 (b). The cross-section of the probe volume
is represented as a gaussian distribution. Line 1 is the first line scanned for the map,
which corresponds to the highest EBIC. Because of the dispersion of the beam, the
generation is not limited to the scanned line. After the complete scanning, line 1 has
been exposed to half of the probe, while line N is the first line which has been exposed
to the whole probe. The following lines are as much exposed as line N, the signal is
steady. The distance required for the stabilization of the signal corresponds to half the
probe cross-section. We determine this distance from the profile in (b) and estimate the
total diameter of the probe cross-section to ∼3 µm for Vacc= 20 kV (full width at half
maximum FWHM ≃ 1.8 µm1). Simulations of a flat sample (detailed in Section A.3)
show that, in the a-Si:H film, 95 % of the energy of electrons is lost in a cross-section of
less than 2 µm diameter, which is similar to the FWHM we expect.

A.3 Effect of the acceleration voltage Vacc

In Si NW/a-Si:H solar cells, two junctions can be probed with EBIC. They are displayed
in Figure A.5 (a). Given the polarity of the connection, the p-i-n junction should result
in a negative current. There may also be a Schottky barrier at the interface between
the amorphous silicon and the ITO. The generated current at the Schottky junction
should be positive. I studied a Si NW/a-Si:H solar cell with plane-view EBIC, using
different acceleration voltages Vacc, i. e. different energies of the incoming electrons.
The sample studied in this section has a thick ITO layer (nominally 240 nm) as top
contact. Figure A.5 (b-c) shows the change in the EBIC map of Si NW/a-Si:H for
an acceleration voltage ranging from 5 kV to 25 kV. We can see a circular area, which
corresponds to the ITO area, on which a dot of Ag paste has been made to connect it
with a probe. The same cell is observed with different Vacc. We started the observation
with the lowest Vacc, increasing it by 5 kV steps.

With the lowest Vacc (5 kV), we can see a higher current generated on the edge of
the ITO pad. In the center, the current is almost null. Increasing Vacc to 10 kV results
in a higher current everywhere in the cell. At 15 kV, the current generated and collected
is almost uniform. At 20 kV and 25 kV, the contrast differs: the current on the edge is
lower than in the center. In addition, the maximal current at 20 kV is lower than at
15 kV.

When the acceleration voltage is increased, incoming electrons can penetrate deeper
in the sample. It does not significantly affect the SEM image, because the secondary
electrons used for detection come from a thin layer below the surface due to their low
energy. However, it can strongly change the EBIC signal. It has to be taken into account
for a good understanding of the observed signal. It is used in plane-view observation to
probe the different layers of a planar sample. To understand better the probe volume in

1If we consider that the lateral distribution of the generation volume is gaussian (see Section A.1),
we can estimate the full width at half maximum (F W HM). We consider the total diameter d0 to be
≃ 2 × 2σ, with σ the gaussian deviation. Hence F W HM =

√
2 ln 2 d0

2 = 1.8 µm.
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Figure A.5: (a) Schematics of a single Si NW/a-Si:H. The two junctions that can be
observed in EBIC are shown with a diode and a current source. (b-e) EBIC map
superimposed on a SEM image of a Si NW/a-Si:H solar cell for an acceleration voltage
of (b) 5 kV, (c) 10 kV, (d) 15 kV, (e) 20 kV, (f) 25 kV.

the Si NW/a-Si:H, I modeled the solar cell by a stack of thin films and ran Monte-Carlo
simulations using Casino2. Figure A.6 shows the trajectories of electrons for different
acceleration voltages, as well as the maximal depth they reach. It is clear that with
5 kV, electrons cannot go through the ITO film and excite e−/h+ pairs in a-Si:H in the
flat structure, which accounts for the absence of current in the center of the cell. On
the edge of the cell however, the ITO film is likely thinner and e−/h+ pairs can still be
generated by the electron beam. Increasing the acceleration voltage results in a deeper
probe. In particular, the maximum of generation in a-Si:H likely occurs for Vacc between
15 kV and 20 kV. Indeed, both show an almost uniform current and there is a change
in contrast in the current value between the center and the edge of the cell between the
two Vacc. In the Casino simulation, the acceleration voltage that results in the maximal
generation in the a-Si:H layer is between 10 kV and 15 kV. We would rather expect the
NW geometry to diminish the acceleration voltage needed to reach a-Si:H compared to
a planar structure, and the difference between the measurements and the simulation is
not yet fully understood.

Finally, at high acceleration voltage, the edge of the cell presents a lower current
than the center. It may be related to a difficult collection of current in the thin ITO on
the edge. However, it is more likely due to the degradation of a-Si:H under the electron
beam, which results in the absence of EBIC (see Section A.2). Because the ITO is
thinner on the edge, e−/h+ pairs were generated in the a-Si:H close to the edge from
lower Vacc. Since the observation is on the same cell and with increasing Vacc, the a-Si:H

2Program based on Monte-Carlo simulations of the trajectory of electrons in solids. It has been
developed at Université de Sherbrooke (Canada), https://www.gegi.usherbrooke.ca/casino/.

https://www.gegi.usherbrooke.ca/casino/
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on the edge started degrading before the a-Si:H in the center. This degradation also
accounts for the lower current observed with 20 kV compared to 15 kV. After this row
of measurements, we made a second observation with Vacc = 15 kV. It shows a similar
distribution of current compared to the first map at 15 kV, but the maximal value is
reduced to −5.8×10−8 A.

To observe the current induced in the p-i-n junction for Si NW/a-Si:H solar cells cov-
ered with a thick layer of ITO, an acceleration voltage of 15-20 kV is needed. It could
be reduced with thinner contacts. Bias could be used to flatten one of the junction and
prove its presence or absence at different Vacc. However, we observed large cells, with
many shunt paths, and an applied bias results in a strong current that saturates the
amplifier and prevents the reading of EBIC. Nonetheless, to map the current and its
transport over the cell, probing the Si NW/a-Si:H/ITO interface with lower voltages
can be sufficient, even though the current does not come from the junction. In addi-
tion, if there was a Schottky contact between ITO and a-Si:H, a positive current would
be recorded, especially at low Vacc, which is not the case. Although the ITO/a-Si:H
interface is difficult to probe in this geometry, it suggests that there is no significant
Schottky barrier between ITO and n-doped a-Si:H. It would be interesting to compare
between different TCOs.
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Figure A.6: (a) Trajectories of electrons in a FTO/c-Si/a-Si:H/ITO model of our Si
NW/a-Si:H cells. (b) Distribution of the maximal depth reached by incoming electrons.
The simulations were run over 200k electrons. Because of the much lower density of
a-Si:H compared to TCOs, incoming electrons are not slowed down much in the a-Si:H
layer, which leads to a discontinuity in the distribution of the maximal depth. In both
figures, the layers are indicated by a background color.

A.4 III-V NW on Si tandem solar cells

A.4.1 Why III-V NWs for tandem cells?

The highest conversion of the solar light with a tandem cell made on c-Si requires
a 1.7 eV band gap energy. Thanks to the tunability of their band gap energy with the
alloy composition, III-V materials are a possible absorber for the top cell. However, they
cannot be grown directly on c-Si because of lattice mismatch and antiphase domains.
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A thick buffer layer made of defective III-V could be used for the growth directly on
the c-Si cell, but raises optical and electrical issues for a solar cell. Instead, the III-V
cell needs to be transferred to the c-Si one. Thanks to their surface relaxation of stress,
NWs are thus a possible route to efficient monolithic III-V/Si tandem solar cells. For
a 2-terminal device, an electrical connection is needed between the two cells. A tunnel
junction is one possibility. This structure, first described in 1958 by Esaki [Esaki 1958],
consists in very thin and highly doped p- and n- regions, that enable a tunneling of
charge carriers from one cell to the other, hence a current, with no loss in the energy
of carriers. Due to the control of the doping and thickness, a working tunnel diode is
not so easy to make and EBIC can be used to characterize it as well as the full tandem
device.

(a) (b)

Figure A.7: (a) Band diagram at thermal equilibrium and (b) I-V curve of a tunnel
junction. The transition between the tunneling and the diffusion currents results in a
decrease of current with an increase in voltage, called the negative differential resistance
(NDR) and is typical of a tunnel junction. Extracted from [Grundmann 2006].

A.4.2 Top-down

A top-down approach through etching is also possible. It enables a better control of the
material parameters and can confirm that a structure is relevant.

An InGaP axial junction with a tunnel diode has been grown and transferred to a
c-Si substrate (no junction) at Fraunhofer. NWs have been etched down at IBM Zürich,
with the resulting structure shown in Figure A.8 (a). The InGaP axial junction is a
p-i-n junction. Between the p-doped region and the c-Si cell, a tunnel junction made
of highly doped n and p layers makes the electrical connection. I added the expected
junctions and their orientation in the Figure as diodes and current sources. The diode
current cannot be directly assessed with EBIC.

Figure A.8 (b) shows the signal corresponding to the p-i-n junction under a 0.5 V
bias, while (c) displays the EBIC of diodes opposite to the junction. At the NW bottom,
we see the tunnel diode. At the top of the NW, we also observe a current. It corresponds
to a Schottky barrier between the tip and the NW. Opposite biases are needed to observe
the diodes of opposite polarity. For a better observation of a junction, we can apply a
reverse bias to it. This improves the collection of carriers at the junction and ensures
that the opposite junctions in the device are not preventing the collection of the current
(opposite diodes are then forward-biased). EBIC observation confirms the presence of
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Figure A.8: (a) Colored SEM image of the Si/InGaP NW solar cell, (b) EBIC map
(superimposed on SEM image) corresponding to the p-i-n junction (Vbias = 0.5 V),
(c) EBIC map (superimposed on SEM image) corresponding to the tunnel diode and
showing a Schottky barrier (Vbias = −5 V). Vacc = 3 kV.

the p-i-n junction and the tunnel diode and their position. Their signals are detailed
below.

Tunnel diode From the EBIC map, we can draw a profile of the tunnel diode current,
as shown in Figure A.9. A very narrow depletion layer is needed in tunnel junctions, to
ensure the current tunneling. Typically, it corresponds to a few tens of nanometers. It
is below the EBIC map resolution and the width of the depletion region of high-quality
tunnel junctions cannot be precisely determined from the EBIC profile. Still, the use of
EBIC confirms that a working junction has been made at the interface between the c-Si
substrate and the III-V NW.

Figure A.9: EBIC map superimposed on SEM image of the n++/p++ tunnel junction
for Vbias = −4 V and profile of the current. Vacc = 3 kV.

p-i-n junction First, a reverse bias is needed to collect the generated current. It
is required because of the Schottky contact between the tip of the probe and the NW.
Although the tunnel junction also has an opposite polarity, it works as an ohmic contact
and should not play a significant role. In an ideal p-i-n structure, there is a constant
electric field in the intrinsic region and we expect a flat profile of current over the
intrinsic part in EBIC. We indeed observe a wide signal in the p-i-n region, but it does
not correspond to the whole intrinsic layer (Figure A.8 (b)). It is limited on the n-side.
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In addition, the current is slightly higher at the bottom of the NW (Figure A.10). It is
likely related to the lower mobility of holes in InGaP. In a p-i-n junction, the span of
the profile and the position of maximal current are actually dependent on the mobility
of charge carriers through the drift length Ldrift [Abou-Ras 2019]. If the mobilities of
electrons and holes differ, a maximum in current is observed closer to the contact of
lower mobility carriers. It can also account for the lack of signal in the intrinsic part
closer to the n contact. This effect can be more important in EBIC, since the high
generation rate results in screening and reduces the electric field.

1.5 V 2 V1 V

(a) (b) (c) (d)

Figure A.10: (b-d) EBIC maps superimposed on SEM of a p-i-n InGaP NW under
reverse bias. Due to the electrical connections, the junction current is negative. (a)
shows the profiles of the current under reverse bias. The region over which the profile
is plotted is shown in (b).

We also noticed that the profile of the generated and collected current is strongly
altered by the (reverse) bias (Figure A.10). Under stronger bias, the current level
increases, the region of maximal signal becomes narrower and the maximum shifts from
the p++/p interface to a position inside the intrinsic layer. We confirmed that this effect
does not come from charging of traps under exposure to the e-beam (it is reversible when
the bias is reduced again).

Nominal bias vs. actual bias In addition, the bias applied to the whole cell may
differ from the one obtained at the junction. It depends on the structure of the solar
cell and the resistances inside, but also on the contact with the probe. Due to me-
chanical vibrations, the probe can (partially to totally) lose the contact to the NW.
The same nominal bias can thus result in very different observations. This is illustrated
in Figure A.11. Although (b, c) have the same nominal bias, the current level and
distribution differ.

A.4.3 Bottom-up

Structure and growth Tandem solar cells made of III-V NWs on c-Si have been
made at INL (Institut des Nanotechnologies de Lyon) by M. Gendry and A. Fave in the
framework of the ANR project Hetonan. Their structure is shown in Figure A.12 (a).
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Figure A.11: EBIC maps superimposed on SEM image of a p-i-n InGaP NW under
reverse bias. (a, b) were recorded in a row. (c) was recorded later, after a new contact
was made (see the different position of the tip). It is different from the first map at
Vbias = 1 V, but is similar to the map at Vbias = 0.5 V. Vacc = 3 kV.

A c-Si cell with a tunnel diode is used as substrate for the NW growth. A GaAs core,
p-doped with Be, is first grown by MBE with a Ga catalyst. Although GaAs does
not have the optimal bandgap for the tandem solar cell, the growth of AlGaAs NWs
is challenging. Therefore, a GaAs core was formed to enable the radial growth of a
AlGaAs shell. The consumption of the catalyst at the end of the growth of the GaAs
core results in an intrinsic part on top of the GaAs NW. The shell is made of a p-i-n
junction of Al0.2Ga0.8As, with Be and Si for the p- and n- dopings respectively. Details
on the growth can be found in [Piazza 2018]. This AlGaAs composition corresponds to
a band gap energy of 1.7 eV, optimal for a tandem on c-Si. A passivation layer (InAlAs)
is added to reduce recombinations at the NW surface. NWs are then embedded in
BCB. After RIE and ITO sputtering, a device is obtained. For EBIC observations, the
electrical connection is always made between the top of NWs (+) and the back contact
of the c-Si cell. The current corresponding to the p-i-n junction is then negative.

p-i-n radial junction Because the junction is radial, we expect a collection from the
whole NW. As displayed in Figure A.12 (b), the current is indeed collected over a large
region (>1 um), with a flat profile over 500 nm. The decrease in the bottom part of
the NW may be related to a thinner shell, which we observe in the SEM images. It
is particularly an issue regarding the n-doped layer. If it is too thin, it may be poorly
conductive, even though the depletion effect due to surface states is limited thanks to
passivation.

Homogeneity EBIC observations also enable to assess the homogeneity from NW to
NW. Figure A.13 (a) displays the SEM image and the corresponding map of the p-i-n
EBIC in NWs. Thanks to the ITO contact, induced current from several NWs can be
collected. The three central nanowires show a good homogeneity (intensity of current
and spreading of the signal). Other NWs in the EBIC map, such as the right NW in
the white frame, display a shorter (apparent) active region. The absence of current in
the bottom part compared to other NWs is due to a lower generation of e−/h+ pairs.
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Figure A.12: (a) Structure of a tandem cell made of radial p-i-n AlGaAs NWs on c-Si.
The expected junctions and their orientation are schematically represented as diodes
and current sources. (b) EBIC map superimposed on a SEM image of a single NW.
The current profile is drawn in white. Vbias = 0 V, Vacc = 5 kV.

These NWs are partly embedded in BCB (see SEM in Figure A.13 (a)), which absorbs
electrons. Because of the low acceleration voltage, the probe depth is not sufficient to
reach the NWs. In addition, we observe some dead NWs (white frame, left NW). They
correspond to NWs disconnected, either from the ITO or from the substrate. We indeed
observed that some NW feet broke under e-beam exposure (no manipulation with the
probe). It may be due to mechanical stress induced by the BCB under exposure to the
electron beam.

Figure A.13: Cross-sectional (a) SEM image and corresponding EBIC map of
GaAs/AlGaAs NWs on c-Si with no bias. The p-i-n signal can be seen. (b) EBIC
superimposed on SEM image under forward bias (with respect to the p-i-n junction).
Vacc = 5 kV.

Tandem cell I observed only one junction during EBIC observations: NWs were active
while no signal was observed in the Si sub-cell, despite different biases (from−2.5 V to
1 V). To discard the surface effects that can be detrimental in the EBIC measurement
of a cleaved planar cell, I also used higher acceleration voltages, up to Vacc = 25 kV.
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Still, I recorded no signal from the c-Si cell.3 This behavior actually comes from the
local excitation in EBIC. During scanning, the electron beam generates carriers in a
small region, i.e. only in one cell. Because the top and bottom cells are connected in
series through the tunnel diode, current matching is required. It is not fulfilled under
e-beam scanning, since the non-illuminated cell does not generate an equal current.
This explains why we do not observe the c-Si cell. Yet, we are still able to see the
signal coming from the NWs. If there are shunts in the bottom cell, they may enable
the current to go through. The I-V curve shows a low Rshunt which would confirm this
idea. In addition, this could also explain why we observe the NW signal and not the
c-Si one. The silicon cell is much larger than one NW and it is thus more likely to have
shunt paths. Still, a shunt current would require a small reverse bias and we observe
the NW illumination current even at zero bias. The actual bias at the bottom cell likely
differs from the globally applied bias, because of voltage drops due to resistance effects
(see Figure A.11).

We should still be able to see the tunnel diode. When a reverse bias is applied to
the tunnel junction (negative bias here), both cells are forward-biased and they do not
hinder the flow of current. However, we observed no clear signal that we could attribute
to the tunnel diode with certainty: some signal was present at the foot of the NW
(Figure A.13 (b)), in the white planar layer. However, it me be related to artifacts due
to the parasitic growth.

Figure A.14 shows a high-magnification EBIC map of one NW under different biases.
(a) shows that the intrinsic GaAs top due to the growth partly prevents the collection
of current at the top contact, due to a Schottky barrier with ITO. In (b), the EBIC
signal from the junction shows a lateral variation, with a change in the decrease slope.
The SEM signal also shows variations at the same positions, that stem from the facets
of the NW. The EBIC profile is modified by the shape of the NW, because it affects
the generation profile. With a tilted illumination, the active region appears deeper and
results in a lower generation. In addition, a lateral shift of the beam (i.e. scanning)
corresponds to less and less probed active region. This accounts for the change in the
slope.

A.5 GaN/InGaN NW LEDs

In Section 1.2, we detailed the benefits of nanowires in solar cells. Their mechanical
properties are also an asset for the integration of GaN LEDs on Si, due to the absence
of lattice-matched substrate. Gallium nitride (GaN) with InGaN is mostly used for
blue light LEDs. With quantum wells, injected electrons and holes are confined in the
well. It increases the overlap of their wavefunctions and leads to an enhanced emission.
GaN/InGaN NWs LEDs have been made at C2N (axial junction) and at CRHEA (radial
junction) and characterized with EBIC.



166 Appendix A. EBIC

200 nm

(a) (b) (c)

Figure A.14: EBIC map superimposed on SEM image for different biases. (a)
Vbias = −0.8 V shows the barrier at the contact between the intrinsic GaAs part and
the ITO, (b) Vbias = 0 V shows the signal of the p-i-n junction. (c) Lateral current
(orange) and SE signal (blue) profiles in the NW. A positive signal is plotted for an
easier comparison with the SEM signal. Vacc = 5 kV.
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Figure A.15: (a) Nominal structure of GaN/InGaN NWs. The expected junction is
schematically represented as a diode and current source, (b) SEM image of the NWs,
showing the dispersion in length and diameter, (c) EBIC map superimposed on SEM
image of a long NW. Vacc = 5 kV.
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A.5.1 Axial junction GaN/InGaN NWs

GaN/InGaN NWs were grown at C2N by A. Kunti and N. Gogneau using MBE. Their
structure is presented in Figure A.15 (a). They consist in an axial p-i-n heterojunction,
with an intrinsic InGaN region between two doped GaN regions. The In content is
around 20-22 %. The NWs are self-catalyzed and Mg and Si are respectively used for
doping of the p and n parts. The n-part is on top, which is expected to limit the radial
growth [Saket 2021]. Figure A.15 (b) displays the morphology of the NWs. There seems
to be two types of NWs: most are ∼750 nm high, but some are ∼1.1 µm high and appear
thinner. The origin of this bimodal distribution is not fully understood. I have observed
16 NWs, among them 13 presented an EBIC signal. The position and distribution of the
current differed between NWs. Figure A.15 (c) displays the EBIC map and profile of a
long NW that corresponds to the expected structure. The current is maximal 50-70 nm
from the top of the NW, which would be close to the n-GaN/InGaN junction and spans
over 150-200 nm. 7/13 NWs presented the same type of signal. 5/13 NWs presented a
signal over the whole NW4. It is likely related to a radial growth. These NWs are thicker
than the ones with the signal on top. They may also lack the top n-doped GaN, which
would account for the absence of signal from the axial junction.

After EBIC observation, the NW array was processed (encapsulation, etching of the
encapsulant and electrical contact) and characterized by N. Amador-Mendez. Since the
p-i-n junction was observed only for thin and long NWs, the etching time was chosen
so that only the longer NWs emerged. Atomic-Force Microscopy measurements showed
that only 1 % of the grown NWs were connected. The emission of light with the processed
LED was demonstrated (Figure A.16). We can see the peak corresponding to the InGaN
segment around 430 nm. A lower peak is observed at 380 nm, which is likely related to
a defect in one of the GaN segments.

Figure A.16: (a) Picture of the GaN/InGaN NW LED. The luminescent area is a few
mm2, (b) electroluminescence spectrum at 15 V. Process and characterization carried
out by Nuño Amador-Mendez.

3Because the cell was processed and due to the (insulating) mask used for the NW growth, I could
not contact the c-Si cell alone.

4The last nanowire displayed a signal at the interface with the substrate.
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A.5.2 Radial junction GaN/InGaN NWs

I have also worked on GaN/InGaN NWs grown at CRHEA. While both C2N and
CRHEA nanowires are bottom-up NWs made of GaN and InGaN for LEDs, the growth
method, the structure (radial vs. axial junction) and the resulting morphology are very
different.

Structure GaN NWs with InGaN quantum wells were grown with MOCVD at CRHEA
by J. Bosch and B. Alloing. As displayed in Figure A.17 (a), they consist in a GaN
core with radial InGaN quantum wells (QWs) and a p-doped GaN shell. Mg and Si
are used respectively as p- and n-dopants. The growth starts with a high silane flux,
which promotes the axial growth and also induces a high n-doping. In addition, during
the growth of the heavily n-doped core, the silicon dopants segregate at the surface and
make an alloy with the nitrogen and gallium atoms [Kapoor 2020]. A SiN or SiGaN
layer is obtained around the core which prevents radial growth. For this reason, a
non-intentionally doped (nid) part is added. In addition, an underlayer, here made
of undoped GaN, is added around the core to improve the quality of the InGaN/GaN
layers. The SEM images indeed show NWs with a shell ∼4 µm long (half the NW).

-2V

-5V
n+ GaN

SiN-SiGaN

nid GaN

InGaN QW

p GaN

GaN underlayer

(a) (b) (c)

Figure A.17: (a) Structure of GaN/InGaN nanowires and SEM image of a NW. The ex-
pected junction is schematically represented as a diode and current source. (b, c) EBIC
map superimposed on SEM image of a GaN/InGaN NW for (b) Vbias = −2 V and the
tip on the m-planes and (c) Vbias = −5 V and the tip on the semi-polar planes on top
of the NW. The current profile is also drawn for (b). The horizontal lines are due
to the instability of the electron beam, whose intensity could vary between linescans.
Vacc = 5 kV.

Limited conductivity of the shell Figure A.17 (b) presents the EBIC map of a
NW together with the current profile. The junction is clearly observed under reverse
bias, with a generated and collected current over most of the shell. However, it does
not correspond to the whole shell, the top and bottom parts do not show any induced
current. The maximum in current is obtained close to the tip of the probe and decreases
away from it, as can be seen in the upper part of the profile. In a radial junction, it
means that the conductivity of the outer layer is limiting the collected current. The shell
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is thus more resistive than the core and the performance of the LED could be hindered
by the conductivity of the GaN shell. An all-around ITO contact can be used to improve
the injection of carriers in the LED. Nonetheless, there seems to be a different reason for
the steep decrease of the signal down to 0 nA. As highlighted in the shaded part of the
profile, there is an abrupt change in the slope ∼0.6 µm away from the probe. It likely
stems from the insulating SiN layer which covers the n-doped core. The radial layers
grow only on the undoped core, but because of overgrowth, part of the doped core is
also covered.

The absence of signal from the top part of the NW is due to a very low conductivity of
the shell. Figure A.17 (c) shows that a current can be collected if the probe is positioned
on the top surface. It is strongly localized, under the probe. The low conductivity of
the shell on the semi-polar planes can be related to its thickness, since the GaN growth
is slower along this direction.
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B.1 Effect of dimensions on the opto-electrical properties

B.1.1 NW length

As explained in Section 2.4.1, with longer nanowires, lower densities of NWs are needed
for percolation (eq. (2.24)). However, no conclusion is yet possible on the benefit of
longer NWs for TCEs. For a given density, the NW length alters the total amount of Ag,
hence the optical performance of the network. In order to assess the optical properties
of the network, the surface coverage should be considered.

If we dismiss the overlap between NWs (i.e. low densities) and the interactions with
light due to their dimensions, the surface coverage corresponds to the extinction due to
Ag NWs and should be as low as possible. With d the diameter and L the length of Ag
NWs, the coverage needed for percolation fS,th is

fS,th = 5.637 d

L
. (B.1)

A lower percolation threshold is indeed obtained for longer NWs. However, compared
to the previous formula, the dependence is now proportional to the inverse of L.
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B.1.2 NW diameter

To a first approximation, the conductance of a nanowire of diameter d scales with d2,
while its extinction cross-section scales with d. Thicker NWs should thus perform better.

However, because of their small diameter, both optical and electrical scalings do not
always hold. The resistivity of thin NWs shows a d−1 dependence (d−2/3 for very thin
NWs) [Sambles 1982]. In particular, for diameters below or close to the mean free path
of electrons (∼35 nm in silver), a substantial increase in resistivity is observed [Bid 2006].
Likewise, the extinction cross-section is not linear with the diameter. Simulations show
that the ratio between the extinction and geometrical cross-sections of NWs increases
with the NW diameter (Figure B.1 (a)). Thin NWs (d < 70 nm) even have an extinction
cross-section smaller than the geometrical one [Bergin 2012].

To take both effects into account for single NWs, the conductance and the extinction
cross-section can be compared for different diameters. The dependence on the diameter
is not monotonous anymore, as can be seen in Figure B.1 (b): either very thin NWs
(d < 30 nm) may be beneficial thanks to their optical properties, or thicker nanowires,
thanks to their conductivity. Around 50-100 nm, a lower opto-electrical performance is
expected.

Figure B.1: (a) Ratio of the absorption, scattering or extinction cross-section and the
geometrical cross-section depending on the diameter of Ag NWs, averaged over 400-
800 nm. (b) Ratio of the conductance and the extinction cross-section depending on
the diameter of Ag NWs. Results come from finite-difference time-domain calculations
in [Bergin 2012].

In a network, the density of NWs is a supplementary parameter. For instance,
the high contact resistance between NWs limits the conductivity of a sparse network.
Because thinner NWs result in more possible connections, they may lead to lower R□

for a given transparency. For dense networks, the area between nanowires can become
too small for the light to go through. Besides, the overlap between nanowires has to be
considered.

Finally the diameter strongly affects the stability of NWs as detailed in Section B.3.1.



B.2. Deposition 173

Briefly, thicker nanowires should display better opto-electrical performance thanks to
a strong improvement of the electrical properties and a better stability, except for sparse
networks (high transmittance), due to the junction resistance.

B.1.3 NW dimensions in this work

Despite these principles, we chose diameters with dimensions (10±5) µm × (60±10) nm.
We dismissed very thin nanowires because of stability and cost, but we kept small
diameters to achieve a finer meshing of the Si NW/a-Si:H array.

In addition, we compared the sheet resistance of drop-cast NWs with different
lengths, (10±5) µm or (40±5) µm (same nominal diameter (60±10) nm). We intended to
deposit the same mass of material in both cases, but the mass of deposited 10 µm NWs
was lower (∼20 % lower). Although the ratio of the expected density to the percolation
threshold was greater for the longer NWs, they resulted in higher sheet resistances. It
is likely related to process issues. Ag NWs in suspension are prone to aggregation, espe-
cially for longer nanowires. Prior to deposition, dispersion techniques, as an ultrasonic
bath, can be used. However, during deposition, aggregates can form again. For instance,
thicker coffee rings were observed with longer NWs.

B.2 Deposition

Solution processing is one of the assets of Ag NW electrodes, with various deposi-
tion methods, including Mayer rod coating [Hu 2010], spin-coating [Lee 2013] and drop-
casting [Lee 2008] or vacuum filtration on a membrane [De 2009]. Transferable networks
can also be made [Jang 2016].

For the chosen design of the Si NW/a-Si:H solar cells, the reference size is 4 mm in
diameter, with typically 21 cells on one sample (6×4 mm + 15×2 mm). To assess the
effect of the density of Ag NWs, we chose to keep the same sample for different densities.
Common methods for the deposition of Ag NWs are not suited to the dimensions of a
single cell. Consequently, we dismissed these methods in a first approach.

B.2.1 Drop casting

Substrate temperature A small drop of Ag NW suspension is cast on the ITO
cell. The substrate temperature is expected to play a role in the drying process of
the suspension, which would affect the uniformity of the deposition. Several substrate
temperatures, from 35 ◦C to 110 ◦C, have been tested on a glass substrate with ITO.
Figure B.2 displays pictures of the resulting networks. Three main regimes are observed:
at room temperature, Ag NWs constitute a uniform and low-density area with a thick
outline (coffee ring). For medium temperatures (below 70 ◦C) a central dot made of
Ag NW agglomerates is observed, which dies out when the deposition temperature
is increased. For higher temperatures, there are several drying rings, which become
clearer with an increasing deposition temperature. These effects are typical from the
drop-casting of a suspension and are related to the surface tensions inside the droplet
and the subsequent flows.
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Figure B.2: Pictures of Ag NWs deposited on glass/ITO at different temperatures. The
scale slightly varies from one picture to another. On the sample at room temperature
(RT) only, dots of Ag paste for electrical contact can be seen.

As could be expected the evaporation time is shorter for higher temperatures, from
60 s at 35 ◦C to 20 s at 90 ◦C. Since the size results from a competition between the
drying and spreading of the suspension, the area also decreases with an increase of
temperature, from 7 mm at room temperature to 4 mm at 80 ◦C. Hence, higher average
densities are obtained for higher temperatures.

A small droplet is characterized by the surface tensions at the interface of the sur-
rounding gas and the liquid (γLG), of the gas and the solid (γSG) and of the liquid and
the solid (γSL). If gravity is neglected, they determine the equilibrium contact angle θ

at the triple line, following Young equation

γSG = γSL + γLG cos θ. (B.2)

Origin of a pinned line Because of the heterogeneities in the substrate (geometrical
or chemical), the contact angle during the liquid recession can vary. The triple line
can therefore be pinned on the substrate (no change in radius, but change in contact
angle), until its energy increase is enough to overcome the potential barrier. If pinning
originally occurs because of substrate inhomogeneities, it is increased by the deposition
of particles at the edge [Orejon 2011]. Indeed, particles alter the substrate morphology
and lead to new interfaces.

Capillary and Marangoni flows inside the droplet In addition, during drying,
evaporation is faster at the triple line. Because of line pinning, a flow towards the edge
appears (capillary or edgeward flow). This flow brings particles at the outline of the
droplet and is responsible for the coffee ring effect [Deegan 1997]. However, substrate
heating also leads to a difference in temperature inside the droplet (higher close to the
edge). Surface tension decreases at higher temperatures, hence a surface tension gradient
is observed. Surface tension gradients in liquids (due to temperature or composition)
result in the Marangoni effect, where the lower surface tension liquid is pulled towards
the higher surface tension one. A flow from the edge to the apex appears [Girard 2006],
which brings the particles back to the center of the droplet. A temperature increase
should increase both phenomena, especially the capillary flow [Kim 2011a]. Kinetics
may also alter the drying process. For instance if the droplet is drying very quickly, the
evaporation will be done before the outward flow takes place.
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Figure B.3: Schematics of the capillary and Marangoni flows in a heated drying droplet.

Room temperature When the substrate is not heated, the droplet cannot overcome
the energy barrier required for depinning and the contact line remains pinned on the
substrate. During the long drying time, Ag NWs are brought to the edge by the capillary
flow, where they deposit, resulting in a thick coffee ring.

Medium temperatures When the substrate is heated, depinning is easier. At medium
temperatures, the coffee ring vanishes and a dot-like deposition is observed. The contact
line can still be pinned, but it does not remain pinned for long. Since the outward flow
is low, few particles will be deposited along the contact line, thus not observed with the
eye. The Marangoni flow brings nanowires back to the center of the droplet. Because
of poor interactions with the substrate, they do not adhere to it until the last part of
the drying process.

High temperatures At higher temperatures, stick and-slip rings are observed. They
stem from successive pinnings and depinnings of the droplet on the substrate. Combined
to the outward flow, it leads to rings, formed by Ag NWs deposited along the pinned
contact line. Although the effect of pinning is expected to fade when the temperature
increases, the deposition of Ag NWs on the edge intensifies (increase of the outward flow
compared to the Marangoni one). In addition, the pinned lines become more visible.

Leidenfrost effect At 110 ◦C the droplet moves on the substrate, which is due to
Leidenfrost effect. When a liquid is on a substrate with a temperature sufficiently higher
than its boiling point, a significant part evaporates but remains between the liquid and
the substrate. This gas thermally insulates the liquid from the hot substrate, which
slows the drying process down, and acts as a lubricant. Because of IPA weak surface
tension, its Leidenfrost temperature is rather low, ca. 115 ◦C [Luo 2017]. At 90 ◦C and
below, it was not observed.

Ag NWs alignment The assumption of a random network when drop-casting Ag
nanowires is not completely valid. During spreading and receding of the droplet on the
substrate, radial flows take place. The fluid motion against nanowires leads to a shear
force, which radially aligns Ag NWs. This is mostly observed when spreading or drying
are fast, because of stronger induced flows. Alignment along the contact line comes
from the decrease in overall surface tension enabled by this new interface. It can remind
of Pickering emulsions, where particles are used to stabilize the liquid droplets. Both
alignments can be used to control the organization of the network [Dai 2015, Wang 2017].
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Higher temperature depositions could be preferred, since it leads to a grid with
nanowires aligned radially and along the rings. Nonetheless, we chose a room tem-
perature deposition, because it resulted in a uniform central part.

Over large substrates, spin-coating, Mayer-rod coating or blade coating are used.

B.2.2 Mayer-rod coating

Mayer-rod coating is frequently used for the deposition of Ag NWs. It consists in a steel
rod coiled with a wire, which is pulled over the substrate. The wire diameter controls
the thickness of the wet coating. The concentration of the suspension and the number of
coatings also determine the density of the final network. In addition, NWs are slightly
aligned along the pulling direction: with successive depositions in orthogonal directions,
well connected networks can be obtained [Zhu 2013]. This method results in low loss of
suspension and is scalable to substrates a few meters wide.

Nonetheless, attempts of Mayer rod coating (close-wound, 0.30 mm-diameter wire,
for wet coatings of 24 µm) on Si NW/a-Si:H samples showed that this method is not
suited to NW arrays. Although as gentle as possible, the pressure needed for deposition
was damaging the NWs.

B.2.3 Spin-coating

With spin-coating, uniform and reproducible depositions are achievable. However, most
of the suspension is lost in the process and the method cannot be upscaled. In addition,
the radial alignment might be an issue for electrical connection.

Still, because of its high uniformity and repeatability, we used spin-coating for the
largest samples (chapter 3 on Ag NWs aging). Samples were spinned at 1000 rpm for
30 s with Ag NW suspension in IPA. For a uniform film, spinning had to be carried out
directly after deposition, as the IPA quickly evaporates.

B.2.4 Deposition methods in this work

The deposition of Ag NWs on small ITO cells required drop-casting. We chose a room
temperature deposition, because it resulted in a uniform central part. For large sub-
strates, spin-coating was preferred because of its uniformity and repeatability.

B.3 Annealing

The network resistance arises from the inner resistance of nanowires and the contact
resistance at junctions between nanowires. The latter is quite significant, due to or-
ganic residues from the synthesis (polyvinylpyrrolidone, PVP) acting as an insulating
layer, and poor geometrical contact between nanowires. Values around MW have been
measured on single (non-treated) junctions, compared to a few 10 Ω or 100 Ω for the resis-
tance of the nanowire, depending on dimensions [Garnett 2012, Nian 2015, Bellew 2015].
For low-density networks of Ag NWs, the junction resistance strongly limits the elec-
trical performance of the electrode. Thus, silver nanowires require a post treatment, in
order to remove PVP and to sinter nanowires. Thermal annealing is commonly used
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[Lee 2008], but acid or plasma treatment, electroforming, applied pressure or a conduc-
tive coating are also possible solutions [Hu 2010, Zhu 2013, Lee 2020].

Although bulk Ag melting point is much higher than the temperatures used in ther-
mal annealing (962 ◦C), the dimensions of NWs enable partial melting at a lower temper-
ature (typically 100-250 ◦C) [Lagrange 2015]. In nanostructures, more atoms are close
to the surface compared to bulk and their higher free energy requires less thermal energy
to achieve melting. With this partial melting, a reduction of surface is possible and the
NWs can be sinterered at lower temperatures than bulk.

B.3.1 Thermal annealing in air

We chose the most simple and easy way to upscale annealing method, an oven with
ambient atmosphere. The annealing effect was assessed through the sheet resistance
value, R□.

Annealing of Ag NWs does not require an inert atmosphere NWs are known
to possibly degrade in ambient atmosphere (details in Section 3.2.1). Thus we wanted to
assess whether annealing in air was detrimental to the Ag NWs. Our monitoring of the
electrical and morphological properties does not give evidence of such behavior. Under
the right conditions of temperature and time, electrical properties of Ag NWs on glass
are improved and no change in morphology except at junctions is observed in SEM.
Nevertheless, such annealing could prompt a degradation mechanism [Deignan 2017].

Optimal temperature dependence on diameter Different annealing tempera-
tures for Ag nanowires on ITO were tested. The effect on the sheet resistance of 20 min
in air at 200 ◦C or 240 ◦C for nanowires with 60 nm and 40 nm diameter is summarized
in Table B.1. Whereas 240 ◦C is necessary to strongly decrease the value of R□ for the
thicker NWs, it leads to an increase in R□ for the thinner ones. The decrease in R□

stems from welded junctions, as can be seen in several regions in Figure B.4 (a). Welded
junctions are also observed for thinner NWs at 200 ◦C. The origin of the R□ increase is
obvious from Figure B.4 (b). Many particles instead of NWs are seen.

Both effects are expected and have the same origin. With heating, the mobility
of atoms is increased. For low heating, rearrangement occurs only on a limited scale.
At higher temperatures however, the energy may be sufficient for a full reformation of
NWs into spheres [Lagrange 2015]. The energy required for rearrangement depends on
the free energy of atoms. In thinner NWs, more atoms are at the surface and have a
higher energy. Hence, the optimal temperature for annealing and the spheroidization
temperatures are lower for thinner NWs.

Optimal annealing is a trade-off between sintering and broken NWs An
annealed network of Ag NWs displays at the same time welded junctions and broken
nanowires in SEM, as shown in Figure B.5. This mix has been observed for networks
which showed either a decrease in R□ or an increase in R□. Both phenomena are related
to heating, but are expected to occur at different temperatures [Lagrange 2015]. Yet,
because these temperatures strongly depend on the diameter of the wires, both melted
and broken NWs can be observed in one sample. There is indeed a dispersion in the
diameters of the wires in suspension. This dispersion is clear from SEM, with nanowires
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Figure B.4: SEM images of (a) 60 nm×10 µm and (b) 40 nm×35 µm Ag NWs annealed
at 240 ◦C. Some melted junctions are highlighted with a white frame.

Figure B.5: (a, b) SEM images of 60 nm×10 µm Ag NWs annealed at 180 ◦C. In the
lower magnification image (a), melted junctions are highlighted with a frame made of
a solid line, while broken nanowires are highlighted with a frame made of a dashed line.
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Table B.1: Sheet resistance for different Ag NWs on ITO annealed at 200 ◦C and 240 ◦C.
The measurement error on R□ is a few Ω/□. The averaged density of Ag NWs is also
given as a function of the percolation threshold Nth

Ag NWs dimensions Rsheet Rsheet Ag NWs density
Before annealing After annealing

Annealing at 200 ◦C
60 nm×10 µm 42 Ω/□ 31 Ω/□ 11 Nth

40 nm×35 µm 34 Ω/□ 22 Ω/□ 108 Nth

Bare ITO 39 Ω/□ 36 Ω/□
Annealing at 240 ◦C

60 nm×10 µm 41 Ω/□ 10 Ω/□ 11 Nth

40 nm×35 µm 27 Ω/□ 30 Ω/□ 108 Nth

Bare ITO 42 Ω/□ 32 Ω/□

ranging at least from 30 nm to 90 nm, when the nominal diameter is (60±10) nm. In a
disperse suspension, thinner NWs can thus be broken before the welding of others and
the optimal annealing conditions are a balance between the amounts of melted and of
broken nanowires.

B.3.2 N2 annealing for TZO substrates

TZO annealing in air Annealing of doped ZnO (both TZO and AZO) following
the same conditions as for ITO substrates led to a strong increase in R□. For TZO
alone (80 nm), R□ rose from 150 Ω/□ to 7700 Ω/□ . NIR direct transmittance of AZO
showed an increase beyond 1.5 µm after annealing, pointing towards a lower density of
free carriers.1 This increase is attributed to the presence of oxygen. A higher resis-
tivity after annealing in air has been reported for AZO, although beyond 400 ◦C. It is
related to a decrease in the carrier density, probably through increased compensation of
dopants, either with higher densities of oxygen interstitials [Noh 2008] or Zn vacancies
[Koida 2017]. The difference with ITO could stem from the nature and the density of
compensating defects [Lany 2007].

N2 vs. Ar:H2 atmospheres Consequently, we considered atmospheres without oxy-
gen, N2 and Ar:H2 (Ar + 5 % H2). For a T0 setpoint, with either N2 or Ar:H2, the sample
was first heated up to T0 − 40 ◦C with a 10 °C/s ramp. After stabilization for 30 s, the
sample was heated up to T0 with a 4 °C/s ramp. After 20 min, it was cooled down with
N2 and removed from the oven when the temperature reached 70 ◦C (∼40 min later).

Annealing of TZO in both atmospheres led to no change in the NIR direct transmit-
tance. A small increase of the sheet resistance was observed for both gases (∼ 10 % of
80 Ω/□ for 100 nm TZO). It may be related to residual O2.

1However, NIR transmittance of TZO presented no change.
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New temperature conditions for Ag NWs annealing in N2 atmosphere These
conditions were deemed good enough for TZO as the substrate of Ag NWs2. For simplic-
ity, N2 atmosphere was preferred. Yet, because the heating system is different (chamber
size, heating ramp, gas flows, etc), a new optimization of the annealing conditions of Ag
NWs was required. An annealing temperature 30 ◦C lower was chosen. As displayed in
Figure B.6, the same trend in R□ with annealing is observed for Ag NWs on glass or on
TZO.

Figure B.6: Sheet resistance before and after annealing for Ag NWs on glass or on
glass/TZO. Annealing was carried out in N2 for 20 min. In the air oven, the optimal
temperature for these Ag NWs was 240 ◦C.

Nonetheless, the oven under ambient atmosphere at 240 ◦C still resulted in a better
annealing of Ag NWs (without TZO). This is likely related to the heating mode and the
temperature profile during heating and cooling.

2The R□ increase is likely related to the temperature, as annealing of 80 nm TZO at 170 ◦C under
N2 showed a small decrease in R□ from 177 Ω/□ to 168 Ω/□.



Appendix C

Measurements under strong
illumination

C.1 Laser profile

We determined the size of the laser beam after the pinhole with the knife-edge method.
As a gaussian beam, the total power can be fitted with the error function. The gaussian
profiles for the three pinholes are displayed in C.1. The diameter chosen for the power
density is the 1/e2 diameter, that corresponds to a power P = Pmax/e2 ≃ 0.135 Pmax. We
chose diameters large enough to avoid diffraction effects. They are still observed on the
edge of the smaller pinhole (400 µm).

Figure C.1: Normalized power density distribution of the laser beam through pinholes
of 400 µm, 800 µm and 1400 µm diameter. For each pinhole, the 1/e2 diameter is given in
brackets. The gaussian profiles for the measurements are displayed with ⋆, the profiles
for the fits with a solid line.
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C.2 Performance of the measured cells under 1 Sun

Figure C.2 shows the J-V curves under 1 Sun illumination of the Si NW/a-Si:H, pla-
nar a-Si:H and c-Si solar cells used for measurements under strong illumination. The
planar cell with a-Si:H displays a so-called S-shaped I-V curve. There is an inflection
point, close to the open-circuit conditions. S-shaped I-V curves are related to potential
barriers that limit the charge transport [Saive 2019]. In our cell, we believe a barrier
exists at the interface between the p-doped amorphous silicon and the AZO due to a
poor band alignment. It is likely related to the work function of the AZO film, which
may be affected by the crystallinity and the doping of AZO, both dependent on the
substrate temperature during sputtering. Interestingly, the same back-contact is used
for Si NW/a-Si:H cells but does not result in an S-shaped I-V, except for a very low
density of NWs. The carriers are indeed collected by the c-Si cores and the alignment
between a-Si:H and AZO is not relevant for the NWs. It is however significant for the
parasitic flat cell and accounts for the change at low NW densities.
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Figure C.2: J-V curve of (a, b) Si NW/a-Si:H, (c, d) planar a-Si:H and (e, f) c-Si
solar cells under 1 Sun illumination before (left) and after (right) the strong illumination
measurements. The dark c-Si current was limited by the setup.
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