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Titre : Microscopies a sonde locale pour I'étude de matériaux et structures pour le photovoltaique
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Résumé : La microscopie a sonde de Kelvin (KPFM)
et la technique AFM a pointe conductrice (c-AFM) ont
été étudiées pour la caractérisation des matériaux et
des dispositifs photovoltaiques, en accordant une
attention particuliere aux analyses en coupe
transversale. Dans cette thése, nous présentons les
résultats obtenus sur diverses structures développées
a I'lPVF et dans les laboratoires partenaires: des
structures multicouches et cellules solaires a base de
I11-V, des cellules solaires en pérovskite a différents
stades de traitement, des cellules solaires en CZTGS
et en CIS, ainsi que des hétérojonctions au silicium.
Parmi les technologies PV existantes, les dispositifs
solaires a base de llI-V font partie de la technologie
photovoltaique des films minces. En conséquence, la
démonstration expérimentale de la sensibilité de la
technique KPFM aux couches plus minces peut jouer
un rOle crucial dans linvestigation et la
compréhension des propriétés de surface locales. En

particulier, nous avons examiné une structure
multicouche InP:S/InP:Fe ainsi qu'une structure
multicouche InP:Zn/GalnAs:Zn comportant des

couches de largeurs et de concentrations de dopage
différentes. Pour cette analyse, nous avons défini
différents objectifs: le premier était I'évaluation de la
résolution spatiale de notre configuration KPFM dans
des conditions ambiantes. Le deuxiéme était une
compréhension complete des résultats de VCPD
combinée a une description des principaux facteurs
qui affectent les mesures KPFM avec l'application de
la modélisation numérique de la sonde Kelvin. Une
évaluation quantitative de la distribution des
concentrations de défauts de surface a été proposée
pour expliquer les résultats expérimentaux de VCPD.
L'analyse C-AFM et KPFM a ensuite été poursuivie sur
une structure multicouche et cellule solaire
hétérojonction AlGaAs:Be/GalnP:Si. L'analyse C-AFM
s'est avérée étre une méthode fiable pour mesurer la
résistance locale le long d'une structure multicouche,
permettant ainsi l'identification de différentes
couches. Une analyse approfondie a été effectuée
pour élucider la nature du contact électrique entre la

pointe de I'AFM et la surface de |'échantillon, qui
s'est révélé étre un contact de Schottky. Par
conséquent, une barriére de potentiel sera toujours
présente a l'interface pointe/échantillon, ce qui
peut entraver la collecte de charges et affecter la
résistance locale mesurée.
KPFM a été utilisée pour fournir une preuve
expérimentale de la performance PV insatisfaisante
du dispositif CZTGS sous éclairage. En particulier,
KPFM a révélé la présence d’'une couche épaisse de
MoS2 qui agissait comme une barriére a une
collecte efficace des porteurs de charge positifs.
La KPFM a également été réalisée pour évaluer la
variation du potentiel de surface a travers une
hétérojonction n-cSi/i-aSi:H/p-pcSiox. Une
attention particuliere a été consacrée a élucider la
méthodologie permettant d'identifier le véritable
bord de I'échantillon tout en atténuant la présence
d'un artefact distinct en forme de V, susceptible de
géner et de fausser une interprétation précise des
données.

KPFM a été utilisée pour la caractérisation d'une
cellule solaire CIS. L'analyse SPV a permis de
déterminer la VOC de I'échantillon, ce qui aurait été
difficile a estimer en utilisant des techniques
conventionnelles en raison de la haute résistivité de
la couche CIS due a I'oxydation.
La technique KPFM a été efficacement utilisée pour
évaluer le changement potentiel de FTO résultant
de l'incorporation de couches de SnO2 et de
SnO2/NaF. Les résultats ont montré une
augmentation du potentiel de surface, signifiant
une diminution de la fonction de travail induite par
ces couches supplémentaires. Dans une expérience
similaire, il a également été démontré qu'une fine
couche d'Al203 est également capable de réduire
la fonction de travail de la couche de SnO2. Ces
méthodes pourraient étre utilisées pour améliorer
la collecte d'électrons dans les dispositifs a base de
pérovskite.




Title : Local probe microscopies for the study of photovoltaic materials and structures

Keywords : Kelvin probe force microscopy, conductive-AFM, photovoltaics, cross-section, KPFM, interfaces

Abstract : Kelvin probe force microscopy (KPFM) and
conductive-AFM (c-AFM) techniques have been
investigated for the characterization of PV materials
and devices, with particular attention for cross-
section analyses. In this thesis we present results on
a variety of structures developed at IPVF and partner
laboratories: 1lI-V-based multilayer structures and
finalized solar cells, half and fully processed
perovskite solar cells, CZTGS and CIS solar cells and
Silicon  heterojunctions have been studied.
Among the existing PV technologies, IlI-V-based
solar devices belong to the PV technology of thin and
ultra-thin films in which layers with widths of the
order of a few nm are often integrated for an optimal
surface passivation or for better carrier extraction,
considerably enhancing device efficiency.
Consequently, the experimental demonstration of
the sensitivity of the KPFM technique to the narrower
layers can play a crucial role in the investigation and
comprehension of the local surface properties and
charge transport mechanisms at the interfaces. In
particular, we have investigated an InP:S/InP:Fe and
an InP:Zn/GalnAs(P):Zn multilayer structure with
layers of different widths and doping concentrations.
For this analysis we have set different objectives: the
first objective was the evaluation of the spatial
resolution of our KPFM setup in ambient conditions.
The second objective was a full understanding of the
VCPD results combined with a description of the
principal factors that affect KPFM measurements with
the application of Kelvin Probe (KP) numerical
modelling. A quantitative evaluation of the
distribution of surface defects concentrations was
proposed to explain the experimental VCPD results.
C-AFM and KPFM analysis was then continued on a
p-AlGaAs:Be/n-GalnP:Si heterojunction multilayer
structure and finalized solar cell. C-AFM analysis
proved to be a reliable method for measuring the
local resistance along a IlI-V based multilayer
structure, enabling the identification of various layers
and regions with different doping type. Nonetheless,
a thorough analysis was performed to elucidate the
true nature of the electrical contact between the AFM
tip and the surface of the sample which resulted to
be a Schottky contact. Therefore, a potential barrier
will be always present at the tip/sample interface
which can hinder (or facilitates) the collection of
charges and in turn affect the local measured

Resistance. .Furthermore, cross-sectional KPFM was
used to offer experimental evidence of the
unsatisfactory PV performance of the CZTGS device
under illumination. In particular, KPFM revealed the
presence of a bulky MoS2 layer which acted as a
barrier for an efficient collections of positive charge
carriers.

Cross-sectional KPFM was also performed to
evaluate the surface potential variation across a n-
cSi/i-aSi:H/p-ucSiOx  heterojunction.  Special
attention was dedicated to elucidating the
methodology for identifying the real physical edge
of the specimen while mitigating the presence of a
distinctive V-shaped artifact, which has the
potential to impede and mislead accurate data
interpretation.

In addition, KPFM was used an effective tool for the
characterization of an unfinalized Mo-detached CIS
solar cell. Specifically, SPV analysis allowed to
determine the VOC of the sample, which would
have been challenging to estimate using
conventional techniques due to the high resistivity
of the CIS layer due to oxidation.
KPFM technique was effectively employed to assess
the potential change of FTO resulting from the
incorporation of SnO2 and SnO2/NaF layers. The
findings unambiguously demonstrated an increase
in surface potential, signifying a decrease in work
function induced by these additional layers. In a
similar experiment, it was also demonstrated that a
thin layer of AlI203 is also capable of reducing the
WF of the SnO2 layer. These methods could be
used for improving electrons collection in
perovskite-based devices.




Synthese en francais

La microscopie a sonde de Kelvin (KPFM) et la microscopie a force atomique (AFM) a pointe conductrice
(c-AFM) ont été étudiées pour la caractérisation des matériaux et des dispositifs photovoltaiques, en
accordant une attention particuliere aux analyses en coupe transversale. Nous présentons les résultats
obtenus sur diverses structures développées a I'IlPVF et dans des laboratoires partenaires : des structures
multicouches et cellules solaires a base de semi-conducteurs IlI-V, des cellules solaires a base de
pérovskites a différents stades de traitement, des cellules solaires en CZTGS et en CIS, ainsi que des
hétérojonctions de silicium. Ces structures mettent en jeu des couches minces d'épaisseur de I'ordre du
micron et parfois nettement moins, pour lesquelles nous avons montré la sensibilité de la technique
KPFM et c-AFM.

En plus, une modélisation 2D par éléments finis de la mesure du potentiel de surface et de la différence
de potentiel de contact (Vcpp) telle gu’obtenue par la méthode de sonde de Kelvin (KP) a été utilisée pour
appuyer l'interprétation des résultats expérimentaux. En particulier, une évaluation quantitative de la
distribution des concentrations de défauts de surface a été proposée pour expliquer les résultats
expérimentaux de Vcpp.

Apres un premier chapitre introductif, le chapitre 2 décrit les méthodes expérimentales et numériques
utilisées au cours de cette these. Il décrit en particulier la technique KPFM, dont le schéma de principe
est représenté a la figure 1.

Le chapitre 3 est consacré a I'analyse d’une structure InP:S/InP:Fe et d’une structure InP:Zn/GalnAs:Zn
comportant des couches d'épaisseurs et de concentrations de dopants différentes. Pour cette analyse,
nous avons défini différents objectifs. Le premier était I'évaluation de la résolution spatiale de notre
configuration KPFM dans des conditions de fonctionnement a l'air ambiant. Le deuxieme était la
compréhension des résultats de Vcpp combinée a une description des principaux facteurs qui affectent
les mesures KPFM grace au déploiement d'une modélisation numérique de la technique KP.

White light
illumination

1310 nm IR » 1 4 fFour quadrant

I

Topography
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Figure 1 : Schéma de principe du systéme KPFM. Alors qu'une tension Vac + Vpc est appliquée, la pointe KPFM
balaye une surface. Le signal Vac est sinusoidal avec une fréquence égale a la résonance mécanique du levier. Le
détecteur a quatre quadrants fournit une rétroaction afin de minimiser I'oscillation du levier en modifiant le signal
Vpc pour fournir le potentiel de la surface de I'échantillon par rapport a celui de la pointe

Plus précisément, a partir de I'analyse de la structure multicouche InP:S/InP:Fe, nous avons réussi a
démontrer la grande sensibilité de la technique KPFM a la concentration locale de dopants, puisque nous
arrivons a détecter I'existence de couches d’épaisseur inférieure a quelques dizaines de nanométres. De
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plus, dans le cas de notre échantillon, en raison d’'une concentration de dopants bien plus faible dans les
couches d’InP:Fe par rapport a celle dans les couches contigués d’InP :S et de leurs faibles épaisseurs
(<100nm), la charge d’espace se développant autour des interfaces occupe toute I'épaisseur des
couches d’InP:Fe. Un contraste de Vcpp a travers les couches de différentes épaisseurs reste cependant
possible. En outre, nous avons montré que l'application d’'un éclairement par une lumiére blanche
d’intensité modeste sur la section transversale (obtenue par clivage) permettait une amélioration
significative de ce contraste le long de toute la structure, ce qui s'explique par I'effet de I'éclairement sur
la courbure des bandes en surface liée a la présence de défauts de surface. En raison de leur réle central
sur la détermination du profil de Vcpp, les aspects principaux de la théorie concernant les défauts de
surface de semi-conducteurs est succinctement présentée.

Enfin, grace a I'expertise acquise par I'étude de I'échantillon de multicouche d’InP:S/InP:Fe, une analyse
KPFM en coupe transversale similaire a été réalisée sur une structure multicouche d’InP:Zn/GalnAs:Zn.
Cette fois-ci, des distributions quantitatives de densités de défauts de surface sont proposées afin
d'expliquer les profils expérimentaux de Vcpp. En particulier, la modélisation numérique et I'analyse ont
indiqué que les défauts de surface sont responsables d'un écart significatif du profil de potentiel de
surface par rapport a celui attendu en tenant compte des propriétés de volume (e.g. concentrations de
dopants) des matériaux. De plus, nous avons montré que le profil de potentiel observé le long de la
surface clivée de I'empilement n-InP/InP:nid/p-InP:Zn peut s'expliquer par de fortes densités de défauts
de surface dans les couches fortement dopées n-InP et p-InP:Zn, avec une densité de défauts beaucoup
plus faible dans la couche tampon non intentionnellement dopée d’InP :nid.

Le Chapitre 4 explore le coeur de notre recherche, présentant et analysant les résultats des mesures
KPFM et c-AFM effectuées sur la section transversale de cellules de diverses technologies
photovoltaiques, ainsi que les défis associés a ces caractérisations.

Apres les résultats présentés dans le chapitre 3, I'analyse par c-AFM et KPFM a ensuite été poursuivie
sur une structure multicouche et sur une cellule solaire a hétérojonction AlGaAs:Be/GalnP:Si. L'analyse
c-AFM de la section transversale, telle que représentée a la figure 2, s'est avérée étre une méthode fiable
pour l'identification des différentes couches grace la mesure de la résistance locale. Cependant, des
différences substantielles dans les profils de résistance expérimentaux ont été observées en fonction de
la polarité appliquée entre |'échantillon et la pointe AFM. Plus précisément, les polarités +1 Vet -1V ont
été examinées en détail. Une analyse approfondie a été effectuée pour élucider la nature du contact
électrique entre la pointe de I'AFM et la surface de I'échantillon, qui s'est révélé étre un contact de type
Schottky. Une barriére de potentiel sera ainsi toujours présente a l'interface pointe/échantillon, ce qui
peut entraver la collecte de charges et affecter la résistance locale mesurée.

X\—b
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Figure 2 : Représentation schématique d'une mesure de Resiscope en coupe transversale. Le lac d'argent est
généralement utilisé pour assurer un contact électrique raisonnable entre le porte-échantillon et I'échantillon.



L'analyse c-AFM de la cellule solaire AlGaAs:Be/GalnP:Si finalisée pour une polarité de -1 V appliquée
entre I'échantillon (du c6té du substrat fortement dopé p) et la pointe a révélé que I'application d'une
illumination par laser (A=488 nm) induit une diminution de la résistance apparente lorsque la pointe
balaye la couche d’absorbeur la couche frontale de type n (émetteur) de la cellule . Ceci est interprété
par un effet de photocourant généré par la cellule.

La cellule solaire finalisée AlGaAs:Be/GalnP:Si a également été caractérisée par KPFM en coupe
transversale. L'analyse a été réalisée en utilisant également une sourcemetre, ce qui a permis de réaliser
I'analyse dans différentes conditions expérimentales : court-circuit, circuit ouvert et sous une tension
externe appliquée, a la fois dans I'obscurité et sous éclairement. Les résultats expérimentaux ont une
fois de plus révélé l'impact des défauts de surface qui sont responsables d’une atténuation de la variation
de potentiel par rapport a ce qui est attendu en se basant uniquement sur les concentrations de dopants
en volume dans les couches.

Les caractéristiques typiques d’une jonction pn ont été observés dans nos résultats expérimentaux, ou
I'application d'une polarisation directe entraine une réduction de la charge d'espace par rapport au cas
sans polarisation. Cependant, selon la théorie, la barriere de potentiel interne devrait diminuer de la
méme quantité que la polarisation directe appliquée (si tant est que les chutes de potentiel en dehors
de la zone de charge d’espace de la jonction restent négligeables). Les observations expérimentales ont
révélé que l'application d'une polarisation de +1 V entraine bien une différence notable, mais la valeur
exacte de la tension n'est pas discernable a partir du profil Vcpp. De méme, sous des polarisations inverses
appliquées, on observe une augmentation de la charge d'espace et de la barriere de potentiel, mais une
fois de plus, pas de la méme quantité que la polarisation inverse appliquée. Enfin, nous avons mis en
évidence que le profil Verp obtenu sous une polarisation similaire a la tension en circuit ouvert (Voc),
permet d'obtenir un profil Vepp similaire a celui obtenu sous illumination avec I'échantillon en conditions
de circuit ouvert. Cela est d( au fait que I'application d'une polarisation externe similaire a la tension en
circuit ouvert est capable d'induire une séparation quasi-niveau de Fermi similaire a celle obtenue sous
illumination.

Apres l'analyse approfondie en KPFM et c-AFM en coupe transversale effectuée sur la cellule solaire
AlGaAs:Be/GalnP:Si, afin de souligner I'intérét et les potentialités de la technique KPFM pour le domaine
du photovoltaique, nous I'avons utilisée pour I'analyse d’autres PV structures.

En particulier, dans le cadre d'une collaboration avec I'université di Milano-Bicocca, nous avons pu
fournir une explication expérimentale de la performance PV insatisfaisante de dispositifs CZTGS sous
éclairement. En effet, nous avons révélé la présence d’une couche épaisse de MoS; qui agit comme une
barriere a la collecte efficace des porteurs de charge positifs (trous). En fait, les trous se déplacent vers
une énergie plus élevée, c'est-a-dire un potentiel plus bas. L'augmentation du potentiel enregistrée
depuis le MoS; vers le Mo agit comme une barriere pour la collecte des trous et peut également induire
I'accumulation d'électrons a l'interface Mo/MoS,, favorisant ainsi les phénomeénes de recombinaison.
Une des problématiques des mesures en section transversale est |'identification précise du bord de
I’échantillon (donc de la surface du dispositif qui va recevoir la lumiére en utilisation photovoltaique
normale. Plus précisément, il existe bien souvent un artefact en forme de V dans le profil de Vcpp,
susceptible de géner et de fausser une interprétation précise des données. Dans le dernier paragraphe
du chapitre 4, nous nous sommes servis de mesures du potentiel de surface en section transversale des
couches utilisées dans la technologie des cellules PV a hétérojonctions de silicium, n-cSi/i-aSi:H/p-ucSiOx.
Nous avons proposé une méthodologie permettant d'identifier le véritable bord de I'échantillon tout en
atténuant la présence de cet artefact. En outre, I'acquisition de signaux supplémentaires a Vcpp lors de
I'analyse KPFM peut faciliter I'interprétation des données. En particulier, les signaux Mag, Phase et Dmag
sont des mesures fondamentales qui fournissent collectivement des informations détaillées sur le
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Figure 3 : Mesure FM-KPFM de la coupe transversale de la surface du dispositif CZTGS. La topographie (a) et

I'image Vcpo (b). Les profils en (c, d) montrent une valeur moyenne des données le long de la topographie et de

I'image Vcrp, respectivement. Les profils correspondent aux deux régions identifiées par le segment blanc en

pointillés.

potentiel de surface, les forces électrostatiques et les propriétés électroniques des matériaux a I'échelle
nanométrique. Acquérir de la compétence dans l'acquisition et la compréhension de ces signaux peut
améliorer l'interprétation des données expérimentales, ajoutant ainsi une valeur supplémentaire au seul
profil de Vcep et aidant a l'identification précise du véritable bord de I’échantillon.

Afin de souligner I'intérét et les potentialités de la technique KPFM pour le domaine du photovoltaique,
nous donnons dans le chapitre 5 deux exemples d’utilisation dans le cadre de projets supplémentaires
entrepris au cours de la thése de doctorat. Tout d’abord, la technique KPFM a récemment été reconnue
comme une nouvelle méthode pour cartographier la tension de circuit ouvert locale avec une résolution
spatiale nanométrique dans des dispositifs photovoltaiques. Lorsque le dispositif est éclairé, la tension
de circuit ouvert peut étre directement estimée a partir de la mesure de la photo tension de surface,
SPV, i.e. en soustrayant la valeur de différence de potentiel de contact a I'obscurité, Vcep/dark, de celle
sous lumiere, Vcpp/iight,, Nous avons montré sur un exemple de cellule finalisée permettant une mesure
simultanée de la tension de circuit ouvert macroscopique, que les valeurs de SPV correspondent de
maniére remarquable aux valeurs macroscopiques de Voc. L'intérét de la mesure SPV par KPFM se
manifeste surtout pour I'étude de structures dont la fabrication n’est pas forcément entiérement
finalisée (par exemple en I'absence de couche d’électrode supérieure), rendant impossible une mesure
macroscopique fiable de V.

Nous l'avons ainsi utilisée pour la caractérisation d'une cellule solaire CIS non pourvue d’électrode
(terminée par une couche de CdS) détachée de son substrat de Mo, que nous sommes retournées afin
d’analyser la surface de CIS ainsi mise a I’air. L'analyse de SPV a permis de déterminer la tension de circuit
ouvert de I'échantillon, ce qui aurait été difficile a estimer en utilisant des techniques conventionnelles
en raison de la haute résistivité de la couche CIS due qui peut étre liée a un phénomene de création de
défauts superficiels ou d'oxydation. L'échantillon, contacté par une laque a I'argent sur sa face CdS et
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par une pointe macroscopique sur la surface du CIS présentait certes un effet redresseur dans sa
caractéristique I-V ; cependant, ses performances photovoltaiques étaient trées médiocres, avec un
courant de court-circuit tres faible et une tension de circuit ouvert mesurée a 0,20 V, également trés
faible. La valeur de courant extrémement faible nous a par ailleurs empéchés de réaliser une analyse
spectrale de rendement quantique externe (EQE), car le signal de I'échantillon était noyé dans le bruit.
Cependant, I'analyse du signal SPV effectuée avec trois lasers différents a 488 nm, 785 nm et 980 nm a
révélé des valeurs de I'ordre de 0.6 V, ce qui correspond bien a la plage typique de Voc de 0.6 a 0.7 V
rapportée pour les cellules solaires a base de CIS. Elle a aussi mis en évidence des dépendances avec la
puissance lumineuse d’éclairement différentes selon la longueur d’onde, qui ont pu étre interprétées en
termes de défauts de surface, de non-homogénéité de la couche, et de longueur de diffusion des
porteurs insuffisante au regard de I'épaisseur de la couche.

Enfin, la derniére partie du chapitre 5 présente deux méthodes différentes qui permettent de modifier
le travail de sortie de la couche de transport des électrons utilisée dans les cellules solaires a base de
pérovskite (PVK). En particulier, L'utilisation de FTO en tant qu'électrode conductrice transparente dans
les cellules solaires en pérovskite pose un défi en raison de sa valeur élevée de travail de sortie. Cela
conduit a un alignement des niveaux d'énergie défavorable avec la couche PVK, entravant I'extraction
efficace des électrons et leur collecte. Pour remédier a cela, une couche d’extraction et de transport
d’électrons (ETL) est utilisée. Les matériaux couramment utilisés pour I'ETL comprennent le dioxyde de
titane (TiOy), I'oxyde de zinc (ZnO) et I'oxyde d'étain (Sn0O>).

Par l'analyse KPFM, nous avons pu évaluer des changements de travail de sortie résultant de
I'incorporation de couches de SnO; et de SnOy/NaF sur le FTO. Les résultats ont montré une
augmentation du potentiel de surface, signifiant une diminution du travail de sortie induite par ces
couches supplémentaires. Pour finir, dans une expérience similaire, il a été démontré qu'une fine couche
d'Al,O3 est également capable de réduire le travail de sortie de la couche de SnO,. Dans le futur, ces
méthodes devraient étre testées sur des cellules compeétes et étre utilisées pour améliorer la collecte
d'électrons dans les dispositifs a base de pérovskites.
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Chapter 1
Context

Photovoltaic (PV) energy is a form of renewable energy that converts sunlight into electricity in a clean,
quiet, and reliable way through PV systems (or modules) which consist of several PV devices (or solar cells)
connected in series [1].

It is a relative newcomer technology, with the first functional PV devices demonstrated in the 50s. In
particular, the merit of the development of PV technology must be attributed to the space industry in the
60s where cost was not a barrier since no other sources of electrical power are available [2]. These early
devices were extremely more expensive than today and for this reason they did not find application on
earth. Nonetheless, the interest in solar energy was renewed in the 1970s motivated by the first oil crisis
[3]. At that time, the scientific community efforts were devoted to decreasing the fabrication costs and
enhancing solar panels efficiency. In 1985 it was realized for the first time a silicon-based device with an
efficiency of 20% which represented an initial substantial milestone in the PV community [4]. Nowadays,
the research is still dedicated to the same principles of reducing costs and enhancing efficiency. In this
regard, different materials have been explored and developed besides silicon, such as IlI-V (GaAs, InP,
InGaAs), chalcogenide (CIGS, CdTe), perovskites, polymers etc. with the accomplishment of remarkable
devices performances [5].

1.1 llluminating the Future: an overview of photovoltaic energy and its po-
tential

1.1.1 Global warming and renewable energies

The expression greenhouse (GH) effect has commonly been used for the role of the atmosphere in main-
taining the surface of the earth warm. Recently, it has been progressively correlated to an increase of CO»
in the atmosphere which is calculated to contribute about 50% to the anthropogenic GH effect. Further-
more, several other gases generated by the industrial and domestic activities such as CHa, CFCs, halogens,
NOj, and ozone are also classified as greenhouse gasses (GHGs) and have an impact to the GH effect. The
GH effect primarily contributes to the increase of the temperature of the Earth, as it is responsible for
elevating the levels of trapped heat in the atmosphere [6]. This phenomenon gives rise to several second-
ary issues, including alterations in ecological systems and the accelerated erosion of coastlines due to
rising sea levels.

According to the European Union (EU), climate change is taking place. Predictions indicate that if atmos-
pheric concentrations of GHGs, mainly due to fossil fuel combustion, persist at the current rates, the tem-
perature may rise by additional 2-4 °C in the next century [7]. If this prediction is actualized, the sea level
could rise by 30-60 cm before the end of this century causing dramatic consequences for the environ-
ment.
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Through the past two decades, the threat and consistency of environmental degradation have become
more evident since the environmental impact of human activities has expanded drastically. This is due to
the growth of the world population, energy consumption, and industrial activity. Therefore, a global and
cohesive action is essential to regulate and limit the effect of human activities on earth. In this sense,
many policies related to environment safeguard were supported and signed by nations from all over the
world. The Kyoto Protocol signed in 1997 [8] is an international agreement with the aim of reducing GHGs
emissions and slowing the pace of global warming. It is a legally binding agreement under the United
Nations Framework Convention on Climate Change (UNFCCC) to which nearly all countries in the world
are party. The essential principle of the Kyoto Protocol was that industrialized nations needed to diminish
the amount of their CO; emissions.

Additionally, the European Climate Change Program (ECCP) was launched in 2000 by the European Union's
European Commission, with the purpose of avoiding dangerous climate changes. The goal of the ECCP is
to identify and develop all the necessary elements of an EU strategy to implement the Kyoto Protocol.
Furthermore, the Paris Agreement is a legally binding international treaty adopted in 2015 by 196 Parties
at COP21 with the goal of limiting global warming to below 2°C, preferably 1.5°C, compared to pre-indus-
trial levels.

Accomplishing solutions to the environmental crises that humanity meets today necessitates protracted
potential actions for sustainable development. Renewable energy resources seem to be one of the most
efficient and effective solutions. Renewable energy resources are defined as sources of energy that are
naturally replenished or regenerated over a relatively short period of time unlike non-renewable energy
resources such as fossil fuels, which are depleted when extracted and consumed. Examples of renewable
energy resources include solar energy, wind energy, hydroelectric energy, geothermal energy, and bio-
mass [10].

Renewable energy resources are considered to be an important part of the solution to the problem of
climate change, as they produce little or no GHGs when used. They also offer a more sustainable and
secure source of energy, as they are not subject to the same price fluctuations or depletion risks as non-
renewable energy resources.

T T T T T
2017 2018 2019 2020 2021 2022 2023

Hydropower @ Bioener ay Onshore wind @ Offshore wind Utility-scale PV Distributed PV Other renewables PV's share

Figure 1: Net renewable capacity (GW) additions by the different renewable energy resources from 2017 to 2023
[11].
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Although these resources have vast energy potential, they are poorly diffused and not fully available, and
most of them are irregular and have definite regional variabilities. Lately, considerable progresses were
achieved by improving collection and conversion efficiencies, reducing the initial and maintenance ex-
penses, and increasing the reliability and applicability of renewable energy systems. The new renewable
capacity provided by renewable energy resources is shown in Figure 1.

1.1.2 Solar energy

The quantity of sunlight continuously reaching the atmosphere of the earth is around 1.05x10° TW, con-
sidering a 60% transmittance through the atmospheric cloud cover. Hypothetically, if only 1% of the irra-
diance reaching the surface of the earth could be converted into electric energy with a 10% efficiency, it
would furnish a resource base of 10° TW, while the total global energy needs for 2050 are projected to be
about 25-30 TW [12].

The current state of solar energy technologies is such that commercially available silicon solar cell effi-
ciencies have achieved more than 20%, with concentrating PVs at about 20%-40%, and solar thermal sys-
tems provide efficiencies of 60-80%.

The countries with the most installed capacity of solar PV are China, the United States, Japan, Germany,
and India. If the climate goal of 2 °C is to be achieved, solar PV should evolve from around 1% of total
electricity generation in 2015 to 22% in 2050. That would mean an investment of roughly 5 trillion USD
until 2050 in solar PV generation [13].

Although high initial investment costs constitute an important barrier for the upscaling of solar generation
technologies, PV panels allow smaller installations with lower capital costs with respect to hydro or wind.
The biggest advantage of solar energy compared with other forms of energy is that it is clean, and it can
be provided without environmental pollution. Additionally, solar energy provides environmental benefits
in comparison to electricity generation using conventional energy sources. The benefits arising from the
installation and operation of solar energy systems fall into two main categories: environmental and soci-
oeconomical issues [14].

From an environmental perspective, the use of solar energy technologies has several positive effects that
comprise the reduction of the emission of the GHGs and of toxic gas emissions, renovation of degraded
land, reduced necessity for transmission lines within the electricity grid, and improvement in the quality
of water resources. The socioeconomic benefits of solar technologies involve the enhanced regional and
national energy independence, creation of employment prospects, and diversification and security of en-
ergy supply [15].

On the other hand, no artificial project can entirely prevent some impact to the environment. The nega-
tive environmental aspects of solar energy systems include pollution as consequences of production, in-
stallation, maintenance, and demolition of the systems, and land displacement. Besides, the energy pro-
duced by solar systems should be used as soon as it is produced and, when this is not possible, solar
energy must be stored. However, storage systems, such as batteries, can have negative environmental
impacts due to the materials used in their manufacture and disposal. Additionally, storage systems for
solar energy are quite expensive and the cost of storing energy is often higher than the cost of energy
production [16].

12



Chapter 1 — Context

1.1.3 Semiconductors

Semiconductor materials possess the capacity to conduct or impede electricity based on specific condi-
tions, differentiating them from conductors and insulators. Through controlled manipulation of factors
such as temperature and impurities, semiconductors enable the precise regulation of electrical conduc-
tivity, forming the foundational elements of modern electronic systems. Semiconductor materials have a
number of unique properties that make them useful in electronic devices such as a tunable electrical
resistance, a high melting point, and a high thermal conductivity. Semiconductor materials are used in a
wide range of electronic devices, including transistors, solar cells, and diodes. PV devices are based on
semiconductors materials due to the light absorption phenomenon which characterizes this class of ma-
terials. Specifically, absorption leads to generation of free charge carriers which can be collected through
solar cells [17].

1.1.4 Photovoltaic effect

When a semiconductor material is exposed to light, the photons can be reflected, absorbed, or transmit-
ted. When a photon is absorbed by a valence electron of an atom, the energy of the electron is increased
by the amount of energy of the photon. If the energy of the photon is greater than the band gap of the
semiconductor, the electron will jump into the conduction band, where it can move freely leaving in the
valence band a positively charged carrier (hole). In order to efficiently collect the photogenerated carriers
additional layers must be added to the semiconductor absorber. Specifically, a selective charge transport
layer is defined as a component that is able to efficiently extract and transport photogenerated charge
carriers, improving the efficiency of a solar cell energy by minimizing recombination losses. A charge
transport layer is defined as Electron Transporting Layer (ETL) when it primarily facilitates the flow of
electrons while impeding the transport of holes. Conversely, it is designated as a Hole-Transporting Layer
(HTL) when its main function is to support the transport of holes while inhibiting the flow of electrons.
Additionally, within a solar cell, the absorber material typically features a pn junction. The electric field
generated by a pn junction [17] separates charge carriers by driving free electrons towards the n-side and
holes towards the p-side.

If the two sides of the solar cell are connected through a load, an electric current will flow from the n-side
to the p-side under sunlight irradiation. A basic schematic of the operation of a photovoltaic cell is shown
in Figure 2. For instance, in the case of Si solar cells, when the absorber is p-type, a n-type Silayer is added
in order to form a pn junction and a p* Si layer is added as an HTL. Note that the situation is reversed in
case of a n-type absorber.

Generally, a PV cell consists of the active photovoltaic material, metal grids, antireflection coatings, and
supporting material [18]. The complete cell is optimized to maximize both the amount of sunlight entering
the cell and the power out of the cell. The PV material can be one of several compounds. The metal grids
enhance the current collection from the front and back of the solar cell. The antireflection coating is gen-
erally deposited on to the top of the cell to reduce or minimize the amount of reflection of the incident
light. As a result, PV cells range in color from black to blue. In some types of photovoltaic cells, the top of
the cell is covered by a semi-transparent conductor that functions as both current collector and antire-
flection coating.
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Figure 2: Schematic representation of a solar cell. The incident light is absorbed in the semiconductor and photo-
generated charge carriers are collected thanks to selective charge transport layers (ETL and HTL). In order to im-
prove PV performance, a pn junction is generally formed to facilitate charge carriers collections.

1.1.5 Recombination phenomena

Recombination is a mechanism that takes place in semiconductors to equilibrate excess charge carriers
through the annihilation of oppositely charged carriers e.g., positively charged holes (h*) and negatively
charged electrons (e’).

If the energy released through recombination is in the form of a photon, the process is known as radiative-
recombination. Non-radiative recombination is often the result of material defects and intermediate en-
ergy levels in the band gap. Non-radiative recombination can be categorized as either Auger or defect
level driven recombination [19]. A schematic of these principal recombination phenomena are shown in
Figure 3 [20-23].

Non-radiative recombination: is a process in which an electron-hole pair recombines without emitting a
photon. In a semiconductor, non-radiative recombination can occur through a variety of mechanisms,
including trapping of charge carriers by impurities or defects in the crystal structure, recombination at
grain boundaries, or recombination at the interface between the semiconductor and a metal contact.
Energy levels present within the band gap of a semiconductor material are known as recombination cen-
ters. After a carrier is captured by a recombination center there is a finite probability that a carrier of
opposite charge will also be capable of occupying the same energy state, therefore resulting an electron-
hole pair annihilation. This form of recombination is known as Shockley-Read-Hall (SRH) or defect level
recombination. The energy released during non-radiative recombination phenomena is often in the form
of thermal vibrations known as phonons, which are then absorbed into the material which results in heat-
ing. This heating occurs at the defect sites within the material and can be extremely detrimental to device
efficiency.

Radiative recombination: is the mechanism responsible for photoemission in semiconductor light emitting
diodes and is mainly associated with band-to-band recombination as a result of the high energy differ-
ences associated with a complete band gap transition. Direct band-to-band recombination is only possible
in materials with extremely low defect concentrations.

14
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Figure 3: Schematic representation of the principal recombination phenomena that may occur in semiconductors
material after light absorption.

Auger recombination: requires the interaction of three carriers. It happens when an electron and a hole
recombine and the photoemitted energy is not transferred into heat energy or thermal vibrations, but it
is transferred to an electron within the conduction band, which is then promoted to an energy higher in
the conduction band. This electron then releases energy in the form of thermal vibrations as it returns to
the lowest possible state within the conduction band. For this reason, Auger recombination is highly det-
rimental to the efficiency of extrinsic semiconductors with high concentrations of electron donor atoms.
Additionally, the probability of Auger recombination increases with intensity of the input source (e.g.,
irradiation power) since an increased electron concentration will be present in the conduction band.

Understanding the distinction and controlling the dominating recombination mechanisms for materials is
highly important for the optimization of semiconductor devices such as solar cells and light emitting di-
odes.

1.1.6 Solar cells

Photovoltaic energy conversion in solar devices involves two fundamental steps.
The absorption of light which generates an e”/h* pair and its collection to the respective metal contacts
[24]. The electron and hole are separated by the structure of the device: electrons are drifted to the pos-
itive terminal and holes to the negative terminal generating electrical power. The equivalent circuit of an
ideal solar cell can be exemplified by a current source connected in parallel, as shown in the equivalent
circuit of Figure 4.

|
1
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)
%
I

i

Figure 4: The equivalent circuit of an ideal solar cell (full lines). Non-ideal components are shown by the dotted
lines.
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characteristic is expressed by the Shockley solar cell

The corresponding |-V

equation [25]:
qV

I=1,—1I (eW— 1),(1)
where kg is the Boltzmann constant, T is the absolute temperature, g (> 0) is the
fundamental electric charge, and V is the voltage at the terminals of the cell. I, is defined as the diode
saturation current and n is the ideality factor. Figure 5a shows the |-V characteristic (Eq. 1) of a generic

diode.
a)
lsc
-
<
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b) Voltage (V)
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Figure 5: The |-V characteristic of an ideal solar cell a) and the power produced by the cell b). The power gener-
ated at the maximum power point is equal to the shaded rectangle in a).

The photogenerated current I,,;, depends on the photon flux incident on the solar device, and it is gener-
ally independent of the applied voltage. In an ideal solar cell, the short-circuit current I is equal to the
photogenerated current I,,,, and the open-circuit voltage Vj is given by:

kyT I
Voe = ——1In (1 +;i‘>.(2)
q 0

The power P, which is expressed in Watt (W), is defined as the product between the current and the
voltage (P = IV), generated by the solar cell is shown in Figure 3b. The cell delivers the maximum power

(Pnax) at a voltage V,,, and current [,,,.
Having defined these parameters, it is then possible to provide the equation of the third fundamental PV

parameter after the I;. and V., which is the fill factor (FF):
FF = L Vin _ Prnax (3)

ISCVOC B ISCVOC ’
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Finally, it is worth mentioning that the I-V characteristics of an ideal solar cell complies with the superpo-
sition principle. Hence, Eq. 1 not only represents the characteristic of a dark diode but also the corre-
sponding behavior of an illuminated diode by displacing the dark I-V curve along the current axis by I,
as depicted in Figure 6.

Diode

Voltage (V)

Current (A)

ph
Solar cell

Figure 6: Superposition principle for solar cells.

To get into more details, it is important to mention that the |-V characteristic of an actual working solar
device usually differs from the ideal characteristic expressed in Eq 1. As a matter of fact, a two-diode
model is often used to fit an
experimental I-V curve. In order to account for non-ideal behavior of a solar cell, to the second diode is
generally attributed an ideality factor of 2. Additionally, series (Rs) and parallel (or shunt, Rgy) resistances
can be also included in the equivalent circuit of solar cell, as a consequence the |-V characteristic of a real
solar cell can be expressed as follows:
V+IR V+IR
I'=1Iyp —lo1 <e kBTS) — lo, <9 ZkBTS - 1) - %, 4)
SH

These features were already shown in the equivalent circuit of Figure 4 and represented by the dotted
lines.

Figures 7 depicts the effects of the second diode and the series and parallel resistances on the |-V
characteristic of the solar cell, respectively [24,25].

1.1.7 The quantum efficiency and spectral response

The quantum efficiency (QE) of a solar cell is defined as the ratio of the number of charge carriers (elec-
trons) in the external circuit (solar cell) produced by an incident photon of a given wavelength. Thus, one
can define external and internal quantum efficiencies denoted by EQE (1) and IQE (1), respectively [26].
They differ in the treatment of photons reflected from the cell: all photons impacting on the cell surface
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Figure 7: a) The |-V characteristic of the solar cell in the two-diode model for three values of the ratio I, /Iy;.The
effect of series b) and parallel c) resistance on the |-V characteristic of the solar cell.
d) The dark I-V characteristic of a solar cell for the two-diode model including the series resistance since the shunt
resistance has a similar effect to the second diode. Note that, the y-axis of Figure d) is in log scale.

are considered in the value of the EQE(A), but only photons that are absorbed are considered in the
value of the IQE (). If the EQE (4) is known, the total photogenerated current can be calculated as:

Ln=q | ¢M[1—-RMAMIEQE(N)AA,(5)
@)

where ¢ (1) is the photon flux incident on the cell at wavelength 4, R(4) is the reflection coefficient from
the top surface, and the integration is carried out over all wavelength (1) of light absorbed by the solar
cell. The values of the internal and external quantum efficiency are regularly measured to assess the per-
formance of a solar cell by using interference filters or monochromators.

Generally, EQE (1) measurements are a valuable tool for evaluating and optimizing the performance of a
solar cell. As shown in Figure 8, the ideal quantum efficiency has a square shape, however, the quantum
efficiency for most solar cells is reduced due to recombination effects. The same mechanisms which affect
the collection probability also affect the quantum efficiency. For instance, front surface passivation affects
carriers generated near the surface, and since blue light is absorbed very close to the surface, high front
surface recombination will affect the "blue" portion of the quantum efficiency. Similarly, green light is
absorbed in the bulk of a solar cell and a low diffusion length will affect the collection probability from
the solar cell bulk and reduce the quantum efficiency in the green portion of the spectrum. Therefore, in
principle, the quantum efficiency can be viewed as the collection probability due the generation profile
of a single wavelength, integrated over the device thickness, and normalized to the incident number of
photons at that wavelength. Additionally, the spectral response (denoted by SR(A), with the units A/W)
is defined as the ratio of the photocurrent generated by a solar cell under monochromatic illumination of
a given wavelength to the value of the spectral irradiance at the same wavelength; in other terms the
capability of a solar cell to convert light energy into electrical energy, as a function of the
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Figure 8: The quantum efficiency of a silicon solar cell. Quantum efficiency is usually not measured much below 350
nm as the power from the AM1.5 spectrum contained in such low wavelengths is low [27].

wavelength of the light. Since the number of photons and irradiance are related, the spectral response
can be written in terms of the QE (1) as [28]:

qi
SR(A) = e OF (1), (6)

where A is generally expressed in micrometers. SR(A) expressed in equation 6 can be either internal or
external, depending on whether EQE (A) or IQE(A) is used for QE(A).

1.1.8 Single and multi-junctions solar cells

The solar device scheme presented in paragraph 1.1.6 refers to single junction solar cell (Figure 4). How-
ever, for single junction solar cell there is an upper limit to the light-to-electrical power conversion effi-
ciency that is determined by the Shockley—Queisser (SQ) model [29]. In particular, within the SQ formal-
ism, it is postulated that all photons with energies above the bandgap (E;) create free electrons and holes,
which, with perfect charge-selective contacts (e.g., contacts that efficiently separate and collect electrons
or holes), yields one electron per absorbed photon to contribute to the electrical current. The SQ model
also stipulates that all electron—hole recombination events, which occur when the solar cell is generating
power, are the inverse process to light absorption and therefore radiative. The SQ limit is based purely on
thermodynamic considerations and takes the optical absorption edge, the solar spectrum, and the oper-
ating temperature of the solar cell as the only inputs for the calculation of efficiency.

As an example, for a silicon solar cell, the Shockley-Queisser limit is approximately 32% due to efficiency
limitations caused by Auger recombination. It follows that for an ideal single pn junction silicon solar cell
cannot convert more than 32% of incident sunlight into electrical energy, regardless of the quality of the
material or the manufacturing process used to fabricate the cell. In practice, however, the actual efficiency
of silicon solar cells is typically much lower than the Shockley-Queisser limit, due to various losses such as
recombination of charge carriers, reflection of light, and parasitic resistances [30].
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One possibility to overcome the efficiency limitation dictated by the SQ model lies in the use of multi-
junction solar cells [31]. Multi-junction solar cells are an exciting technology that may provide increased
efficiencies in the solar panels of the future. Multi-junction solar cells are capable of absorbing different
wavelengths of incoming sunlight by using two or more photoactive layers, making them more efficient
at converting sunlight into electricity than single-junction cells thanks to the mitigation of thermal losses.
Nonetheless, the high production costs and continuing research and development means that multi-junc-
tion cells are not currently commercially available.

As the name suggests, a multi-junction solar cell is a solar cell with more than one photoactive junction.
In practice, this means that there are multiple layers of different semiconductor materials, each of which
produces electric currents in response to different wavelengths of light.

The highest efficiency devices incorporate multiple solar cells in a vertically connected stack for peak ef-
ficiency at various wavelengths within the solar spectrum. These multi-junction devices require a trans-
parent and conductive layer to join them, most commonly in the form of tunneling junctions. One of the
first monolithic multi-junction solar cell was grown in 1980 by Bedair et al. at NCSU [32].

Tunnel junctions are conductive, optically transparent semiconductor layers used to join different semi-
conductor materials in order to facilitate the efficient flow of charge carriers and increase overall device
efficiency.

1.1.9 PV technologies

Solar cells are typically divided into three main categories referred also as generations [33]. The first and
second generation have reached the industrial production, even though the active material in second
generation solar cell contains precious or toxic elements (In, Ga, Cd) and therefore the fabrication is lim-
ited. The term third generation is used referring to solar cells that have the potential to be efficient and
economical. Most technologies in this generation are not yet commercial, but there is a lot of research
going on in this area, especially in the perovskite-based solar cells. Mainly, the purpose of the researchers
is to make third generation solar cells stable along reasonable periods of time.

The first-generation of solar cells comprises two main types: single crystal Si solar cells, which are made
from wafers consisting of a single crystal, and multi-crystal Si solar cells, which are produced from wafers
composed of multiple crystal grains. These are the oldest and the most distributed technology due to high
efficiencies. 1st generation solar cells are fabricated on wafers. Each wafer can supply 2—3-watt power.
To increase power, solar modules, which comprise of many cells, are utilized. Although efficiency of mono
crystal solar cells is higher than multi-crystal solar cells, production of multi-crystal wafer is easier and
cheaper. Thus, they are competitive with monocrystals.

The second-generation of solar cells include amorphous Si (a-Si) based thin films solar cells, Cadmium
Telluride/Cadmium Sulfide (CdTe/CdS) solar cells and Copper Indium Gallium Selenide (CIGS) solar cells
and it is also known as thin-film generation. Their efficiencies are reduced than 1st generation, but their
costs are also minor than 1st generation. Moreover, they have a benefit in visual aesthetic since there are
no fingers in front of the thin film solar cells for metallization, they are much more applicable on windows,
cars, building integrations etc. Plus, thin films can also be grown on flexible substrates and on large areas
up to 6 m2.
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The third generation of cells are less commercially advanced emerging technologies. It is based on thin-
film technologies developing organic and hybrid materials. Third generation solar cells comprise organic,
dye-sensitized, polymer, copper tin zinc sulfide (CZTS), nanocrystals, quantum dots and perovskite solar
devices. During the last years, the improvement of performance for perovskite solar cells was extraordi-
narily rapid and this has drawn considerable interest and attention of the researchers.

Figure 9 (here below) shows a chart of the highest confirmed conversion efficiencies for research cells for
a range of PV technologies, plotted from 1976 to the present [34].
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1.2 The power of imaging at the nanoscale: Scanning Probe Microscopy

Techniques

The development of Scanning Probe Microscopy (SPM) in the 1980s was largely influenced by two key
factors: the invention of the Scanning Tunneling Microscope (STM) [35] and the availability of piezoelec-
tric devices [36].

The STM was invented in 1981 by Gerd Binnig and Heinrich Rohrer at IBM's Zurich Research Laboratory
who received the Nobel Prize in 1986. The STM works by scanning a sharp metal tip across a surface,
maintaining a small distance between the tip and the surface which is regulated by a feedback loop. A
voltage is applied between the tip and the surface, and as the tip moves closer to the surface, electrons
can tunnel from the surface to the tip. The resulting tunneling current is measured, and this current can
be used to create an image of the surface with atomic resolution.

Piezoelectric materials are a class of materials that have the ability to generate an electrical charge in
response to an applied mechanical stress, or to generate mechanical deformation in response to an ap-
plied electric field. The most commonly used piezoelectric ceramics materials are quartz and lead zir-
conate titanate. Thanks to this property, piezoelectric materials are used as actuators that allow small and
precise movements in mechanical devices, as for instance the tip of a microscope.

These two factors together allowed the development of the SPM with the introduction of two new tech-
niques: the scanning near field optical microscopy [37] and the Atomic Force Microscopy (AFM) [38]. The
AFM uses a piezoelectric actuator to move the probe across a sample surface while monitoring the force
generated between the tip and the surface which enables the acquisition of topographical images. Addi-
tionally, through the utilization of specific electrical extensions, AFM can investigate other surface prop-
erties, including magnetic, electrical, and mechanical properties [38].

AFM and its electrical extensions proved to be highly effective for the characterization of solar cells. In
particular, the development of PV technologies has progressed significantly over the past twenty years as
a result of considerable advancements in solar cell device engineering and material science. As a conse-
guence, solar cells have turned into complex structures constituted of numerous layers and interfaces. J-
V and EQE characterization (presented in the previous paragraphs) provide general information on the
overall electrical performance of solar devices. However, the capability to conduct local investigations at
the nanoscale level that provide information on the electrical properties of materials and along physical
interfaces is becoming crucial for solar device efficiency improvement [2].

For this reason, AFM electrical extensions have revolutionized our ability to study the electrical properties
of PV materials and devices. Kelvin probe force microscopy (KPFM), for instance, can be used to map the
surface potential providing insight into the local charge distribution and the presence of energy barriers
that may hinder charge transport. Additionally, conductive AFM (c-AFM) can be used to measure the local
conductivity allowing the identification of defects or variations in the electrical properties.

In this PhD project the principal objective is to use electrical AFM extension to investigate materials and
devices for photovoltaic applications. In particular, the use of KPFM and c-AFM was of primary interest
throughout the doctorate as it will be described along the manuscript.
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1.2.1 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is classified as a near-field microscopy since these measurements are
performed directly on the very surface of the sample. In order to acquire topographical information a
nano-sized probe is used. The probe comprises of different parts: a millimeter-scale chip, a cantilever, and
a tip with a nano-scale radius. The cantilever and the tip are shown in Figure 10.

Figure 10: SEM images of a Pt/Ir coated silicon tip generally used for KPFM analysis. a) shows the cantilever and
the tip, b) and c) shows zooms at different scales of the tip.

The cantilever is typically 200 um long. The length of the cantilever characterizes its stiffness: shorter
cantilevers are generally stiffer than longer ones. The tip is located under the cantilever, and it represents
an essential part since its radius affects the lateral resolution of measurements.

There are several commercially available materials used for AFM tips, e.g., silicon nitride or silicon. For
electrical measurements purposes, a conductive tip must be used to be sensitive to the electrical surface
properties of the sample. Hence, tips are either coated with conductive materials, such as highly-doped
diamond, or are directly composed of a bulk conductive material. Generally, AFM tips need to be changed
regularly since they are fragile, and the conductive coating tends to wear off after several scans.

The tip is brought at a nano-scale distance from the sample in order to perform AFM measurements. The
probe is sensitive to the attractive and repulsive forces present between the tip and the sample. The type
of force depends on the tip/sample distance as shown in Figure 11.

0 0.1nm 10 nm 10-100 nm 0.1-1um 10um

I | | l | l >
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Contact Wan der Fluid surface Electrostatic Fluid film  from surface
Coulomb Waals tension forces damping
forces forces

Figure 11: Different forces generated between the tip and surface of sample in function of the tip/sample distance.
The schematic is not to scale.

Contact forces result to be prevalent at very small tip-sample distance (zA). This force is extremely repul-
sive due to the overlap of the electronic orbitals that occurs at atomic distances. For distances between 1
nm and 10 nm, Van der Walls forces become relevant. They act as weak attractive forces that derive from
the interaction between molecules and groups of atoms. Fluid surface tension starts to arise between 10
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and 100 nm leading to an attractive force which is derived from the nano-scale water film at the surface
of the sample producing a water meniscus beneath the tip. Additionally, between 100 nm and 1 um,
electrostatic and magnetostatic forces, depending on the properties of materials, generate attractive or
repulsive forces between the sample and the tip. Finally, moving away from the surface, at distances
about 10 um, fluid film damping forces can be considered [39].

The effect of the different forces defines an interaction between the tip and the sample which causes a
mechanical bending of the cantilever. Consequently, the interaction between the tip and the sample can
be observed by evaluating the motion of the cantilever which can be achieved with a laser focused on the
extremity of the cantilever and reflected to a photo-detector. The position of the reflected laser magnifies
the motion of the cantilever. A general AFM setup is shown in Figure 12.

The AFM requires a feedback signal to quantify the topography height at the nano-scale. In particular,
when the AFM is operated in contact mode the deflection of the cantilever can be used, whereas in non-
contact mode the amplitude or the frequency shift of the cantilever oscillation can be suitable to this
purpose. During the measurements, a setpoint target value is established for the signal, which must re-
main constant. In the event of any deviation from the target, a vertical piezoelectric actuator, controlled
by a proportional-integral-derivative (PID) controller, is employed to correct the error.

Photodetector

Laser beam
Lock-in ——
amplifier
Piezoelectric
scanner
PID
Setpoint Controller Topography

target

Figure 12: The setup for Atomic Force Microscopy involves monitoring the motion of the cantilever through laser
beam reflection on the photodetector. This motion is then amplified using a lock-in amplifier and compared to a
setpoint target. Any discrepancies are corrected by adjusting the Z position of the piezoelectric actuator through a
PID controller.

During a scan of the surface, either the tip or the sample is moving utilizing lateral piezoelectric actuators
in a micro-controller allowing the image acquisition of the topography. The piezoelectric actuators are at
the base of the AFM spatial resolution since a considerable voltage is necessary to perform a small spatial
motion. Voltages between 250 V and -250 V are used to achieve vertical displacements of about 50 um,
making AFM an uncontested technique for vertical resolution.

AFM measurements can be performed in three different modes: contact mode, tapping mode, and non-
contact mode, as shown in Figure 13.

24



Chapter 1 — Context

Repulsive

Force

Semi-contact
mode

«
i

Contact ]
__mode Tip to sample

distance

Attractive
Force

‘ Non-contact
mode

Figure 13: Plot of the tip-surface force versus the tip-surface distance for an AFM tip and a surface showing the
approximate regions corresponding to contact mode, semi-contact mode, and non-contact mode.

The contact mode date back to 1986 and it was used in the first AFM [40]. In this mode, the tip is con-
stantly in contact with the surface of the sample. In this mode, the feedback signal is the bending (or
deflection) of the cantilever. The movement of the cantilever can be comprehended mechanically as that
of a semi built-in beam and can be modeled using Hooke’s law. The surface can be nano-indented if the
force applied by the tip on the surface is strong, nonetheless, this can be advantageous in some specific
cases (e.g., conductive AFM) but mostly it represents a downside to the achievement of precise topogra-
phy images. Various AFM extensions operate using contact mode, which includes techniques such as lat-
eral force microscopy (LFM), scanning capacitance microscopy (SCM), piezo-response force microscopy
(PFM), and chemical force microscopy (CFM). For the extensions designed for electrical measurements,
conducting AFM (c-AFM) also employs contact mode, which will be discussed in more detail in Chapter 2.
Just one year after the introduction of contact mode, non-contact mode was developed [41]. This mode
is distinguished by the oscillation of the cantilever in close proximity to the surface, while maintaining a
non-contact configuration. It is roughly 10-20 nm directly above the surface and hence, the tip only inter-
acts with Van der Walls forces. The cantilever can be related to a harmonic oscillator whose acceleration
depends on the distance to the surface due to Van der Waals forces. These forces alter either the ampli-
tude or the frequency of oscillations, and, since both depend on the distance to the surface, they can be
utilized as feedback signals. Non-contact mode presents the advantage of damaging neither the tip nor
the sample and is very popular to probe fragile materials. However, due to the low intensity of Van der
Waals forces and their susceptibility to water adsorption on surfaces, it is recommended to utilize non-
contact mode in ultra-high vacuum (UHV) for improved image quality. KPFM is an AFM electrical extension
that uses non-contact mode.

After several years, tapping mode was introduced in 1993 [42]. Tapping mode can be defined as a semi-
contact mode since as the tip oscillates, it makes short and intermittent contact with the sample surface
during the upswing of its oscillation. As in the case of non-contact mode, the amplitude and the frequency
of the signal can be utilized as feedback signals. Tapping mode has several advantages compered to con-
tact and non-contact mode. For instance, it has the benefit of interacting with a strong contact force and
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not being sensitive to water meniscus, and thus it can be convenient for ambient conditions measure-
ments. Additionally, it has the benefit of being more stable on very textured surfaces and of lowering the
friction force, consequently avoiding the degradation of the tip or the sample. Nevertheless, one draw-
back associated with tapping mode is the time to perform a measurement, which is larger compared to
the other modes. Several AFM extensions can be coupled to AFM tapping mode such as KPFM, Electro-
static Force Microscopy (EFM) and Magnetic Force Microscopy (MFM).

1.3 Exploring the Invisible World: The Benefits of Scanning Probe Micros-
copy

In this section, we will delve into the principal characteristics of scanning probe microscopy with particular
emphasis on KPFM and c-AFM techniques exploring why these methods are particularly suitable for solar
cell analysis. Here, we will focus on the many benefits that make these methods valuable, including their
non-intrusive nature, spatial resolution, low charging effects and sensitivity to illumination.

1.3.1 Spatial resolution

SPM techniques offer significant benefits in terms of spatial resolution, with KPFM being capable of
achieving resolutions superior to 10 nm even in ambient conditions [43]. Additionally, UHV-KPFM can
achieve higher resolution of the order of sub-nanometer, and it is worth noting that by functionalizing the
tip with a CO molecule, atomic resolution can also be attained [44].

As already mentioned in paragraph 1.2.1, the lateral resolution significantly depends on the tip radius and
shape. Various types of cantilevers and conductive coatings may be used in KPFM measurements. Accord-
ing to [43], heavily doped silicon cantilevers, Pt/Ir-coated silicon cantilevers, and Au or Cr coated silicon
cantilevers are the most commonly used types of cantilevers. When conducting high-resolution imaging
under UHV, heavily doped silicon cantilevers are frequently used. However, prior to analysis, the native
oxide layer must be eliminated through methods such as heating, ion bombardment, or etching. This pro-
cedure is one of the reasons why conducting measurements under UHV is time-consuming

Pt/Ir-coated silicon cantilevers do not necessitate considerable tip preparation but lead to lower spatial
resolutions for KPFM. Eventually, Au or Cr coated silicon can be employed for high resolution imaging.
The benefit is that materials as Cr are less responsive in air than silicon.

Generally, in ambient conditions analysis, c-AFM offers higher spatial resolution than KPFM because the
tip is in direct contact with the surface, allowing for more precise measurements of surface features. In
contrast, KPFM operates at a distance from the surface, limiting the spatial resolution that can be
achieved.

For instance, high-resolution c-AFM images (below 10 nm) are obtained with bulk diamond probes (radius
=10 £ 5 nm) [45]. It has been demonstrated that for c-AFM scans at an interface, the resistance signal
convolution is just contained by two tip radii distance from the interface [46]. Nevertheless, the limita-
tions to smaller tip radius are the speed of erosion and the resistance signal which is higher for smaller tip
radii.

Fundamentally, two strategies can be adopted to enhance the spatial resolution: using smaller radius tips,
and measurements under UHV. Another approach consists of tilting the sample to improve the spatial
resolution, as shown by Zhang et al. [47].
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SPM possesses 2D scanning capabilities that can deliver exceptional nano-scale resolution. For instance,
SPM enables the investigation of the cross-section of solar cells which represents a significant advance-
ment, as traditional micro-scale characterization techniques were impractical due to the thickness of the
layers in solar cells, which can vary from a few microns (e.g., epitaxial layers) to a few atoms (layers de-
posited by atomic layer deposition).

For instance, with nano-scale resolution techniques, the analysis of the properties of pn junctions on the
cross-section of the solar cell is now achievable. Furthermore, pn junctions can be studied under operating
conditions such as “under illumination” or under external applied bias [47]. Additionally, it is possible to
investigate charge transport mechanisms and gain insight into the performance of the device. By mapping
the potential variations at the interfaces with high spatial resolution, KPFM can reveal the location and
extent of charge accumulation or depletion, which may be indicative of defects or impurities. Additionally,
the technique can be used to identify the presence of interfacial dipoles or space charge regions, which
can influence the overall performance of the solar cell.

1.3.2 Low charging effect

Low charging effect is a common feature of many SPM techniques which can make them particularly use-
ful for studying materials that are prone to charge buildup. In SPM, the probe tip is brought into close
proximity with the sample surface, creating an electric field that can cause charge accumulation or deple-
tion in the sample. This can result in distortion of the measurement due to electrostatics screening or
even damage to the sample. However, SPM techniques are designed to minimize this effect by controlling
the charge buildup. This is typically achieved through a combination of measures such as using conductive
probes, applying a bias voltage to the probe, or using an electrostatic force feedback mechanism. By doing
so, the charge accumulation can be minimized, and high-quality measurements can be obtained without
damaging the sample.

Specifically, KPFM exhibits low charging effects and does not damage the material during measurements
making it a non-invasive technique. Furthermore, tip-induced oxidation may be limited by operating un-
der a controlled atmosphere, resulting in easily reproducible KPFM images. This is a valuable benefit, as
it allows for the examination of degradation phenomena over time or exploration of the influence of ex-
ternal parameters, such as light or electrical bias, by acquiring successive images of the same area under
different conditions [48].

1.3.3 Sensitivity to illumination

The low charging effect described in the previous paragraph is particularly advantageous for investigating
solar cells because it allows for a clear evaluation of the effect of illumination at the nano-scale. SPM is
able to detect the variation of the surface potential caused by the photo-generated carriers that are pro-
duced when the solar cell is exposed to external illumination.

For instance, KPFM enables the evaluation of the surface photovoltage (SPV), which is defined as the light-
induced change of the contact potential difference at the surface of a photoactive material [20]. As an
example, by SPV measurements, it is possible to measure the lifetime of minority carriers by detecting
the alteration in surface potential caused by the photo-generated carriers. Specifically, by examining the
decay of the SPV signal, it becomes possible to estimate the lifetime of minority carriers [56]. Additionally,
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SPV analysis can be used to measure the open-circuit voltage (Voc) by analyzing the SPV signal under
illumination. This technique provides a non-destructive and non-contact method for evaluating Voc of
solar cells. For instance, this approach can be used as a monitoring strategy for solar cells during the sev-
eral fabrications stages.

Surface defects can have a significant impact on the electronic properties of semiconductor materials and
devices. SPV analysis can be used to detect the presence of surface defects by measuring changes in the
SPV signal. Surface defects can alter the recombination rate of photo-generated carriers, resulting in a
change in the SPV signal [49]. By analyzing the SPV signal, it is possible to identify and locate surface
defects and gain insight into their impact on the device performance.

Finally, it is also possible to perform c-AFM measurements under illumination. In particular, this allows
the estimation of the photogenerated current of a solar cells under operating conditions by comparison
with current (or resistance) maps acquired in dark.

1.3.4 Direct electrical measurements

For solar cell characterization, the comparison between local analysis and macro characterization e.g.,
local SPV and overall Vocit is of primary interest [50]. By comparing macroscopic and local measurements,
one can better understand how the device operates at different regions and how local variations of phys-
ical properties affect the overall performance. This approach can also help identify and address issues
such as non-uniformity and degradation, leading to the development of more efficient and reliable solar
cells.

KPFM and c-AFM techniques do not require an intermediate signal to detect the surface potential and
current signals at the nanoscale, making easier to achieve quantitative measurements. C-AFM is particu-
larly suitable for achieving quantitative nanoscale mapping of carrier concentrations [46].

In solar cells, series resistance is a common limiting factor, which can be extracted from the I-V curve.
However, determining the cause of series resistance is not always straightforward, as it can result from
problems with contacting or doping in the semiconductor. Since series resistance causes a potential drop
at high currents, KPFM can locally detect its presence under forward voltage bias conditions. By using
these techniques, it is possible to obtain a better understanding of the underlying causes of performance
limitations in solar cells.

1.3.5 Adaptability

SPM techniques are widely recognized for their versatility, as they can be used under various conditions,
including different pressures, temperatures, and environments [51]. These techniques can operate in am-
bient air, controlled atmospheres, ultra-high vacuum, and even in liquids [52]. While measurements con-
ducted under UHV conditions may alleviate or eliminate some artifacts, measurements under ambient air
or controlled atmosphere offer the benefit of being fast and allow for high-throughput analysis.
Performing high-resolution measurements in ambient air can be completed within less than one hour,
while a single scan under UHV may take a day or more. One approach is to combine measurements in
both environments. Experiments can be rapidly set up and external excitation sources such as illumination
or electrical bias can be easily introduced in SPM setups under ambient conditions. Once the underlying
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theory of a measurement is well established, the setup can be transferred to UHV to perform time-con-
suming but high-resolution scans.

Furthermore, SPM can be readily integrated into various other characterization setups. This includes a
broad spectrum of optical microscopy techniques [53], such as ellipsometry and Raman spectroscopy.
SPM can also be combined with electron microscopy setups, as well as time-of-flight mass spectrometer
and X-Ray spectroscopy. The remarkable integration of SPM with other characterization techniques allows
for the identification of artifacts in both methods and the analysis of various types on the same regions.
Additionally, the integration of SPM with other techniques offers a broader range of possibilities. For ex-
ample, mechanical information, such as friction, phase, and deflection, can be obtained in addition to
topographical and electrical images. These supplementary signals can help to establish correlations and
enhance interpretations.

SPM, particularly KPFM, is also suitable for in-situ monitoring of fabrication processes. Watanabe et al.,
[54] have used KPFM for in-situ analysis of nano-structuring in organic solar cells. The non-invasive nature
of KPFM also makes it possible to investigate degradation phenomena, such as in-situ light-induced and
potential-induced degradations. Additionally, SPM can probe a wide range of materials, including soft and
fragile ones such as organic materials. The low material dependence of the electrical signals measured
makes it possible to analyze the interfaces of solar devices effectively. Moreover, SPM can operate under
ambient air, allowing for the investigation of hydrated samples that typically cannot be studied under
UHV. Finally, SPM has relatively low acquisition and maintenance costs.

1.3.6 Acquisition time

SPM techniques offer a high temporal resolution (= ms), enabling the monitoring of electrical signal evo-
lution over time. KPFM has been extensively used to investigate temporal properties with a reported tem-
poral resolution of about 20 us [55]. However, conventional KPFM is not sufficient to analyze solar devices
with lifetimes below the millisecond range, such as perovskites (ns-us).

In this regard, two possibilities can be considered. New KPFM setups without feedback can achieve precise
surface potential measurements opening up to the possibility of performing time-resolved KPFM (tr-
KPFM) measurements. Tr-KPFM is expected to have improved temporal resolution with the emergence
of new modes such as G-mode KPFM, which simplifies signal detection, resolves frequency-shift artifacts,
and captures the entire cantilever dynamics in the frequency domain. It may enable temporal resolution
studies below the ps.

Another possibility for investigating temporal properties in KPFM is to use its time-averaging ability. In
this method, the surface potential changes in response to an excitation source such as illumination or
electrical bias. By modulating the intensity of the excitation at high frequency, KPFM can time-average
the signal. Varying the frequency of the excitation can provide information on lifetime in the ns and us
range. KPFM measurements under modulated frequency illumination have been shown to be effective in
investigating low lifetime solar cells at the nano-scale [56].
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1.4 Looking beyond the surface: the challenges of scanning probe micros-
copy

In this section, the disadvantages of SPM approaches are explored, encompassing drawbacks such as ar-
tifacts, crosstalk, and limitations. Artifacts are modifications in the collected data that can be misleading
and are caused by inadequacies in the equipment. These inaccuracies can have a significant impact on
data interpretation and comprehension. Conversely, limitations are characterized by the lack of certain
features that other competing techniques may offer. Although they do not affect data precision, they can
restrict access to critical information. Integrating additional investigative methods like SEM and TEM with
SPM analysis can provide substantial benefits, enhancing the overall value and comprehensiveness of the
research.

1.4.1 Parasitic illumination

As previously described, AFM-based methods require a laser to track the movement of the cantilever.
Nevertheless, this laser may also inadvertently illuminate the sample if its spot size exceeds that of the
cantilever or if it is misaligned, as shown in Figure 14.
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Y

Figure 14: AFM laser spreading over the surface of the sample.

Photodetector

Parasitic laser illumination
on the sample

When characterizing solar cells, the light used can be considered as parasitic since measurements in true
dark conditions are unattainable, which can cause offsets in the measured current or surface potential
values. To minimize the interference of parasitic laser absorption in our AFM laser beam deflection sys-
tem, we employ a laser with a wavelength of 1310 nm, which is significantly below the bandgap of the
semiconductor samples investigated during the PhD. Alternatively, it is possible to use larger cantilevers
than the laser spot size, or adopt techniques such as the AFM/KPFM method described by Takihara et al.,
that monitors cantilever motion using a piezoresistive sensor instead of an AFM laser [57]. To assess the
effect of parasitic laser absorption, Voc generated solely by the AFM laser in the AFM or KPFM setup can
be measured. If the effect is not negligible, it must be accounted for to correctly interpret the data.
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1.4.2 Tip-induced surface degradation

When the tip comes into contact with the surface, it can create artifacts that may result from surface or
tip degradation. Such artifacts can cause unreliable or misleading measurements. Tip-induced surface
degradation may occur through three primary processes, which include tip-induced oxidation, nano-
scratching, and tip-induced band bending.

1.4.2.1 Tip-induced oxidation

In c-AFM and KPFM a strong electrical confinement between the tip and the sample is present, since a
small conducting tip with a high voltage bias scans the surface.

During measurements conducted in ambient conditions, water molecules present in humidity can be ad-
sorbed on the surface of the sample as well as on the tip. The presence of a water layer can significantly
impact measurements as even slight variations in its thickness can affect the data. Sugimura et al. have
established a clear correlation between humidity levels and KPFM contrast [58]. Additionally, a water
meniscus forms between the tip and sample, which can undergo a tip-induced electrochemical process if
a negative biasis applied to the tip due to the high electric field. This results in the reaction of tip electrons,
surface sample atoms, and water to produce oxide, dioxygen, etc.

The presence of tip-induced oxide layers can have a significant impact on c-AFM and KPFM measure-
ments. In c-AFM, for instance, tunneling through the oxide layer can occur, leading to changes in the
measured current [59]. Similarly, in KPFM, surface band-bending induced by the oxide layer can alter the
surface potential, potentially resulting in artifacts. To mitigate the impact of tip-induced oxidation, meas-
urements can be conducted under UHV conditions, where the sample is annealed beforehand to eliminate
any remaining water films. However, various strategies can also be employed to minimize this phenome-
non in ambient conditions. For example, a dry and controlled atmosphere can significantly reduce the
rate of oxide growth and allow for numerous consecutive scans without concerns of surface oxidation. A
nitrogen atmosphere, for instance, can be used to reduce oxidation.

1.4.2.2 Nano-scratching

C-AFM is performed in contact mode and a high force is required to enable a larger area of interaction
and an increased current flow. However, this high force can also result in the tip scratching the surface of
the sample, making it difficult to obtain accurate topography images and causing sample damage, making
c-AFM a destructive technique under these conditions [50]. Therefore, a balance must be found between
attaining a sufficient signal and minimizing surface degradation. Fine optimization of c-AFM parameters,
such as tip force, voltage, and surface cleaning, may lead to non-destructive c-AFM measurements. Alter-
natively, c-AFM in tapping mode may be considered, but it can be time-consuming. Finally, optimizing c-
AFM to detect lower currents would decrease nano-scratching since it would require a smaller contact
area.

Conversely, KPFM measurements are performed in non-contact mode, eliminating the presence of nano-
scratching artifacts.

1.4.2.3 Tip induced surface band-bending

During its approach to a semiconductor sample, the tip can generate band-bending on the surface due to

a metal-insulator-semiconductor (MIS) effect. This is particularly true for KPFM measurements performed
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in tapping mode. Here, the tip represents the metal, the air serves as the insulator, and the sample is the
semiconductor. Tip-induced band-bending (TIBB) results from a Schottky effect caused by the difference
in work functions between the tip and the semiconductor, and it is reversible when the tip moves away
from the surface. This artifact is often considered negligible since the electrostatic force contribution of
the tip-vacuum-sample is typically greater than the band-bending. However, TIBB can electrostatically
screen defects under certain conditions, affecting electronic defect imaging resolution. Rosenwaks et al.,
[49] suggested a mitigation strategy involving the selection of a low AC voltage amplitude in KPFM meas-
urement parameters, and TIBB can be almost entirely eliminated by using KPFM in UHV.

1.4.2.4 Tip degradation during scans

The interaction between the tip and the sample may also contribute to the degradation of the tip, which
in turn affects the accuracy of measurements. If a change in signal is observed during measurements, it is
possible to differentiate between tip degradation artifacts and surface degradation artifacts by comparing
two scans of the previously scanned and a new area. If the scans are similar, then the tip is likely degraded,
whereas if they are different, the examined area is likely damaged. There are two types of tip degradation:
tip coating degradation and tip contamination. The former is an irreversible artifact, while the latter can
be reversed.

1.4.2.5 Tip degradation coating

The application of strong forces in c-AFM can cause the tip to degrade. This deterioration is caused by the
wearing down of the conductive coating on the tip during the scans, resulting in a decrease in current
signal and potentially affecting measurement reproducibility. This is why c-AFM tips have a shorter
lifespan compared to KPFM tips, which operate in non-contact or soft tapping mode and therefore de-
grade less quickly. To extend the lifespan of c-AFM probes, one possible solution is to use bulk conducting
probes since they remain conductive for a much longer time. Additionally, bulk probes offer higher spatial
resolution since they are sharper than coated probes, which have extra layers of coating at the tip edge.
However, it should be noted that bulk diamond probes are significantly more expensive.

1.4.2.6 Tip contamination

During tip scanning the particles adsorbed on the sample surface can stick to the tip, causing contamina-
tion that dominates the interaction between the tip and the sample and ultimately altering the experi-
mental results. This phenomenon affects both KPFM and c-AFM, as adsorbed particles on the tip can alter
the work function of the probe and corresponding contact potential difference (Vcpp) signal, making pre-
vious scans non-comparable to newer ones. This process occurs quickly due to fast adsorption of particles
from the air and surface.

To prevent tip contamination, it is crucial to pay close attention to the cleaning and storage of samples
and probes, using highly purified solvents and filtered dry nitrogen for cleaning and drying, and storing
samples in sealed vials or nitrogen-filled containers. Additionally, utilizing low adhesion conducting mate-
rials for the coating of scanning probes is another option. However, the key to greatly reducing the risk of
tip contamination is to operate under UHV conditions following thorough sample cleaning.
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1.4.3 Convolution to topography

When analyzing a sample with a rough surface using SPM techniques, the topographical image may be
imprinted onto the electrical or potential image due to the sensitivity of SPM to surface topography. This
artifact can lead to misleading analysis as it is challenging to extract actual electrical or potential infor-
mation from topographic alterations.

In c-AFM, the resistance detected is strongly dependent on the radius of contact between the tip and the
sample, resulting in higher resistance in nano-valleys compared to nano-hills. This dependence is also
highlighted by measurements on the sample cross-section. The use of logarithmic amplifiers in c-AFM
increases errors associated with topography exponentially.

KPFM is also affected by the local features of the topography of the analyzed sample. Specifically, a topo-
graphical imprint on the experimental surface potential images can occur in the case of a rough and/or
inhomogeneous topography. This effect is magnified by artifacts known as cross-talks which stem from
the interaction between the applied AC voltage and the photodiode; however, it can be mitigated by
selecting an appropriate AC voltage frequency. Additionally, KPFM measurements can be performed at
different distances from the surface, and a new setup named heterodyne KPFM has shown promising
results by reducing topographical coupling. Additionally, FM-KPFM can be used to reduce topography-
related artifacts on the potential image. SPM is more suitable for investigating flat surfaces, and a polish-
ing step may be necessary for very rough surfaces to attain suitably flat surfaces while paying attention
not to degrade electrical properties.

Finally, KPFM is affected by the tip-averaging effect due to the long-range nature of the electrostatic force.
Tip-averaging effect occurs when the analyzed sample has features that are smaller than the tip-apex
radius. In this case, the tip cannot accurately resolve the features, and instead, it averages out the surface
potential over a larger area, leading to a loss of lateral resolution.

Even at extremely short tip-sample distances (5 nm), the tip-averaging effect can lower the lateral reso-
lution as well as the measured KPFM signal [60]. This is especially evident in ambient conditions KPFM
where typical tip-surface distances are of the order of tens of nm due to the amplitude of the vibrating
tip necessary to achieve an acceptable signal-to-noise ratio.

1.4.4 Stray capacitance

Stray capacitances can affect KPFM measurements due to the influence of topography which can cause
artifacts, as Diesinger et al. [61] have explained. Although the capacitance between the tip-apex and the
surface is the only significant factor, additional interactions between the other components of the probe
and the sample can lead to inconsistencies in KPFM measurements due to the long-range of the electro-
static force. For instance, parasitic capacitances can affect the phase of the cantilever oscillation by caus-
ing undesired phase shifts in the cantilever oscillation.

In Figure 15 is shown the stray capacitances that are responsible for these discrepancies: the interaction
between the tip sidewall and the sample and the interaction between the cantilever and the sample.
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Figure 15: Schematic illustration of stray capacitance. Between the tip-apex and the sample are local capacitance
contributions that are deliberately measured, while the tip cone and the macroscopic cantilever contribute to in-
terfering stray capacitance.

Stray capacitances not only affect surface potential, but also its lateral resolution. The resulting surface
potential is a combination of the interaction between the AFM tip apex/surface and stray capacitances.
This explains why it is difficult to detect steep surface potential changes and why the lateral resolution of
KPFM is limited to approximately 10 nm, which hinders our understanding of surface potential measure-
ments at the interface of solar cells [62]. The impact of stray capacitances is more apparent in AM mode
than in FM mode in KPFM, as the electrostatic force gradient decreases more quickly than the force, as it
will be addressed in Chapter 2.

Measuring surface potential at different distances from the surface using two-pass KPFM can reveal the
impact of stray capacitances. If surface potential values are dependent on the tip-sample distance, then
it can be inferred that stray capacitances have a significant effect. To mitigate the impact of stray capaci-
tances, KPFM software can employ internal parameters to correct the tip-sample distance. Additionally,
using longer and thinner probes with a larger tip edge can positively impact stray capacitances. Further-
more, de-convolution techniques can be employed to recover surface potential without the effects of
stray capacitances [63].

1.4.5 Thermal noise

Thermal fluctuations of the tip position are the primary source of noise in KPFM [60]. The minimum de-
tectable difference AV is used to determine the sensitivity of the equipment in detecting the surface po-
tential and it is defined as:

_ d 2BkgTk
_EOVACR m3Qfo ’

AV (7)

where kg is the Boltzmann constant, T is the temperature, k is the cantilever spring constant, B is the
instrument bandwidth, Q is the cantilever quality factor, fo is the cantilever resonance frequency, d is the
tip-to-sample distance, € is the dielectric constant of the vacuum, R is the tip radius and Vac is the ampli-
tude of the sinusoidal voltage applied to the tip. In ambient conditions, the quality factor Q is typically
around 100, resulting in a minimum measurable variation between 10 and 50 mV. However, in ultrahigh
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vacuum (UHV), Q can reach values over 1000, as the effect of air dampening is suppressed, resulting in
AV values of couple of mVs.

To determine which signal fluctuations are detectable, it is essential to assess the noise level. For example,
to achieve better contrasts in KPFM measurements of doping levels, some groups have successfully used
buffer intrinsic layers between different doping steps. However, compared to c-AFM, KPFM is not the
most effective tool for doping measurements, even under UHV conditions. Nonetheless, KPFM noise lev-
els do not limit measurements on devices where illumination and electrical bias lead to surface potential
changes between 100 mV and 1 V. In such cases, the signal-to-noise ratio ranges between 10 and 100,
which is acceptable.

Thermal noise is the limiting factor in AM but not in FM, where the bandwidth has an offset from the first
resonance frequency, and the cantilever deflection sensor is the dominant source of noise. One way to
reduce the noise level on surface potential profiles is to average numerous consecutive lines, which works
well when studying phenomena that occur along one scan line.

New KPFM techniques, such as G Mode KPFM, aim to eliminate noise during the acquisition process by
using a low-pass filter with a high time constant. To suppress thermal noise, the best approach is to per-
form KPFM measurements under UHV at low temperatures. In this case, the thermal noise level reaches
1 mV and below and becomes negligible compared to other noise sources, such as electronics and the
photodiode.

1.4.6 Limited scan speed, size, and height

SPM equipment has limitations in terms of scan size, scan height, and scan speed, which arise from the
piezoelectric actuator capacities. SPM images are typically limited to an area of around 100x100 um, and
the scan height is usually restricted to about 20 um [64]. Additionally, it generally takes approximately 20
minutes to acquire a high-resolution 5x5 pum? image with 512x512 pixels resolution. Scan speed is another
limitation in SPM, as if it is too high, the tip cannot follow the topography, and the image quickly degrades.
The degradation of the image is proportional to the increasing scan speed. Several studies in the literature
focus on overcoming the scan speed limitation, primarily to achieve a video time resolution to monitor
fast dynamic processes at the nanoscale, such as chemical reactions [65]. However, increasing the speed
often comes at the expense of scan size due to the required increase in rigidity. Recently, some studies
have demonstrated the possibility of achieving high-speed atomic force microscopy with large scan sizes
in the future [66]. KPFM has also been developing toward high speed, with AM measurements achieving
scan speeds of over 1 mm/s reported in the literature [67]. However, achieving high speed with UHV-
KPFM is more challenging, but recent progress has shown fascinating prospects, such as heterodyne
KPFM. Combining electron and scanning probe microscopy is one strategy to overcome the limitations of
scan size and scan height. For instance, it is possible to conduct KPFM analysis on a smaller scan area by
first identifying the areas of interest using SEM, as suggested in [68].

1.4.7 Effect of the surface
SPM is limited to gathering information solely from the surface of a sample. Nonetheless, surface charac-
terization is beneficial in distinguishing surface phenomena from those in the bulk. For example, Rosen-
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waks et al., [49] found that KPFM measurements under ambient conditions cannot identify defects be-
yond a depth of 2 nm from the surface. In contrast, KPFM under UHV can detect defects up to several
tens of nanometers deep. One solution to this limitation is to perform measurements on the cross-section
of the sample.

However, the strong dependence of KPFM on the surface can pose problems. Surface potential may differ
from bulk potential due to surface states that affect electrostatic properties, resulting in surface band-
bending (SBB) or Fermi level pinning. This effect is more pronounced in cross-sectional measurements of
solar cells immediately after cleaving and can lead to signal contrast screening [69].

Dangling bonds at the top of the cross-section induce SBB, which causes the surface potential to differ
from the bulk potential due to surface states affecting electrostatic properties. As a result, KPFM analysis
is sensitive to how the cross-section is produced (cleaving process) and prepared (cleaning, passivation),
as described in literature [62]. Humidity-induced water layer effects are known to intensify the band-
bending and reduce measurement contrast. Additionally, surface potential contrast can degrade over
time due to oxidation and other phenomena. Therefore, it is recommended to find a suitable surface
passivation treatment that allows to obtained surface properties similar to the “bulk” ones and ideally
perform measurements under UHV to reduce contamination and tip-induced oxidation over time.
Recently, a new method to prepare cross-sections in-situ using FIB milling has been proposed for KPFM
analysis. This approach enables the acquisition of a 3D KPFM image by performing successive 2D images
and digging into the material with FIB. However, it is assumed that FIB milling does not locally affect the
electrical properties of the sample.

1.5 PhD Project Overview: Analyzing research achievements and insights

In this last paragraph of Chapter 1, an overview of the PhD project is presented. In particular, Kelvin probe
force microscopy (KPFM) and conductive-AFM (c-AFM) techniques have been investigated for the char-
acterization of PV materials and devices, with particular attention for cross-section analyses. In this thesis
we present results on a variety of structures developed at IPVF and partner laboratories: lllI-V-based mul-
tilayer structures and finalized solar cells, half and fully processed perovskite solar cells, CZTGS and CIS
solar cells and Silicon heterojunctions have been studied.

Among the existing PV technologies, IlI-V-based solar devices belong to the PV technology of thin and
ultra-thin films in which layers with widths of the order of a few nm are often integrated for an optimal
surface passivation or for better carrier extraction, considerably enhancing device efficiency. Conse-
qguently, the experimental demonstration of the sensitivity of the KPFM technique to the narrower layers
can play a crucial role in the investigation and comprehension of the local surface properties and charge
transport mechanisms at the interfaces. In particular, we have investigated an InP:S/InP:Fe and an
InP:Zn/GalnAs(P):Zn multilayer structure with layers of different widths and doping concentrations. For
this analysis we have set different objectives: the first objective was the evaluation of the spatial resolu-
tion of our KPFM setup in ambient conditions. The second objective was a full understanding of the con-
tact potential difference (Vcpp) results combined with a description of the principal factors that affect
KPFM measurements with the application of Kelvin Probe (KP) numerical modelling. A quantitative eval-
uation of the distribution of surface defects concentrations was proposed to explain the experimental
Veep results.
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C-AFM and KPFM analysis was then continued on a p-AlGaAs:Be/n-GalnP:Si heterojunction multilayer
structure and finalized solar cell. C-AFM analysis proved to be a reliable method for measuring the local
resistance along a llI-V based multilayer structure, enabling the identification of various layers and regions
with different doping type. Nonetheless, a thorough analysis was performed to elucidate the true nature
of the electrical contact between the AFM tip and the surface of the sample which resulted to be a
Schottky contact. Therefore, a potential barrier will be always present at the tip/sample interface which
can hinder (or facilitates) the collection of charges and in turn affect the local measured resistance.
Cross-sectional KPFM was also used to provide an explanation for the unsatisfactory PV performance of
the CZTGS devices. In particular, KPFM revealed the presence of a bulky MoS; layer which acts as a barrier
for an efficient collection of positive charge carriers. One issue in cross-sectional KPFM is the exact deter-
mination of the front surface of the solar cell structure, i.e. the real physical edge of the cross section.
This was addressed through a study of a n-cSi/i-aSi:H/p-ucSiOx heterojunction structure where we show
that a V-shape artifact can occur in the Vepp profile and how it can be avoided.

Finally, two further illustrations of the usefulness are given. The first one is the determination of the po-
tential open-circuit voltage in a non-fully processed device. This has been addressed through the charac-
terization of an unfinalized Mo-detached CIS solar cell. The second one is the tuning of work functions at
interface layers for better selective charge carrier extraction. Thus, we showed how the work function of
FTO can be modified by the additional SnO, and SnO2/NaF layers, and also a thin layer of Al,O3 is capable
of reducing the work function of the SnO; layer. This is of particular interest for improving electron col-
lection in perovskite-based devices.
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Chapter 2
Methods

This chapter presents a thorough analysis of the underlying principles and experimental methodologies
employed in the application of Kelvin Probe Force Microscopy (KPFM) and Conductive Atomic Force Mi-
croscopy (c-AFM) techniques throughout the course of the PhD thesis. The primary focus is to provide an
in-depth understanding of these techniques, their underlying principles, and the step-by-step procedures
implemented for data acquisition. Furthermore, a section will be devoted to describing the modeling tool
utilized to assist in the interpretation of KPFM data.

2.1 Unveiling the essentials: an introduction to the principles of Kelvin Probe

Force Microscopy

Kelvin probe force microscopy (KPFM) is an electrical extension of the AFM for the evaluation of surface
potential with a nanometric resolution. KPFM is a valuable investigative approach for the study of work
functions (WFs) via the measurement of the contact potential difference (Vcrp), i.e., the difference be-
tween the electrostatic potential at the surface of the investigated structure and that of the KPFM nano-
sized probe.

In 1991, Nonnenmacher et al. [1] introduced the KPFM technique showing for the first-time measure-
ments of Vcpp between different materials using scanning force microscopy which built upon the principles
of Kelvin Probe measurement established almost a century earlier by Lord Kelvin in 1898 [2].

Between these two milestones, in 1932, Zisman pioneered a novel approach to evaluate contact potential
differences among different metallic materials, thus establishing a foundation for the contemporary KPFM
technique, bridging the gap between the conceptualization of the Kelvin probe principle and the advent
of the initial KPFM instrument [3]. The method was based on the response of the electrometer deflection
as a function of the voltage applied to the tip (Vbc) to find the zero force on the tip, meaning that Vpc
equals the potential difference between the probe and the sample. Zisman used a vibrating metal plate
to have continuous measurements of the potential difference. This technique enabled measurement with
a resolution down to mm size.

The essence of the principles behind Kelvin probe measurement can be understood following the energy
diagrams of the sample and the probe shown in Figure 1 [4].

The tip and the sample are characterized by work functions @: and @s, respectively, which are defined as
the difference between the vacuum level and the Fermi level. When the probe and the sample are far
from each other and isolated, their Fermi levels are different, but the vacuum levels are the same.
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Figure 1: The electronic energy levels of an AFM tip and a sample can be analyzed in three different cases. In the
first case, the tip and the sample are separated by a distance d without any electrical contact. In the second case,
direct electrical contact is established. In the third case, an external bias (Vpc) is applied between the tip and sample
to cancel out the contact potential difference (Vceo) and nullify the tip-sample electrical force. The vacuum energy
level is represented by Ey, while Egs and Eg: denote the Fermi energy levels of the sample and the tip, respectively.

When the probe and the sample are connected, a current flow can establish between the sample and the
tip to reach equilibrium. This aligns the Fermi levels and results in a distortion of the vacuum level reflect-
ing the appearance of an electrostatic potential difference, called the contact potential difference at equi-
librium, and denoted Vcpp,eq. At equilibrium, we thus have:

q(Vs — Vt)eq = qVCPD,eq = ¢ — ¢s, (1)

with g being the absolute value of the electron charge.

The electrostatic potential difference (vacuum level distortion) can be adjusted by applying an external
electrical DC bias, that is by imposing an electrochemical potential difference Vpc = (¢: — ¢s) between the
tip and the sample:

q(Vs = V) = (¢ — ds) — q(@r — @s) = (P — ds) — qVpe, (2)

until it is nullified, which thus leads to Ve = Verp,eq. The WF difference is then directly obtained from this
DC voltage.

In a traditional Kelvin probe, the tip oscillates, it generates a changing electric field that induces a dis-
placement current between the tip and the sample that constitutes the monitoring signal. When the cur-
rent is zero, it indicates that the vacuum levels are aligned, and that the applied electrical bias equals
VCPD,eq-

However, in KPFM the monitoring signal is either the amplitude modulation (AM mode) or the frequency
modulation (FM mode).
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2.1.1 Amplitude modulation KPFM (AM-KPFM)

KPFM measurements are generally performed in two-pass scanning mode in which topographical data
are collected on the first pass whereas Vcpp is evaluated during the second one. During the second pass,
the tip is lifted above a predefined height (from a few nanometers to tens of nanometers) and a bias
voltage is applied between the tip and the sample:

Viias = Vpct+Vac sin sin wgt, (3)

V4c generates oscillating electrical forces between the AFM tip and sample surface, and Vp nullifies the
oscillating electrical forces that originated from Vcpp between tip and sample surface. Note that the re-
sponse is tracked by a lock-in amplifier (see Figure 12 in Chapter 1). The frequency of the electrical exci-
tation w,; is usually matched to the eigenfrequency w, of the cantilever to achieve higher sensitivity.
When the tip is approached to the surface, an electrical force is generated between the tip and the sample
and since in most cases at least the tip or the sample are conductive, a mirror charge with opposite sign
builds up on either side.
Since the tip-sample system can be approximated to a capacitor, the electrical force (F,;) can be expressed
as follows:

ac

1
Fer = Eg(AV)Z' (4)

In a standard KPFM measurement, the sample is grounded and 4V, which is defined as:
AV = (VDC + VCPD) + VAC sin sin Wert, (5)

is the potential difference between Vcep and the voltage applied to the AFM tip. Under these conditions,
F,; can be divided into three spectral components:

19C(2) Vi
Fpc = > 9, (Vb = Vepp)® + % ,(6)
0C(z) )
Wel = T (VDC - VCPD)VACSln(welt)' (7)
aC(2)1 _,
Fawe = =3, 7 Vic €0s cos Qwet), (8)

The electrostatic force F,, , drives the cantilever into oscillation. In order to measure Vpp, the Kelvin con-
troller adjusts Vp¢ until the electrostatic force F,, , is canceled out. This is achieved when V. —V¢pp = 0.
According to Eq. (1), the local work function of the sample can be evaluated if the one of the tip is known.
It is important to mention that for absolute work function measurements operation under UHV conditions
is mandatory [5]. This is because ambient conditions promote the oxidation of the surface, the adsorption
of water molecules on the surface coming from the humidity in air and the possible presence of nano-
particles of dust [6]. These aspects together may lead to surface inhomogeneities which locally affect Vepp
and result in variations in otherwise constant surface physical properties.

Additionally, it is worth to mention that Fp (Eq. 6) results in a static deflection of the AFM tip and thus it
contributes to the topography signal, and finally F;,,, (Eq. 8) can be used for capacitance microscopy.
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The lift is an important parameter in AM-KPFM, as it determines the spatial resolution of the measure-
ment and the sensitivity of the technique. In general, a smaller lift corresponds to a higher spatial resolu-
tion and a greater sensitivity to the surface properties, as the tip is able to probe the sample more closely.
However, the lift also determines the range of electric potentials that can be measured, as the electric
potential difference between the tip and the sample must be large enough to produce a measurable can-
tilever deflection.

AM-KPFM is generally likely to introduce artifacts into the measured V.pp maps [5]. One of the most
studied and widely reported in literature artifacts in AM-KPFM is the presence of parasitic capacitances
between the sample and the cantilever due to their conductive nature. Parasitic capacitances directly
affect the estimation of the V.pp since, as expressed in Eq. 7, the amplitude of the electrostatic force is
proportional to the capacitance gradient.

For many commercially available AFM tips, the large surface area of the tip body and the cantilever yields
a significant contribution to the capacitance, even at relatively low tip/sample distance of a few nanome-
ters. This capacitive artifact can affect the measured signal in several ways. For instance, as the cantilever
oscillates, the parasitic capacitance will vary, leading to a modulation of the cantilever oscillation ampli-
tude, (as it was described in paragraph 1.4.4).

One possible approach to reduce the effect of long-ranged electrostatic interactions between the sample
and the cantilever is to use force gradient detection: FM-KPFM.

2.1.2 Frequency modulation KPFM (FM-KPFM)

FM-KPFM mode exploits the presence of a force field between the tip and the sample, F;5(z). This causes
a shift in the angular resonance frequency w, of the cantilever which will cause the cantilever to oscillate
to a new modified angular resonance frequency wg which is proportional to the derivative of F.4(z) with
respect to the z position. Therefore, instead of modulating the oscillation amplitude of the cantilever, FM-
KPFM modulates the oscillation frequency of the cantilever.

A ] ) a) & b)
Excitation Wq Excitation Wo
v
. F 3
I Detection Detection
Wel Wo — Wl Wo + W)
Il | B
0 ’ 0 "
w(Hz) w(Hz)

Figure 2: Frequency spectra for a) AM-KPFM and b) FM-KPFM.

In particular, for small oscillation amplitudes w; can be described by an effective spring constant kerr =

oF,
k — == and thus w; = [

1/2
1 . . . . . .
p )l . It follows that V. is responsible of generating periodic fluctuations

2(k-20ts

in F,; (Eg. 7), and additionally in the frequency of resonance. The magnitude of this frequency modulation
is proportional to the electrical force gradient VF,; and thus to the second derivative of the tip-sample
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. a%c . . . .
system capacitance Py As a consequence of this frequency modulation, sidebands appear at wy + w,; in

the frequency spectrum of the cantilever deflection, as shown in Figure 2.

The application of a V. value that matches with Vpp, between the tip and the sample compensates for
the electrostatic force and the sidebands disappear. Similarly to AM-KPFM, Vpp, is measured by adjusting
Vpc to nullify VF,;. It results that the FM mode is more sensitive to the electrostatic interaction between
the apex of the tip and the sample surface mitigating the effect of cantilever parasitic capacitances.
FM-KPFM generally uses a two lock-in amplifier system. In particular, the first lock-in is used to mechani-
cally excite the cantilever by the piezo, while the second lock-in generates the electrical excitation V.
The resulting modulation of the cantilever oscillation is detected on the first lock-in amplifier and the
phase, or the resulting frequency shift, is demodulated on the second lock-in using a phase locked loop.
Borgani et al., [7] showed that the electrostatic frequency modulation can be detected by using a non-
linear frequency mixing with a mechanical cantilever oscillation at angular frequency w,,, e.g., the tapping
oscillation used for the height feedback.

The capacitance gradient decreases monotonically with the distance of the tip from the surface, and it
will also oscillate with frequency w,,. The capacitance gradient can be written as a Fourier series:

ac Qo N
5, 0=+ Z a,cos(nwpt), (9)
n=

and therefore, Eq. 4 can be expressed as:

® (Vpc=Vepp)? | V2 . 1
Fet = 2520 @ €05 (N {225 + 74] 4 (Ve = Vepp)Vacsin(wert)] — [3VE: cosRweit) [}, (10)

Considering Fourier coefficients just up n = 1, it is possible to separate the electrostatic force in its spec-
tral components:

ay .
F,, = > (Voe = Vepp)Vacsin(wet), (11)

Ao
Frey = gvjccos(melt), (12)

a, . L
Fomtwe = ?(VDC — Vepp)Vaclsin((we; — wp)t) +sin sin ((we; + wiyr)t)], (13)

a; L
meiZa)el = - EVAZC [COS((zwel - wm)t) tsin sin ((Zwel + wm)t)]; (14)
Egs. 11 and 12 are the FM equivalent to Egs. 7 and 8 for AM-KPFM. Note that the Fourier coefficient
2
a, can be correlated to the capacitance gradient as ay = Z:ZZC.

Egs. 13 and 14 show that the electrostatic force signal can be detected at the sidebands. Eq. 13 is the
fundamental equation that describes FM-KPFM since it contains V. — Vpp and it is the equivalent of Eq.

7 in analogy to Eq. 11.

. . . 9%C . .
FM-KPFM presents enhanced lateral resolution with respect to AM-KPFM since the 5,z Is more sensitive

to local tip-apex/surface interactions.
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However, the force signal (AM) is stronger than the force gradient signal and therefore higher V,. ampli-
tudes are generally required, and this can introduce new artifacts, for instance local band-bending in case
of semiconductor samples [8].

As already mentioned, one advantage of FM-KPFM over AM-KPFM is that it is less sensitive to artifacts
due to parasitic capacitance between the sample and the cantilever.

In FM-KPFM, the parasitic capacitance does not significantly affect the oscillation frequency, so it does
not introduce artifacts into the measured signal.

FM-KPFM has an additional benefit of being less susceptible to noise and errors arising from other sources.
This is because the oscillation frequency is significantly higher than the amplitude of oscillation, leading
to a more precise measurement of the electric potential.

A schematic of the scanning probe microscopy system from AIST-NT (TRIOS platform) used for KPFM anal-
ysis during the PhD is described in Figure 3.
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Figure 3: Scanning probe microscopy system from AIST-NT (TRIOS platform) which allows to perform KPFM analysis
in AM and FM mode.

2.2 Setting the stage: the experimental setup of Kelvin Probe Force Micros-

copy
KPFM measurements were performed using a HORIBA/AIST-NT (TRIOS platform) scanning probe micros-

copy system. The TRIOS platform (Figure 4) combines AFM with a series of AFM electrical extensions to
perform a range of different scanning probe characterizations, e.g., Magnetic Force Microscopy (MFM),
Electric Force Microscopy (EFM), PiezoResponse Force Microscopy (PRFM), KPFM and c-AFM. The TRIOS
platform works both in contact and non-contact mode based on the chosen technique. Prior to analysis,
the AFM tip and the sample must be placed in the probe holder and sample stage, respectively. An image
of the probe holder is reported in Figure 5.

The tip is kept in place by a metallic probe spring clip. The tip positioning is really important since in the
case the tip resulted to be crooked, image artifacts may happen during analysis.
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Figure 4: Schematic of the TRIOS platform.

In particular, for KPFM characterization, ARROW-EFM Pt/Ir coated high-doped n-type single crystal silicon
tips were used. The tips are provided from NanoWorld and present a tip-apex radius below 25 nm, reso-
nance frequency at 75 kHz, force constant of 2.8 N/m and the cantilever is 240 um long.

In order to ease the sample position, the TRIOS platform is provided with a CCD camera which acts like an
optical microscope. Based on necessity, it is possible to choose objectives with different magnification:
x25, x50 and x100.

Once the sample and tip are properly placed, the tip is approached to the sample surface and the meas-
urements can be performed.

As already mentioned in paragraph 1.4.1, the TRIOS platform allows to guarantee “dark” conditions during
the measurements thanks to its peculiar laser-based cantilever deflection system that uses a 1310 nm
photodiode minimizing parasitic absorption in the analyzed semiconductor samples that may occur with
a laser at lower wavelengths. This is because the wavelength at 1310 nm is generally well below the
bandgap of the semiconductor samples analyzed during the thesis and therefore the parasitic laser ab-
sorption, which may interfere with the KPFM measurement, is reduced to negligible levels [9]. Nonethe-
less, KPFM analysis under illumination represents an important experimental value since it allows to per-
form surface photovoltage analysis (as it will be defined in section 2.3.1) or studying a solar cell under
operating conditions. For this reason, in the TRIOS platform, a system of mirrors is included in the setup
enabling it to perform measurements under illumination through external lasers. The sample can be illu-
minated with one or two lasers at the same time. The illumination is provided by optical fibers, and it is
possible to change the optical path to illuminate the sample from different directions: from the top
(green), from the side (pink) and from the bottom (blue), as shown in Figure 4. The beam is then focused
on the sample by an objective.
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Figure 5: Image of the probe holder with a typical AFM probe placed in position.

It is important to note that the power of the laser reaching the sample is attenuated with respect to the
value that is set directly on the source. This is directly related to the optical path between the laser source
and the sample in addition to the CCD camera that behaves itself as a filter. For this reason, to evaluate
the real power illumination reaching the sample, additional power measurements must be done by using
a power meter. Several lasers from Oxxius with different wavelengths have been used during the realiza-
tion of the PhD thesis based on the energy gap of the analyzed semiconductor sample, namely 980 nm,
785 nm, 532 nm, and 488 nm.

KPFM is an electrical measurement and thus it is important to properly ground the sample. This is gener-
ally achieved with a metallic clip which is connected to the KPFM ground. Generally, the ground is taken
from a conductive layer in the sample that will represent the reference frame. For instance, consider a
simple structure formed by a stack of an FTO layer and a SnO; layer deposited on a glass substrate, as in
the study that will be shown in section 5.2. To investigate the impact of the SnO; layer on V¢pp in compar-
ison to the bare FTO, a two-step characterization is essential. Firstly, one needs to characterize a reference
sample consisting solely of the bare FTO layer (Figure 6, left). Subsequently, the same analysis can be
performed on the sample containing the SnO; layer while maintaining grounded the FTO layer (Figure 6,
right). A schematic representation of this setup is provided in Figure 6 where the green rectangle repre-
sents the FTO and the orange one the SnO; layers, respectively.

| KPFM | KPFM

Figure 6: Schematic of the KPFM experimental setup and the role of the electrical ground. Specifically, the ground
is taken from a conductive layer in the sample that will represent the reference frame. Here, the green rectangle
represents the FTO and the orange one the SnO; layers, respectively. In the image on the right, the Vepp measured
on the Sn0; layer will be referenced to the FTO layer.
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In the experimental configuration shown in Figure 6 (right), the Vcppo measured on the SnO; layer will be
referenced to the FTO layer.

Finally, when it comes to solar cell analysis, the ground is generally taken from the back contact. In order
to provide operando analysis of the solar device, we generally also externally connect the back and front
contact to a sourcemeter (Keithley 2400) which enable in situ monitoring of the solar cell through I-V
analysis, as shown in Figure 7 which refers to the analysis of a n-cSi/i-aSi:H/p-ucSiOx heterojunction which
will be described in section 4.3.

x~ Tip motion

Y y

Figure 7: Schematic of the KPFM and sample setup for cross-sectional analysis. The light green, yellow and brown
rectangles refer to the n-cSi/i-aSi:H/p-ucSiOx layers, respectively, whereas the light blue rectangles represents ITO.

If the experiment is set up correctly, it is also possible to apply an external bias evaluating the surface
potential under real operating conditions in the form of external applied biases and illumination.

2.3 Methodical approaches: a close examination of the experimental proce-
dure for KPFM

The following paragraphs outline the experimental procedures employed throughout the entirety of this
PhD thesis, serving as a standardized approach applicable to both planar and cross-sectional measure-
ments.

2.3.1 Kelvin Probe Force Microscopy standard characterization

KPFM is performed using the scanning probe microscopy system from AIST-NT (TRIOS platform) presented
in the previous chapter. Our KPFM operates in ambient conditions, and it is generally used in frequency
modulation (FM-KPFM) using a two-pass scanning mode where the second pass is preferably performed
at a constant distance of 10 nm from the sample surface: topographical data are collected on the first
pass whereas Vcpp is evaluated during the second one. It is important to mention that the lift is a tunable
parameter. A lift of 10 nm is generally used for samples that present a flat surface, otherwise, for samples
that are characterized by rougher surface, a lift up to 30 nm can be selected.

In line with the specifications outlined in paragraph 2.2, the TRIOS system enables illumination from three
distinct positions. Nonetheless, the primary emphasis was placed on utilizing top illumination as the main
approach, while lateral illumination was additionally employed specifically for the analysis of finalized
solar cells. The schematic of our KPFM setup is depicted in Figure 8.
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Figure 8: Schematic diagram of the KPFM system. While a Vac + Vpc voltage is applied, the KPFM tip scans across a
surface. The Vac signal is sinusoidal with a frequency that equals the mechanical resonance of the cantilever. The
four-quadrant detector gives feedback in order to minimize cantilever oscillation modifying the Vpc signal providing
the sample surface potential relative to that of the tip.

We have generally always privileged FM-KPFM mode over the amplitude modulation mode (AM-KPFM)
since, as already described, FM-KPFM is more sensitive to local tip apex/sample surface interactions and
therefore the long-range electrostatic interactions of the cantilever are reduced as well as the effect of
parasitic capacitances [5]. Additionally, in FM-KPFM surface potential measurements are less dependent
on the lift-height tip/sample distance than in AM-KPFM since this mode results to be less sensitive to
static offsets induced by capacitive coupling or crosstalk [10].

KPFM measurements have been performed in ambient conditions and thus the sensitivity of the meas-
ured Veep is £ 20 mV. During ambient conditions KPFM measurements, tip contamination is likely to occur
due to the pollutants which may be present on the sample surface causing a variation of ¢, [11]. For
this reason, it is a good practice to evaluate periodically ¢;;, in the course of the analysis using Eq. 1 by
measuring the Vcpp value of a freshly exfoliated surface of highly ordered pyrolytic graphite (HOPG) [12].
In order to be able to compare KPFM data acquired scan after scan, it is important that the successively
measured ¢, values show negligible variations.

As a general rule, in order to perform successful KPFM measurements, a low surface roughness is essential
to obtain high-quality images since surface inhomogeneities can cause a topographical image imprint on
the potential image. Furthermore, other factors, including the presence of electrically active surface de-
fects, the experimental measurement environment, and the AFM probe operating conditions, can affect
KPFM measurements [9,13], as it will be explained in Chapter 3.

During the course of the PhD, KPFM measurements were performed in dark conditions and under illumi-
nation with the samples being in planar or cross-sectional configuration. The acquisition of the contact
potential difference under illumination Vcpp/ight, enables the evaluation of the surface photovoltage (SPV),
which is defined as the light-induced change of the surface potential of a photoactive material [20]. Since
the surface potential of the tip is assumed to be unaffected by illumination, the difference between
Verpyiight and the Vepp value in the dark, Verp/aark, is equal to the change in surface potential of the sample
between illumination and dark, so that the surface photovoltage is obtained from this difference:

SPV = Veppjiignt — Veppaari (15).
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It is important to mention that although KPFM is primarily a surface technique, the SPV can be sensitive
to the presence of buried interfaces and/or deep charge trap states that may be present far from the
surface in the bulk of semiconductors. For this reason, we did not use only the laser illumination described
in paragraph 2.2. In particular, the white light coming from the camera connected to the microscope has
also been used for top illumination. This is because the white light wavelength range is between 400 nm
and 700 nm and for these wavelengths, for instance, the penetration depth in 1ll-V based materials gen-
erally ranges between 10 and 100 nm. This makes our measurements mainly sensitive to the surface
states and surface band-bending. Additionally, a uniform illumination of the cross-section is achieved
thanks to the wide light spot.

The power density of the white light at maximum power is 750 Wm™ as it was measured by a thermal
power sensor S401C from Thorlabs which has a flat spectral response in the white light range of wave-
lengths. This relatively low power density allows to minimize the Dember effect since its contribution
becomes significant only in high injection conditions [14]. This procedure was utilized for the characteri-
zation of IlI-V multilayer structures, which will be presented in Chapter 3.

2.3.2 Exploring surface potential variations across the interfaces with cross-sectional

KPFM analysis

The cross-section of a device provides a 2D view of the layers and interfaces within the device, which
cannot be obtained from top-view measurements alone. By analyzing the cross-section, it is possible to
obtain detailed information about the electronic properties and device performance, including, for in-
stance, charge carrier distribution, mobility, and recombination rates [15].

In particular, in a solar cell, cross-sectional analysis allows investigating the interface between the differ-
ent layers of the device, such as pn junctions or absorber/charge transport layer. The efficiency of a solar
cell is highly dependent on the properties of interfaces, including energy level alignment, charge carrier
concentration, and recombination rate which are critical parameters that govern the device performance.
Furthermore, the cross-section allows the investigation of the effect of surface defects and impurities
within the device which can impact the efficiency and stability of the solar cell. Defects such as disloca-
tions, grain boundaries, or vacancies can impact the charge carrier transport and recombination, and their
location and concentration can be revealed [16].

Generally, the information accessible through cross-sectional analysis can be used to optimize the design
and improve the efficiency and reliability of the device. However, in order to acquire meaningful data,
cross-sectional KPFM requires a significant amount of effort, both in terms of experimental setup and
data analysis, often requiring modeling for a thorough data comprehension. For instance, the experi-
mental setup requires precise alignment of the device under the KPFM tip and under the external laser
illumination as well as careful calibration of the KPFM instrument to ensure accurate measurements. Ad-
ditionally, the samples need to be carefully prepared to obtain a clean and well-defined cross-section
without introducing any damage or contamination to the device. This requires specialized sample prepa-
ration technigues and instrumentation, as well as significant attention to details.

In our studies, we focused on characterizing mainly the cross-section of lllI-V and silicon-based samples
thanks to their stability in ambient conditions and ease of cleaving with respect to other PV materials. As

51



Chapter 2 — Methods

a general idea, KPFM was used to map the surface potential along the cross-section of devices and multi-
layer structures under different illumination and bias conditions to obtain a comprehensive understand-
ing of the surface potential.

In summary, our study aims to show the potentialities of KPFM characterization for understanding the
electronic properties of solar cells at the cross-section level.

2.3.3 Cross-sectional KPFM setup for operando device characterization

The experiment setup required to perform satisfactory and meaningful cross-sectional KPFM analysis is
nontrivial to configure, both in terms of sample preparation and positioning in the KPFM sample stage.
Over time and through the acquisition of expertise, we have developed an experimental configuration
that is both quick to assemble and relatively straightforward to operate which is shown in Figure 9.

Figure 9: Experimental setup for cross-sectional KPFM analysis of a solar cell, a) back contact and b) front contact.
The back contact is connected to the KPFM ground which is represented by the metallic clip. The back and front
contacts are then connected to a Keithley 2400 with an extra wire (not shown) and copper tape + metallic wire,
respectively. The diameter of the sample holder is 1.3 cm.

It is worth describing the steps necessary to achieve this experimental configuration. In order to perform
cross-sectional analysis, the sample must be cleaved and must be placed upright in a metallic sample
holder. The choice of the sample holder is imposed by the sample height which, generally, has to be illu-
minated from the side, e.g., the front surface of the solar cell.
Due to the metallic nature of the sample holder, the initial critical aspect consists in ensuring that the
solar cell’s back and front contacts are electrically isolated in order to avoid the short-circuit of the device.
For this reason the first step consists of electrically insulating the base of the sample holder with an insu-
lating layer.
Subsequently, a method must be identified to maintain the sample in an upright position while simulta-
neously enabling the connection of the front and back contacts of the solar cell. For this step, we use two
insulating plastic plates which present a layer of copper on just one of the two sides. Using double-sided
tape, the two plates are adhered together with one on the copper side and the other on the plastic side,
resulting in electrical disconnection. It is important that the plates must be attached together slightly
shifted to allow space for the sample.
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The sample is then positioned in the space between the two plates. The back contact will be connected
to the first copper layer while the front contact to the second one thanks to conductive silver paste (Figure
10). Since the samples are generally small and silver paste tends to spread, it is important to constantly
check with a multimeter the electrical disconnection of the two plates until drying.

Figure 10: Schematic of the experimental configuration for cross-sectional KPFM analysis. The brown rectangles
represent copper plates, and the blue rectangle is an insulating layer placed between the two plates. The gray
clouds represent silver paste used to ensure a good electrical connection.

The sample setup is then placed in the KPFM equipment. There, through additional wires, the back and
front contacts are connected to a sourcemeter. To test that the system is working properly, and the solar
cell is not damaged after cleaving, |-V curves can be acquired directly with the Keithley 2400.

As a final step, it is important to place the sample perpendicular to the scanning direction of the tip and,
additionally, in a position that maximizes Voc under the particular selected laser illumination.

By following this procedure, the experimental setup previously shown in Figure 9 is arranged and it is now
possible to perform KPFM analysis.

During cross-sectional KPFM, rectangular scans are generally preferred in order to cover the whole length
of the layers stuck along the y-axis, an example is reported in Figure 11 which shows the topography and
Verp images acquired on the cross-section n-cSi/i-aSi:H/p-ucSiOx heterojunction which will be described
in section 4.3. Note that the origin (0;0) is identified as a point in the cross-section of the sample and
moving along the positive direction of the y-axis, one will reach the end of the sample.
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Figure 11: Example of a typical cross-sectional KPFM analysis in which the topography a) and Vcep map b) were
acquired on the cross-section of the n-cSi/i-a-Si/p-pucSiOx sample.
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Generally, it is a good practice to include part of the substrate in the scan using it as a reference frame for
the identification of the other layers. One single scan can take from 20 to 40 minutes based on the image
resolution, scanning rate and scan dimension. A good compromise was found performing scans with a
resolution of 500x500 with a tip scan rate (the speed at which the AFM tip is moved across the surface)
of 0.4 Hz. Specifically, it means that the entire image is composed of a grid or array of 500 data points
along the horizontal (x-axis) direction and 500 data points along the vertical (y-axis) direction and each
line that forms the final image takes approximately 2.5 seconds to be acquired.

However, when a good region is identified, long scans can be performed to obtain high-quality images,
for instance 1024x1024 with a scan rate of 0.1 Hz.

2.4. Unraveling the complexities: exploring the problematics of cross-sec-
tional KPFM

In this paragraph the challenges associated with the cross-sectional KPFM technique will be presented
and described. Additionally, some cases of artifacts that may occur during cross-sectional analysis will be
illustrated. Note that in order to provide experimental evidence of these problematics, KPFM data ac-
quired on the cross-section of a GaAs solar cell will be used as illustrations.

2.4.1 Sample preparation

One of the biggest challenges in sample preparation for cross-sectional KPFM is ensuring that the cleaved
surface is clean, smooth and in perfect conditions. For example, any contaminants on the surface can
affect the local surface potential measurements. Additionally, any surface irregularities or roughness can
also have an impact on the local surface potential, leading to inaccurate or unreliable results. The cleaving
process is best performed with the utilization of suitable equipment, such as a focused ion beam (FIB)
[17], which can be prohibitively expensive and may not be readily accessible. Furthermore, proper
operation of such equipment necessitates adequate training. In my particular case, due to unavailability
of the aforementioned equipment, | resorted to a method that involved indenting the sample with a
diamond tip, followed by breaking the sample along the direction of the scratch.

Throughout the cleaving process, numerous challenges may arise. For instance, the sample could fracture
or split during cleaving, rendering it unsuitable for subsequent analysis. Furthermore, cleaving may induce
stress or damage to the material, thereby impacting the local surface potential measurements.

Figure 12 provides a top-view optical image of a real cross-section obtained after cleaving, highlighting
the issues that may arise with such an elementary cleaving process. Specifically, after the cleaving process,
the sample was placed in the sample holder and observed with the optical microscope integrated in the
KPFM equipment. For this reason, the shadow visible at the bottom center of the optical image is related
to the AFM probe and additionally, to guide the readers, a black arrow was added to show the location of
the edge of the sample.

Note that the thickness of the cross-section is generally in the order of hundreds of micrometers whereas
the layers of interest (e.g., pn junctions, buffer layers) are located in a few microns in a region very close
to the edge of the sample.
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Figure 12: Top-view optical image of a real sample cross-section. Note that the shadow visible at the bottom cen-
ter of the optical image is related to the AFM probe.

The cross-section displays holes and breaks at the edge where the layers of interest are located. Notably,
the presence of breaking points can cause voltage losses across the semiconductor-based structure. Fur-
thermore, the sample exhibits visible strains that stem from the stress that was induced during the cleav-
ing process.

Identifying an optimal location for KPFM analysis is crucial to achieve meaningful results. It is noteworthy
that, although it may be feasible to avoid macroscopic areas of damage, the surface could contain nano
or micro damaged regions that may have a localized effect on surface potential but are undetectable
through the TRIOS platform optical microscope. The same is valid for the presence of nano or micro dust
particles on the surface. For these reasons, in cross-sectional KPFM analysis, reproducibility is crucial to
ensure consistent and reliable results when repeating the experiment. However, the different factors in-
volved in sample preparation, as previously discussed, can introduce variability and uncertainty into the
local surface potential measurements, thereby reducing the reproducibility of results.

Another important aspect to consider is the oxidation process. When the cross-section is exposed, natural
oxidation begins to occur, and since KPFM analysis can be time-consuming, the surface potential signal
may change over time due to the formation of an oxide layer. In our case, as the equipment operates in
ambient conditions and thus, this process is unavoidable.

Furthermore, the unsuitability of ambient conditions for materials prone to humidity-induced instability,
such as perovskite-based materials, intensifies the urgency and time sensitivity of their characterization
process.

2.4.2 Unwanted tip/sample contact

A commonly encountered issue in KPFM analysis is the inadvertent contact of the tip with the sample
surface during scanning. This contact can cause a shift in the work function (WF) of the tip. Since Vcpp
directly depends on the WF of the tip, any change in it due to tip-sample contact will be reflected in the
measured Vcpp. Regrettably, this phenomenon is uncontrollable and can manifest at any point during the
KPFM analysis. Its most significant consequence is that the Vcpp value changes, rendering previous meas-
urements incomparable with new ones. This issue necessitates the repeated execution of the entire anal-
ysis from the start, adding a significant burden to the research process.
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An instance of this phenomenon is demonstrated in Figure 13, where the white arrow highlights a point
at approximately 0.5 um along the x-axis where the tip has inadvertently touched the sample surface. This
contact caused an increase in the Vcpp value in comparison to the previous measurements (Figure 13b),
rendering the newly acquired Vcep values incomparable to those obtained earlier.
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Figure 13: Example of the tip touching the surface of the sample. The point of contact is highlighted by the white
arrow in both topography a) and Vcep b) images.

There are two potential solutions that can help to mitigate this issue. Ideally, the KPFM apparatus should
be located in a room isolated from external sources of vibration which can trigger undesirable movements
of the tip. Note that our KPFM setup is placed on an anti-vibrating table which can help to reduce the
occurrence of these unwanted tip/sample contacts but not remove it completely.

Additionally, one can execute measurements with a relatively high tip lift from the surface, approximately
30/50 nm. However, a trade-off must be considered, as a higher lift corresponds to lower image resolu-
tion. Hence, it becomes imperative to reach a balance between the tip lift and image resolution in order
to attain optimal outcomes.

This unwanted tip/surface interaction may appear in both cross-sectional and planar configurations, es-
pecially when the analyzed sample presents a rough and inhomogeneous topography.

2.4.3 Image deformation

Piezo actuators are a crucial component of AFM/KPFM systems, as they enable the precise and rapid
scanning of the surface of a sample. These actuators control the piezoelectric effect, which generates
mechanical stress in response to an electric field, to regulate the movement of the AFM/KPFM tip. Despite
their exceptional precision and reliability, piezo actuators can introduce artifacts in the AFM/KPFM image
[18].

Some of the common artifacts related to piezo actuators include:

Piezo hysteresis: All piezoelectric ceramics display hysteretic behavior, that is, if slowly scanned back and
forth cyclically, to the same driving signal does not correspond to the same position in the two scanning
directions. This effect can introduce artifacts in the image, particularly in regions where the surface is not
uniform or where there are discontinuities in the sample.
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Mechanical crosstalk: Piezo actuators can introduce mechanical crosstalk, where the movement of one
actuator affects the position of adjacent actuators. This can lead to distortions in the AFM/KPFM image,
particularly in regions where the surface is not flat or where there are significant topographical features.
Electrical noise: The use of piezo actuators can also introduce electrical noise into the AFM/KPFM meas-
urement. This could happen if the voltage applied to the actuator is unstable or if there are electromag-
netic interference sources in the environment. The electrical noise can affect the precision and accuracy
of the AFM/KPFM measurement, leading to artifacts in the image.

Here, we present our observations on two frequently occurring problematics in cross-sectional KPFM that
we believe may be linked to the use of piezo actuators.

In certain instances, the AFM/KPFM image may appear rotated even when the sample is positioned per-
pendicular to the direction of the scanning tip, as depicted in Figure 14. The primary issue associated with
this problematic is that during the scanning process, a portion of the intended scanned area may result to
be cut off from the final image.

In such cases, angular rotation correction may be required during data processing to obtain a straight
image for comparison of different regions. Unfortunately, direct control over this occurrence is not possi-
ble, and consecutively acquired scans may appear horizontally or even rotated in the opposite direction.

b) oowm 05 10

-0.10

-0.20

-0.30

-0.39

Figure 14: Topography a) and Vcep b) images of a KPFM scan which appears rotated with respect to the scanning
direction.

In addition, the image may appear non-uniform, creating the illusion of a flexible and non-straight cross-
section, as reported in the example of Figure 15. Even in this situation, direct control over this artifact is
not possible. In fact, it is likely that the following scan may not exhibit this artifact.

It should be noted that the improper positioning of the tip in the probe spring clip (Figure 5) can also result
in similar types of artifacts or increasing their occurrence. However, it is important to note that these
types of image distortions are primarily encountered in cross-sectional analysis, whereas the planar con-
figuration remains largely unaffected by these issues. Nonetheless, in the case their appearance persists,
it is possible to make use of calibrated samples to check the quality of the AFM actuators. Specifically,
calibrated samples serve as a valuable tool to assess the accuracy of the AFM actuator system. For in-
stance, a silicon wafer etched with precise periodic patterns, like lines or grooves, of known dimensions,
traceable to standards, can be used as a calibrated sample. By scanning this specially designed sample
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Figure 15: Topography a) and Vcep b) images of a KPFM scan in which the cross-section appears flexible and non-
straight.

with known and precise features, one can verify that the actuator is functioning correctly, ensuring that
the AFM delivers accurate and reliable measurements [30].

2.5 A modeling tool: KELSCAN

As KPFM is a surface-sensitive technique, the measured surface potential can be affected by the presence
of surface defects, leading to variations in potential compared to the otherwise constant bulk potential.
Consequently, understanding KPFM data can be challenging, and the use of a modeling tool is essential
to enable a comprehensive analysis of experimental results.

The simulations were performed using in-house software KELSCAN developed at the IPVF institute, and
which delivers a targeted KPFM modeling tool using SILVACO ATLAS software evaluating the contact po-
tential and surface photovoltage as a function of position [19]. ATLAS solves the Poisson equation self-
consistently coupled to carrier continuity and transport equations and includes standard radiative and
nonradiative (Auger and Shockley-Read-Hall) recombination mechanisms in the well-known drift diffusion
model, as detailed by Huang et al. [20].

The simulations always assume ohmic contacts and therefore Dirichlet boundary conditions fixing poten-
tial and carrier concentrations at the boundaries, as reported in section 3.5 of the SILVACO ATLAS manual.
The ATLAS module solves semiconductor transport and continuity equations numerically in two dimen-
sions (2D) and includes flexible descriptions of bulk and surface defect distributions.

KELSCAN simulates the experimental setup by sequentially moving the AFM tip across the surface of the
sample, statically solving the semiconductor equations at each position, and then evaluating the contact
potential at each position from the field distribution calculated by ATLAS and exported to KELSCAN.

The contact potential difference is modeled by physically defining a 2D probe of realistic dimensions with
a variable WF and placing it at the experimental distance from the sample surface. An air ambient is de-
fined between the sample and the tip as in the experimental setup. A numerical interpolation scheme in
KELSCAN evaluates the zero-field condition by comparing fields with no bias applied between KPFM tip
and sample contacts, and with non-zero bias estimated from the analytical value of Vcpp which can be
easily estimated from the tip and sample material work functions and the doping level.
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KELSCAN allows two-dimensional definition of samples which provides a realistic representation of charge
distribution within the volume of the device, particularly from the perspective of placement of electrodes
on the sides of the samples (orthogonal to the KPFM tip) or at the lower surface of the sample (below the
KPFM tip). This methodology furthermore allows the specification of arbitrary doping and composition
profiles in the sample and enables the study of doping gradients and interfaces, and of pn junction devices
in cross section. An illustration is reported in Figure 16 in which the structure of the p-AlGaAs:Be/n-
GalnP:Si heterojunction solar cell that will be shown in section 4.1 is used as an instance.

Materials

] 1 2 3 4
Microns
Figure 16: Two-dimensional representation of the cross-section of the p-AlGaAs:Be/n-GalnP:Si heterojunction solar
cell that will be shown in section 4.1 obtained with the KELSCAN tool. An inset of the different layers that comprise
the structure is also reported.

In this two-dimensional modeling, simulation of KPFM tip scanning across the surface is possible, and a
more exact simulation of the consequences of tip geometry and sample contact placement is enabled.

In order to replicate the experimental conditions, the radius of the tip is set at 25 nm, and the other
experimental parameters such as the tip/sample distance and the ¢, values are set accordingly to the
experimental conditions and tip characterization.

Note that KELSCAN allows to simulate Vcrp measurements either in dark conditions or under illumination:
in the case of “under illumination” simulations, it is possible to select a power density that matches the
one used during the experiment.

In order to provide a quantitative analysis of the experimental results, and thus considering a real surface
cross-section, the modeling allows the introduction of donor and acceptor type defects in a surface layer
of arbitrary depth which are defined by a Gaussian defect distribution width, peak and energy position.
The model of defects extending into the volume is physically more appropriate than a two-dimensional
surface distribution [21]. The introduced defect volume density of states (DOS), N(E) (eV-icm3), is as-
sumed homogeneous throughout the thickness of the defective layer, tp, which we took equal to 1 nm.
This can be translated into a surface density of states Nss(E) (eV-lem™2): Nss(E) = N(E) x tp, with tp=10"7 cm.
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In addition, the DOS consists of the sum of two distributions of monovalent donor and acceptor states,
Np(E) and Na(E), respectively: N(E) = Np(E) + Na(E). These determine the charge neutrality level (CNL) of
the surface defects. More precisely, when the Fermi level (Ef) at the surface coincides with the CNL there
is no net charge coming from the surface defects, while when Er is above (below) the CNL surface defects
are overall negatively (positively) charged.

An example is reported in Figure 17, for which a Gaussian distribution of acceptor-like surface defects
with a maximum density of 101° eV-lcm™ and a width (o) of 2 eV was modeled along the whole energy
gap for the case of a Si sample.
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Figure 17: Example of a distribution of acceptor-like surface defects with a density of 10¥° eV-lcm=2 introduced along
the whole energy range of the energy gap for the case of a Si sample.

In the regard of this PhD thesis, the final objective is not to replicate the exact surface state densities for
each semiconductor-based sample since there are numerous free parameters involved in selecting defect
distributions [31]. Our goal is rather to analyze the influence of surface defects on the surface properties
of a semiconductor material, with particular emphasis to extra surface charge provided by surface defects
and its subsequent impact on surface band-bending, which ultimately determines Vcpp. We then compare
these surface properties to the bulk properties in order to explain the experimental Vcpp profiles.

For these reasons, to illustrate the impact of surface defects on the energy bands and surface potential
of the analyzed structures, we will simplify and introduce surface defect distributions that can be approx-
imated as a simple uniform DOS for both donor and acceptor states across the entire energy range within
the energy gap. This is achieved by specifying a very large width of tens of eV for the Gaussian distribution.
The CNL is thus easily deduced from the ratio of the constant donor and acceptor DOS. If they are chosen
equal, the CNL is set at mid-gap whereas it is moved towards the valence (conduction) band if the ratio of
acceptor to donor DOS is larger (smaller) than 1 [22].
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2.6 Probing nanoscale conductivity: insights from Conductive Atomic Force

Microscopy

During the late 1980s, several attempts were initiated to measure contact resistance at a local level in
different applications [23,24], leading to the acquisition of the first experimental image demonstrating
the surface local resistivity by employing a conductive AFM probe. This method is known as conductive
AFM (c-AFM) and it enables the simultaneous generation of topography and resistance (or current) maps.
In that period, Shafai et al., [25] proposed a technique that described semiconductor doping with a lateral
resolution of less than 35 nm.

A major milestone in this field occurred in 1996 when a French team at Laboratoire de Génie Electrique
de Paris (L.G.E.P), which is now known as laboratoire de Génie électrique et électronique de Paris (GeePs),
proposed a highly promising method for measuring the electrical resistance at a local level using a con-
ductive probe [26]. This technique is distinct in that it includes a logarithmic amplifier that allows re-
sistance measurement over a vast range of ten orders of magnitude: from 102 Q to 102 Q. By the early
2000s, the commercialization of this AFM extension known as "Resiscope" allowed for local resistance
measurements to be conducted using commercially available AFMs.

In c-AFM, the topography is measured in contact mode and at the same time, the current is measured
while a DC bias is applied between the sample and the conductive AFM tip; in other words, during c-AFM
the I/V ratio is measured. A sketch of an AFM with Resiscope system is given in Figure 18.

The tip and the cantilever are constituted either of a highly conducting material such as doped silicon and
full diamond or of silicon nitride but coated with metal film for conduction. Pt/Ir and diamond are two
instances of coating materials for conductive AFM tips. The sample and the cantilever holders are cau-
tiously insulated from the apparatus structure.

The resistance measured using the Resiscope apparatus is determined by the cumulative effect of multiple
resistances connected in series, including the resistance associated with the probe, the inherent re-
sistance of the sample, the resistance at the interface between the sample and the sample holder, and
the resistance arising from the contact between the tip and the sample. However, due to the extremely
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Figure 18: Schematic of the Resiscope setup. The AFM is in contact mode and the current flow through the tip and
the sample is amplified and measured through a logarithmic amplifier.

61



Chapter 2 — Methods

small contact area between the tip and the sample at the nanoscale level, the resistance arising from the
tip-sample interaction becomes the primary contributor compared to other sources of resistance. This
resistance, commonly referred as spreading resistance or tip-sample resistance, plays a crucial role in
achieving accurate and effective c-AFM analysis. It is important to ensure an ohmic contact between the
sample and the tip for successful measurements. Conversely, if a Schottky contact is present, the tunnel-
ing effect will become the dominant factor in the resistance equation.

The examination of electrical contact resistance entails the categorization of physical mechanisms into
three distinct regimes, primarily dictated by the relative dimensions of the contact compared to the elec-
tron mean free path within the materials involved. These regimes include the diffusive regime, the ballistic
regime, and the intermediate regime, as outlined by reference [27]. In scenarios where the contact size
substantially exceeds the electron mean free path, electron transport occurs across the interface through
diffusive mechanisms.

The model that describes electrical contact resistance in the diffusive regime was derived by Maxwell
from Ohm’s law as:

p
Ryaxwen = E' (16)

where Rya.wenr 1S the electrical contact resistance in diffusive regime, p is the electrical resistivity of the
contact and a is the contact radius. As described by equation 16, the electrical contact resistance exhibits
an inverse relationship with the contact radius in the diffusive regime. Conversely, when the size of the
contact is considerably smaller than the mean free path of the electrons involved, ballistic transport phe-
nomena come into play.

Electrical contact resistance in the ballistic regime is given by Sharvin’s equation as:

4pA
Rsnarvin = W' (17)

where Rgpq.rvin IS the electrical contact resistance in ballistic regime, and A is the electron mean free path.
As indicated by equation 17, the electrical contact resistance displays an inverse correlation with the con-
tact area in the ballistic regime. Furthermore, when the size of the contact approaches the magnitude of
the electron mean free path, the electrical contact resistance switches into the intermediate regime. In
this regime, Wexler introduced a model to describe the electrical contact resistance, which is given by:
Ryexier =T (%) % + %' (18)
where Iis a function of A/a, which varies from 1 to 0.694 [28].
Hence, c-AFM has the capability to assess the local resistivity at the nanoscale level. This aspect holds
significant relevance within the microelectronic and photovoltaic fields, as resistivity plays a pivotal role
in determining the doping carrier density and doping levels, which, in turn, are intricately associated with
the mobility of charge carriers.

2.6.1 Conductive AFM for solar cells characterization

Conductive AFM is performed in contact mode and thus, since a bias is applied between the tip and the
sample, it allows the acquisition of local resistance maps along the cross-section and surface of a sample.
For this reason, c-AFM represents an important investigative tool for solar cell characterization. This is
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because in principle it is possible to acquire local resistance maps in dark and under illumination under
different applied bias enabling the study of the current path under real device operando conditions.
During this PhD, c-AFM characterization was performed using a Resiscope directly coupled to the scanning
probe microscopy system from AIST-NT (TRIOS platform) used for KPFM characterization. For c-AFM char-
acterization, highly doped n-type single crystal silicon SPM-probes with conductive diamond coating with
a force constant of 9.5 N/m were used.
Resiscope measurements can be performed under different experimental conditions. Specifically, the
sample can be analyzed in open-circuit (contact taken only from one side) and short-circuit (contacts taken
from both sides) conditions. Both configurations can provide valuable insights due to the different pref-
erential electrical path of the collected charge carriers. A schematic of these two experimental configura-
tions is shown in Figure 19.

Tip motion

e i

Figure 19: Schematic representation of a cross-sectional Resiscope measurement in open-circuit (left) and short-
circuit (right). Silver paste is generally used to assure a reasonable electrical contact between the sample holder
and the sample.

During Resiscope analysis, a voltage is applied between the sample and the AFM tip and the so-called
Voltage maps can be acquired, an example is reported in Figure 20b. From the output voltage measured
from the logarithmic amplification system of the setup shown in Figure 18, one can deduce the corre-
sponding resistance value from:

R =10+2) (19)
where the resistance is expressed in ohms and the measured output voltage in volts [26]. The voltage map
can thus be converted into a resistance map, which can in turn be converted into a resistance profile.
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Figure 20: Examples of topography a) and voltage map b) acquired by Resiscope on the cross-section of the AlGaAs-
based sample that will be presented in section 4.1.
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2.7 Data analysis

A software called Gwyddion was employed for the analysis and processing of the collected data following
KPFM and c-AFM analysis [29].

Gwyddion is a versatile software package widely used for analyzing surface microscopy data obtained
from a variety of techniques, including AFM, STM, SEM, SNOM, and confocal microscopy.

This open-source program provides a user-friendly interface that allows easy access to and manipulation
of microscopy data, supporting many different file formats. Gwyddion offers a wide range of tools for
enhancing, analyzing, and visualizing microscopy data. These include contrast and brightness adjustment,
filtering, and surface analysis tools such as roughness, height distribution, and curvature analysis. Addi-
tionally, Gwyddion offers data visualization tools for creating 2D and 3D visual representations of micros-
copy data and data processing tools such as image stitching, smoothing, and filtering to improve the ac-
curacy and reliability of microscopy data.

Additionally, Gwyddion provides the capability to extract profiles from KPFM scans, which can be subse-
guently exported to Origin for additional processing and analysis.

In order to have an averaged profile along the x-axis of a scan, each point of the extracted profiles repre-
sents an average of 207 points over a width of 0.7 um along the x-axis of the scan. An example is reported
in Figure 21.
Throughout the manuscript, for the scans which refer to cross-sectional analysis, the origin (0;0) is identi-

fied as a point in the substrate and moving along the positive direction of the Y axis, one will reach the
end of the sample (see Figure 20 for an example).

(1.773 pm, 2.303 pm): 5.721

Figure 21: Extrapolation of profiles from the experimental AFM images. A profile represents an average of 207
points over a width of 0.7 um along the x-axis of the scan.
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Chapter 3

Cross-sectional KPFM for the
study of 1lI-V multilayer stacks

As a first step in this PhD project, the capability of cross-sectional KPFM for the study of IlI-V multilayer
stacks in ambient conditions was investigated.

Among the existing PV technologies, IlI-V-based solar devices belong to the PV technology of thin and
ultra-thin films in which layers with widths of the order of a few nanometers are often integrated for an
optimal surface passivation or for better carrier extraction, considerably enhancing device efficiency [1,2].
Consequently, the experimental demonstration of the sensitivity of the KPFM technique to the narrower
layers can play a crucial role in the investigation and comprehension of the local surface properties and
charge transport mechanisms at the interfaces.

In this chapter, cross-sectional KPFM analysis performed on two different IlI-V multilayer samples is pre-
sented. In particular, we have investigated an InP:S/InP:Fe and an InP:Zn/GalnAs(P):Zn multilayer structure
with layers of different widths and doping concentrations. For this analysis we have set different objec-
tives: the first objective is the evaluation of the spatial resolution of our KPFM setup in ambient conditions.
The second objective is a full understanding of Vcep results combined with a description of the principal
factors that affect KPFM measurements with the application of Kelvin Probe (KP) numerical modeling. This
enables the interpretation of the KPFM data, specifically to investigate the effect of space charge regions,
surface defects and illumination on Vcpp.

The measurements performed on the InP:S/InP:Fe and InP:Zn/GalnAs(P):Zn samples have been presented
at two different conferences, JNPV 2021 and NC-AFM 2022, respectively. Two different papers were then
published in the dedicated issue in EPJ photovoltaics [3] and Beilstein Journal of nanotechnology [4].

3.1 Revealing of InP multi-layer stacks from KPFM measurements in the dark

and under illumination

As a first project we have investigated the potentiality of our KPFM setup for the analysis of the doping
and in particular its sensitivity to local doping concentration variations. In semiconductor materials, the
doping plays a key role since it can strongly impact the electrical, optical, and structural properties of a
material and device performance. In this regard, a multitude of techniques can be applied for its charac-
terization. Secondary-ion mass spectrometry (SIMS) and electron holography in transmission electron mi-
croscopy (TEM) can be used for this purpose with a resolution of the order of 10 nm [5]. Nevertheless,
technical limitations can arise in detecting low doping concentrations (10'* cm3) and thin layers (nm) as
in the case of SIMS [6]. Challenging sample preparation is often required, making these methods time
consuming and destructive.

Scanning probe microscopy (SPM) is another approach that allows the investigation of the doping thanks
to the wide variety of AFM electrical extensions that have been developed to perform a broad range of
characterizations at the nanoscale [6]. Specifically, scanning spreading resistance microscopy (SSRM) [7],
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scanning capacitance microscopy (SCM) [8] and Kelvin probe force microscopy (KPFM) [9] are suitable for
this purpose. SSRM and SCM measure the local resistivity and capacitance of a semiconductor material,
respectively. Nonetheless, SSRM is classified as a destructive method since high normal forces are applied
in order to penetrate the oxide layer and specially to keep a stable electrical contact, while SCM requires
an oxide layer on the surface and modelling to obtain quantitative results [10]. Conversely, KPFM is a non-
contact method which does not require specific sample preparation and has been used to detect and
contrast doping concentrations in a range from 10 to 10'° cm [6, 10-12].

For this reason, we have investigated an ambitious sample which consists of a repetition of 42 layers of
InP:S and InP:Fe with different thickness.

It is worth mentioning that in order to perform the characterization of interfaces, thicker layers in the
order of over 1 um would be more suitable to better analyze the surface properties of the two semicon-
ductors materials and the band-bending at the interfaces. Nonetheless, our focus lies specifically on ma-
terials designed for IlI-V solar cell applications, where the thickness of the layers that comprise a device
typically ranges from less than a micron to tens or hundreds of nanometers.

3.1.1 InP:S/InP:Fe sample preparation

The InP stack was epitaxially grown using MOVPE process in an AIXTRON Close-Coupled Showerhead re-
actor (6 x 2") at a surface temperature of 580°C on a n-type

InP substrate from AXT whose doping is typically in the range of 3 to 5x10' cm™3 with a thickness of 500
pum. The growth rate and the surface temperature of the InP layers are determined using an in-situ Laytec
EpiCurve TT tool by employing a laser reflectometer with a laser wavelength of 980 nm.

Trimethylindium (TMIn) and phosphine (PH3) are the source materials mixed to hydrogen (Hz) as a carrier
gas. Hydrogen sulfide (H2S) and ferrocene (CpzFe) compounds are used respectively for n-type InP:S and
semi-insulating InP:Fe layers. After the synthesis, the S and Fe concentrations were determined by sec-
ondary-ion mass spectrometry (SIMS) and found to be equal to 2x10*° cm3and 9x10%¢ cm™ for the InP:S
and InP:Fe layers, respectively. The Fe doping concentration is close to optimal since adding more Fe to
the growth will only form FeP precipitates that degrade the crystalline quality without adding electrical
benefits. The layers stack is enclosed by two 200 nm-thick non-intentionally doped InP layers called buffer
and cap. Inside the stack and starting from the epitaxial interface toward the surface, two 200 nm-thick
layers of InP:S/InP:Fe were grown plus four loops of five repetitions by varying the thickness of each layer
as follows: 100/100, 50/50, 80/20 and 20/80 nm for InP:S/InP:Fe (see Figure 1 for a SEM image of the
sample).

Impurities of S are known to form shallow donors in InP [13]. Moreover, they can efficiently reduce the
dislocation density produced in the crystal during the growth process. Dislocation-free InP crystals can be
used as substrates to fabricate devices such as lasers and photodiodes with high reliability and high per-
formance [14]. InP:S-based solar devices have been also reported in the literature. In particular, Faur et al.
[15] reported an p*n InP solar cells for space applications and a InP:S/AlInAs:C tunnel junction, presented
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Figure 1: SEM image of the InP:S and InP:Fe sample surface. The image was edited to highlight with the gray and
black color the InP:S and InP:Fe layers, respectively. The first two layers following the scan direction, represent the
substrate and the nid buffer layer.

by the IlI-V Lab group [16], has been successfully produced and used to fabricate InP/InGaAs tandem solar
cells [2].

Undoped InP crystals always contain unintentional impurities due to the growth process. In particular, the
non-intentionally doped (nid) InP layers fabricated at Ill-V Lab usually present an intrinsic n-type doping in
the order of 10% cm3 that results in shallow donor energy levels within the energy gap.

Fe doping provides acceptor levels in the mid-gap region of InP which compensate shallow donors and
thus produce a semi-insulating (SI) material [17]. InP:Fe is generally used as substrate for the growth of Si
an InP with low dislocation density for IlI-V integration on Si [18]. Therefore, the investigation of the sur-
face properties at the nano-scale of InP:S and InP:Fe is of great interest, as is the need of quantitative
analysis of the experimental data.

KPFM is a surface investigation technique, and therefore, the presence of a native oxide surface layer on
top can influence Vcrp measurements and, in extreme case, hide the surface features of interest. Prelimi-
nary results confirmed the presence of an oxide layer which prevents the detection of the underlying sur-
face potential of the InP:S and the InP:Fe layers. For this reason, prior to the KPFM analysis, a surface
cleaning was carried out with the purpose of removing the expected oxide at the surface. In particular, a
chemical treatment based on sequential ultrasonic baths of acetone, ethanol, and deionized water was
used. The sample was then placed in 1% HF solution for 30 seconds to chemically etch the top oxide layer.
This step was followed by a rinsing with deionized water and drying in air.

3.1.2 InP:S/InP:Fe KPFM experimental results

In these paragraphs the KPFM results acquired in dark conditions and under illumination on the cross-
section of the sample will be presented along with a discussion on the principal factors which affect KPFM
measurements in order to develop a methodology of analysis and apply it to the experimental results.
Note that the discussion reported in paragraphs 3.1.2.2 and 3.1.2.5 also apply to the InP:Zn/GalnAs(P):Zn

sample and it will not be reiterated in the corresponding section.
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3.1.2.1 KPFM cross-sectional investigation in dark conditions

The experimental procedure followed for the characterization of the InP:S/InP:Fe multilayer structure has
been already described in paragraph 2.3.1 and thus only the principal experimental parameters are re-
peated here. Specifically, KPFM was performed using a scanning probe microscopy system from AIST-NT
(TRIOS platform) in ambient conditions, and operated in frequency-modulation KPFM (FM-KPFM) using a
two-pass scanning mode where the second pass was performed at a constant distance of 10 nm from the
sample surface. AFM tips n*-Si ARROW EFM tips with a conductive Pt/Ir coating at a resonance frequency
of 75 kHz were used.
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Figure 2. KPFM measurement in ambient conditions on the surface cross-section of the InP sample in dark condi-
tions. a) Topography image of the cross-section of the InP sample after chemical removal of the oxide layer. b) The
Vcep image measured during the second pass. Two regions with different behavior were detected and labelled with
1and 2.

The topography and the Vcpp images obtained from cross-sectional KPFM investigation in dark conditions
after the chemical surface treatment are reported in Figure 2a and 2b, respectively.

According to Figure 1, the dark regions in the Vcpp image (see Figure 2b) represent the InP:S layers while
the InP:Fe ones are identified by the bright lines.

During the KPFM analysis, the tip scanned vertically the cross-section from the InP substrate to the sample
edge which caused the imprint of vertical lines in the images, which is especially observed in Figure 2b.
Note that the origin (0;0) is identified as a point in the InP substrate and moving along the positive direc-
tion of the y-axis, one will reach the end of the sample.

The topography image (Figure 2a) indicates that a smooth and homogeneous surface was provided by the
HF treatment and a complete detection of the stack in the Vcpp image was achieved. The topography re-
vealed a dip in its middle (from 3 um to 8 um along the x-axis) of 10 nm which cause can be attributed to
the cleaving process. Nonetheless, the topographic features are barely visible and thus the nature of the
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physical contrast can be attributed to a pure dopant effect excluding any topography imprint on the Vcpp
map.

The Vcpp profiles along region 1 and 2 identified in Figure 2b are reported in Figure 3. These two regions
are compared in particular because they show different contrasts for the 100 nm thick layers. For this
reason, several vertical profiles around regions 1 and 2 were extracted from the topography image and
compared (not shown). All the profiles were comparable definitively excluding the presence of topo-
graphic artifacts imprinted on the Vcpp image. Therefore, the reason for the discrepancy between these
two regions is not of trivial comprehension but may be related either to the deoxidation treatment or to
the cleaving process. For this reason, paragraph 3.1.2.2 will be devoted to the description of those factors
which can influence Vcpp both in terms of sample preparation and experimental conditions. Nonetheless,
the examination of Vcpp profiles allows a first qualitative analysis. The width of the peaks is comparable to
the one of the layers presented in Figure 1. This represents consistent evidence of the great sensitivity of
the KPFM technique to the local doping concentration, already reported in a number of publications
[9,19].

The intensity of the peaks changes with the width of the layers. In particular, considering the profile ex-
trapolated from region 1, the AVcpp was calculated among adjacent InP:S and InP:Fe with same thickness.
Note that in the case of the 100, 50 and, 20/80 regions, which comprise a repetition of 10 layers each, an
averaged AVcpp value is reported. In particular, the AVepp is 230 mV for the 200 nm wide layers, 185 mV
for the 100 nm wide layers, 78 mV for the 50 nm wide layers and 52 mV for the 20/80 nm (InP:S/InP:Fe)
wide layers, respectively. In the last region, the 80/20nm (InP:S/InP:Fe), the 20 nm wide InP:Fe layers are
poorly detected and the evaluation of a clear AVcpp is not achieved. The two uneven 20/80 and 80/20
InP:S/InP:Fe stacks near the cap layer present a different resolution in the detection of the 20 nm thick
layers. In the 20/80 region, the InP:S layers are still reasonably well detected despite being only 20 nm
thick, whereas the 20 nm InP:Fe layers in the 80/20 region are not well identified although they present
the same thickness, this is especially evident in the profile along region 1. Therefore, the poor detection
of the 20 nm thick InP:Fe layers cannot be only related to the limitations of resolution of ambient condi-
tions KPFM. In particular, since KPFM demonstrated a strong dependence on the local doping concentra-
tion, in the 80/20 region, where the InP:S layers are four times the size of the InP:Fe ones, the contribution
to the Vcpp signal of the InP:S layers tends to dominate over the one from the InP:Fe due to the large
difference in dimension and in the doping concentration between the two layers. As a matter of fact, the
Vceep value in the 80/20 region is comparable to the one measured for the 200 nm InP:S thick layer. This is
also consistent with the fact that the 20 nm thick InP:S layers in the 20/80 region are reasonably well-
resolved. Nonetheless, from this first stage analysis, it is clear that an adequate detection of the narrower
layers in the Vcppimage becomes more challenging. This is related to the spatial limitations of the KPFM
measurement setup. In fact, approaching the 20 nm wide layers, their dimension become comparable to
that of the probe (below 25 nm).

Interestingly, InP:S and InP:Fe layers of different but similar thickness tend to show different AVcep despite,
respectively, being of the same S or Fe doping. This suggests that minor changes in thickness can lead to
more significant difference in Vcpp than one might expect from the position of the bulk Fermi level. The
principal reason for this behavior is the fact that successive InP:S and InP:Fe layers form homojunctions,
and the extension of the space charge regions depends on the thickness of the layers. In particular, the
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Figure 3: Vertical profiles of the two regions labeled with 1 and 2 identified in the Vcpp map in Figure 3b. The profiles
correspond to the regions identified by the two dotted white segments, and they were obtained by averaging over
a width of 128 points.

effect of space charge on Vcpp will be discussed in paragraph 3.1.2.3 with the help of energy bands mod-
elling.

3.1.2.2 Sample preparation and KPFM experimental conditions
We have described in the previous paragraph that different Vppvalues were detected for the two different
regions identified in Figure 2b despite belonging to the same scan and being distant only a few microme-
ters. Several factors can influence KPFM measurements, namely the experimental conditions and the sta-
tus of the sample surface and AFM tip, additionally the presence of surface nonidealities (e.g., surface
defects) have an effect on the surface potential and thus on the measured Vcep. All these aspects can lead
to surface inhomogeneities which result in Vcpp variations compared to the otherwise constant in bulk
material.
A further aspect to consider concerns the experimental conditions. KPFM analysis was carried out in am-
bient conditions which result in surface oxidation and in the adsorption of water molecules on the sam-
ple surface due to the humidity present in air [20]. Furthermore, a non-optimal deoxidation procedure
may result in an inhomogeneous removal of the surface oxide. Additionally, the condition of the tip during
the numerous scans along the sample cross-section must also be considered. In particular, the contami-
nation of the tip is likely to occur due to pollutants (e.g., nano and/or micron size dust grains) which may
be present on the sample surface producing a variation of the tip surface potential. For these reasons, the
reproduction of identical Vcpp profiles along the structure analyzing different regions is a challenging task.
Furthermore, we have pointed out how the lateral resolution of the KPFM technique decreases with the
width of the layers. This phenomenon relates to the tip-averaging effect due to the long-range nature of
the electrostatic force. Since the layers are particularly narrow and alternate, the KPFM tip, scanning at
tip-surface distance of 10 nm, can sense multiple layers at the same time resulting in the detection of an
averaged Vcpp. In our case, this effect is especially relevant since the dimension of the narrower layer (20
nm) is comparable to the radius of the tip. The tip-averaging effect largely affects the lateral resolution
and the measured KPFM signal, even for very small tip-sample distance (5 nm) [21]. This is particularly
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observed in ambient conditions KPFM measurements, where typical tip-surface distances are of the order
of tens of nm due to the amplitude of the vibrating tip required to obtain a reasonable signal-to-noise
ratio.

3.1.2.3 Effect of the space charge on the Vcpp

As mentioned in paragraph 3.1.2.1, successive layers of InP:S and InP:Fe form homojunctions with layer
thicknesses ranging from 200 nm to 20 nm. Note that the width of the space charge is determined by the
doping concentration, and thus an electron accumulation region is expected in the InP:Fe layers that have
less Fe impurities as compared to the S concentration in the InP:S layers. Given the thicknesses of the
fabricated layers, it can be expected that all InP:Fe layers are in accumulation and that "the end" of the
space charge is never reached, hence limiting the Vcpp contrast.

As anticipated in paragraph 3.1.1, Fe impurities introduce acceptor levels in the mid-gap region of InP that
compensate residual shallow donors making the InP semi-insulating. The Fe doping thus is responsible for
increasing the resistivity of the InP material. The literature reports that introducing a concentration of the
order of 10 cm=3/10' cm™ of Fe impurities results in resistivities of InP reaching values of the order of
107/10% Qcm with an associated residual majority charge carrier density (electrons) of 107/10°% cm™3 [22].
For this reason, in order to replicate the band profiles of the structure, we have used Silvaco software [23]
to model a n*'n homojunction specifying a doping concentration of 2x10° cm and 108 cm™ for the InP:S
and InP:Fe layers respectively. The energy variation of the valence and conduction bands along the struc-
ture is reported in Figure 4a along with the Fermi level (Er). Note that the Fermi level is pushed within the
conduction band (degenerate) due to the higher doping concentration of S with respect to the InP effective
conduction band density of states (5.7x10%” cm3).

As mentioned at the beginning of this section and shown in Figure 4a, the thickness of the layers has a
direct impact on the width of the space charge region among the homojunctions. As comparison, the
energy bands profile variation of a hypothetical 2 um thick InP:S/InP:Fe structure constituted by only two
layers was simulated maintaining the same parameters and reported in Figure 4b. In this case, InP:Fe bands
finally reach the flat-band condition showing that the space charge region extends in the InP:Fe for around
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Figure 4: Valence and conduction band energy profiles a) along the InP:S/InP:Fe structure and b) along a hypothet-
ical 2 um thick InP:S/InP:Fe homojunction. The valence and conduction bands are represented by the black and red
color, respectively. The Fermi level (E¢) level represents the reference frame, and it is reported in blue.
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In the case of our sample, the space charge region covers the entire width of the InP:Fe layers. This has a
direct effect on the Vcpp values since the number of charges in the space charge region depends on the
thickness of the layers, this reveals how decreasing the thickness of the layers decreases the correspond-
ing potential variation and in turn Veep .

Moreover, the bands evolution of this simpler structure points out also that the space charge is present at
both sides of the InP:Fe layers since each layer is in contact with two different InP:S layers. This is the
reason why the InP:Fe bands in our sample structure are symmetric with respect to an axis passing through
half of the thickness.

3.1.2.4 KPFM under illumination: the effect of the light

As a final step of this characterization, the Vcpp was also evaluated under top illumination using the white
light coming from the CCD camera (see paragraph 2.3.1).

In order to evaluate the effect of the illumination on the sample, KPFM measurements were thus started
in dark conditions (region 1) and completed under illumination (region 2); the corresponding Vcep map is
reported in Figure 5.

Interestingly, the inhomogeneities described in section 3.1.2.2 are also visible in the dark Vcpp profile re-
ported in Figure 6a. Although it is not directly comparable with the two dark Vcpp profiles in Figure 3, it is
evident that it shows the same qualitative Vcpp profile. A significant contrast improvement is observed
along all the structure, as shown by the red profile in Figure 6a. The peaks related to the illuminated region
are more pronounced with respect to ones extrapolated from Vcpp values obtained in dark conditions. In
particular, the 20 nm and 80 nm wide layers in the last two regions are only visible and well-distinguished
after the application of the light, as highlighted by the more prominent red peaks in the zoomed vertical
profiles reported in Figure 6b.
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Figure 5: KPFM measurement in ambient conditions on the surface cross-section of the InP sample in dark condi-
tions (left half) and under white light illumination (right half).

According to the definition of surface photovoltage (SPV = V¢pp(iignt) — Vepp(aark)), from Figure 6a we
observe that the SPV is positive all along the structure in the order of hundreds of mV for both the InP:S
and InP:Fe layers, which is unexpected from the bulk properties of InP:S. In particular, for the highly-doped
InP:S, we expect a positive SPV but close to 0 and probably below detection limits under the low light
intensity illumination used in the experiment [24].
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Figure 6: a) Vertical profiles extrapolated from the dark and illuminated region of Figure 5. b) Vertical profiles ex-
trapolated from the dark and illuminated regions zoomed on the 20 and 80 nm layers. Note that the profiles corre-
spond to the regions identified by the two dotted white segments in Figure 5.

3.1.2.5 Effect of the illumination on the surface band-bending

In the previous section, we have pointed out the enhancement of contrast in the Vepp image after white
light illumination of the sample cross-section. In particular, since the bulk lattice periodicity is interrupted
at the surface of a cleaved semiconductor, surface reconstruction and formation of dangling bonds of sur-
face atoms may occur creating surface states within the energy bandgap. For instance, these surface states
can pin the Fermi level and cause downward (upward) band-bending from the bulk to the surface in a p-
type (n-type) semiconductor in the case of the formation of a depletion (or inversion) space charge layer
imposed by the charge neutrality condition [25,26].
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Figure 7: Representation of the energy bands profile in a p-type semiconductor in dark conditions and under illumi-
nation depicted by black solid lines and red dashed lines, respectively. ES and E": represent possible profiles for the
quasi-Fermi levels for electron and holes, respectively.

By illuminating the sample, a SPV is generated by the drift and diffusion of photo-generated carriers to-
wards the surface which counteracts the defect-induced band-bending energy variations [24].
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As illustrated in Figure 7, in the case of downward surface band-bending in an p-type semiconductor, pho-
togenerated holes are repelled from the surface, while photogenerated electrons flow in the direction of
the surface, balancing the positive charges corresponding to empty donor-type surface states. This results
in a reduction of surface band-bending and a decrease of surface potential, i.e., a negative SPV.
Conversely, in the case of upward surface band-bending in an n-type semiconductor, photogenerated elec-
trons are repelled from the surface, while photogenerated holes flow towards the surface, balancing the
negative charges corresponding to ionized occupied acceptor-type surface states, i.e., a positive SPV. How-
ever, in case of pn junctions, the SPV can also include the contribution of an open-circuit voltage due to
the splitting of the quasi-Fermi levels of electrons and holes [27]. Moreover, experiments performed on
silicon wafers with varying doping densities have shown that, overall, the SPV signal tends to be larger for
low doping densities [27].

From Figure 8 we observe that the SPV is positive all along the structure in the order of hundreds of mV
for both the InP:S and InP:Fe layers with variations in the order of tens of mV and it can be noticed that
the SPVis indeed larger in the InP:Fe layers.

The SPV sign is in good agreement with what is expected for the InP:S and InP:Fe layers. However, in terms
of SPV intensity, a significant positive SPV is detected in the highly doped n-type InP:S layers which is sur-
prising considering the low light intensity illumination since in the absence of surface states a very low SPV
signal is expected after the illumination by a low light intensity [24]. Nonetheless, as it will be shown in
section 3.2.3, this can be explained by the presence of a large surface states density caused by surface
defects inducing significant upward band-bending even in highly doped layers [19,24] and thus the light-
induced surface band-bending reduction explains the significant contrast improvement in the Vcpp image
reported in Figure 5 and described in section 3.1.2.4.
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Figure 8: SPV profile along the structure calculated from the dark and light profiles showed in Figure 6a.

3.2 Cross-sectional Kelvin Probe Force Microscopy on llI-V epitaxial multi-

layer stack: challenges and perspectives
For this second work we have selected a sample whose structure reflects more the one of a lll-V solar cell.
In this work we have strongly implemented KP modelling in order to provide a quantitative explanation of
the effect of surface defects on the experimental Vcep.
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3.2.1 InP:Zn/GalnAs(P):Zn sample preparation

The structure of the studied sample is summarized in Table 1. This multilayer stack structure was epitaxially
grown using a MOVPE process in an AIXTRON Close-Coupled Showerhead reactor (6 x 2") at three different
surface temperatures (640/600/580°C). The n-type AXT substrate doping was typically in the range of 3 to
5x10%® cm3 with a thickness of 500 um. Trimethylindium (TMIn), trimethylgallium (TMGa), phosphine
(PH3) and arsine (AsHs) were the source materials, with hydrogen (H;) as a carrier gas. Diethylzinc (DEZn)
compound was used as a source of Zn for p-type doping for InP:Zn, phosphorus-based quaternary
(GalnAsP:Zn) and GalnAs:Zn layers by varying the precursor flow in order to cover a doping level range
from 1x10%* cm=to 2.5x10%° cm3. The first part of the structure was used to measure the growth rate of
the non-intentionally doped InP layers (InP:nid) at surface temperatures of 640 and 600°C. The reflectance
signal, monitored with an in-situ Laytec EpiCurve TT tool, did not show any difference between the growth
rates at the two surface temperatures, which were around 2.13 um/h. The second part of the structure
corresponds to the Zn calibration stack used for the p-type cladding of multi quantum wells (MQWs) based
structure. The doping concentration of the InP:Zn layers was made varying from 2x10'8 cm= to 1x10' cm-
3, Here, the three Zn doping levels of InP layers were purposely inverted along the growth direction to
facilitate electrochemical capacitance-voltage (ECV) characterization due to the strong Zn diffusion. The
InP:Zn and the GalnAsP:Zn layers were epitaxied at a surface temperature of 600°C. Note that the
GalnAsP:Zn is an intermediate layer with a doping concentration of 6x10'® cm3 with the purpose to
smooth the InP:Zn/GalnAs:Zn transition bandgap and reduce contact resistances. Finally, a GalnAs:Zn con-
tact layer was made at a lower temperature of 580°C in order to reach a higher doping level around
2.5x10%° cm’3.

Layer Material Doping Thickness (nm)
concentration
(cm?)

Substrate InP:S 3-5x10® 500pm

Buffer InP nid 100
Interlayer GalnAs nid 5

Buffer InP nid 300
Interlayer GalnAs nid 5

Buffer InP nid 250
Cladding InP:Zn 2x1018 500
Cladding InP:Zn 1.50x1018 750
Cladding InP:Zn 1x10%8 500
Transition GalnAsP:Zn 6x10*® 20
Contact GalnAs:Zn 2.50x10%° 200

Table 1: Full structure of the investigated multilayer stack sample.

Before starting the KPFM analysis, the sample was cleaved, and a surface cleaning was carried out to ex-
pose a clean cross-section. We performed a chemical treatment based on sequential ultrasonic baths of
acetone, ethanol, and deionized water. The sample was then placed in 1% HF solution for 30 seconds to
etch the top oxide layer. This step is followed by a rinsing with deionized water and drying in air. This
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procedure was necessary for an optimal KPFM analysis since the presence of a native oxide surface layer
on top can influence the Vcpp measurements [19].

3.2.2 Cross-sectional KPFM results on InP:Zn/GalnAs(P):Zn

The forthcoming section will present the obtained KPFM results on the cross section of the
InP:Zn/GalnAs(P):Zn sample, both in the absence of light and under illumination. To ensure the originality
of our study with respect to the InP:S/InP:Fe sample analyzed in the previous section, we have extensively
incorporated KP modeling to offer a comprehensive and quantitative analysis of the experimental findings.

3.2.2.1 KPFM cross-sectional investigation in dark conditions

The cross-section of the sample was first investigated by KPFM in dark conditions, immediately after the
chemical cleaning step. The topography and the associated Vcpp image are reported in Figure 9a and 9b,
respectively. Note that the origin (0;0) is identified as a point in the InP substrate and moving along the
positive direction of the y-axis, one will reach the end of the sample that is the surface of the 2D wafer
(e.g., around 3.09 um in Figure 9a). In order to achieve a successful KPFM analysis, a low surface roughness
is essential to obtain high-quality images since surface inhomogeneities can cause a topographical image
imprint on the surface potential image. With sufficiently low surface roughness, the topographic influence
on the measurement is minor, and the observed contrast of the Vepp map is dominated by the surface
potential such that topographic artefacts can be neglected.

A first look at the Vepp image and the extrapolated profile (Figure 9c) allows a qualitative analysis. KPFM
successfully detects the n-InP substrate (from O um to 0.46 pum), the InP:nid/GalnAs:nid region (from 0.46
pum to 1.12 um), the InP:Zn region (from 1.12 um to 2.87 um), and the GalnAsP:Zn/GalnAs:Zn region (from
2.87 um to 3.09 um).
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Figure 9: KPFM measurement in ambient conditions on the surface cross-section of the sample in dark conditions:
(a) topography and (b) Vcep image. A vertical-coloured bar was included to ease the identification of the different
layers. The profile in (c) corresponds to the region identified by the dotted white segments in b), each point of the
profile (vertical) direction being an average of 207 points over a width of 0.7 um along the x-axis. Several regions
along the structure have been highlighted using different colours (see text). Two black arrows were included to
indicate the space charge regions at the interfaces of the InP:Zn region.
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KPFM demonstrated a strong sensitivity on the local doping concentration as reported in a number of
publications [3,6]. However, a clear identification of the 5 nm GalnAs:nid interlayers among the InP:nid
buffer layers is not achieved in the Vcpp image. Nevertheless, their presence was still detected and repre-
sented in the Vcpp image by the dark and blue lines at 0.61 um and 0.91 um, respectively. The low resolu-
tion of the interlayers can be attributed either to their narrowness and/or to the experimental conditions
since the two GalnAs:nid layers are well-resolved in the topography image. Certainly, the width of these
layers is narrower than the radius of the tip (below 25 nm) and the operating conditions, namely the tip-
surface distance and ambient measurements, negatively affect the resolution of KPFM measurements
[30]. In particular, KPFM in ambient conditions is affected by the tip-averaging effect due to the long-range
nature of the electrostatic force: the tip can sense multiple layers with different properties simultaneously,
resulting in the detection of an averaged Vcpp at the interfaces [31].

During KPFM measurements, the tip scans the cross-section from the n-InP substrate to the end of the
sample and consequently it will sense the surface potential variation along the structure. The progression
of the Vcpp profile shows that four different slopes are present considering the region from the last InP:nid
buffer layer to the GalnAs:Zn contact layer (from 0.86 um to 3.09 um). In particular, the first is located
between the last InP:nid buffer layer and the first InP:Zn layer (from 0.86 um to 1.17 um), the second in
the InP:Zn region (from 1.17 um to 2.76 um), the third between the last InP:Zn layer and the GalnAsP:Zn
transition layer (from 2.76 pm to 2.87 um), and the fourth between the GalnAsP:Zn transition layer and
the GalnAs:Zn contact layer (from 2.87 um to 3.09 um). These regions have been identified with the col-
ours red, green, blue, and light blue in the Vcpp profile, respectively.

The green profile represents the InP:Zn region and, due to the comparable doping concentration of the
three InP:Zn layers, a small variation of V¢pp of the order of 20 mV is expected to be measured along this
region. However, the experimental Vcpp profile presents a Vepp variation of the order of 50 mV along the
InP:Zn region (from 1.13 um to 2.87 um). Several factors can influence KPFM measurements leading to
this experimental evidence namely the sample preparation, the experimental conditions, and the pres-
ence of surface defects. All these aspects have an impact on the surface potential, as already described in
paragraph 3.1.2.2.

For what concerns the other slopes pointed out above, their detection is attributable to the formation of
space charge regions among the different layers along the structure [28]. Specifically, the Vcep profile re-
flects the band-bending present in the presence of depletion and accumulation regions.

In particular, undoped InP crystals always contain different unintentional impurities due to the growth
processes. The InP:nid layers fabricated at 1ll-V Lab usually present an intrinsic n-type doping of the order
of 10> cm which results in shallow donor energy levels within the energy gap. Since the intentional Zn
p-type doping concentration is much greater than this residual n-type doping present in the InP:nid buffer,
the space charge region is expected to be located almost exclusively in the buffer layer.

Similarly, two Zn doping concentration gradients are present from the last InP:Zn layer to the GalnAsP:Zn
transition layer (from 1x108 cm3to 6x10'® cm™3) and from the GalnAsP:Zn transition layer to the GalnAs:Zn
contact layer (from 6x10%* cm3to 2x10%° cm™3), respectively. This results in two space charge regions situ-
ated almost completely in the InP:Zn layer and in the GalnAsP:Zn transition layer, respectively.

It is worth to mention that the band-bending induced by the different space charge regions along the
structure depends on the doping concentration (e.g., number of involved charge carriers) and on the width
of the layers and consequently the corresponding Vcpp variation will depend on the same parameters [3].
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In order to investigate the effect of the space charge on the measured Vcpp we have implemented theo-
retical modelling to this work. As a first step, we have simulated through ATLAS/Silvaco software [23] the
energy bands profile of the analysed structure in the ideal case in which no surface defects are considered,
qualitatively reproducing the expected energy bands profile in our sample. The widths and doping con-
centrations of the layers were chosen as reported in Table 1, whereas the other physical parameters (e.g.,
energy gaps) are present in the Silvaco database [23]. Note that in order to simulate the InP:Zn region we
have specified just one Zn doping concentration of 1.5x10% cm3. Furthermore, in order to replicate the
experiment, we have included a metal layer on the left of the n-type InP substrate. Under these conditions,
the metal layer represents the contact between the sample-holder and the n-type InP substrate. Finally,
the WF of the metal is set to be equal to that of the substrate to guarantee an ohmic contact.

The simulated energy bands profile confirmed our hypothesis showing the induced band-bending along
three space charge regions at the InP:nid/InP:Zn, the InP:Zn/GalnAsP:Zn and the GalnAsP:Zn/GalnAs:Zn
interfaces, as shown in Figure 10a.

In particular, due to the low doping concentration of the InP:nid layer compared to the adjacent n-InP
substrate and InP:Zn region, a space charge extends over its complete width. The Vpp profile across the
InP:Zn/GalnAsP:Zn/GalnAs:Zn interfaces results from the different work functions. The work function of
GalnAsP:Zn is slightly larger (by 0.04 eV) than that of InP:Zn, but it is 0.32 eV smaller than that of the
GalnAs:Zn contact layer, which leads to a decrease and an increase of potential, respectively. It is important
to note that due to the narrowness of the GalnAsP:Zn transition layer (20 nm), the space charges at the
two neighbor heterojunctions overlap in this layer, leading to an asymmetric U shape of the Vcpp profile.
The asymmetric U shape is also present in the experimental profile in Figure 9c (dark blue and light blue
parts emphasizing the decrease and increase in potential, respectively).
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Figure 10: a) Cross-sectional profile at equilibrium of the surface band energies (black: valence band maximum, Ey,
and red: conduction band minimum, Ec) along the structure assumed free of any surface defects. The constant Fermi
level, E, is taken as the energy reference (blue horizontal line). b) Vcpp profile along the same simulated structure
obtained by KP modelling. Note that both figures present an inset detailing the InP:Zn/GalnAsP:Zn/GalnAs:Zn inter-
faces close to the external surface of the sample.

The mismatches at the conduction and valence bands between these materials then leads to the peculiar
band energy diagram. Insets have been added to Figures 10a and 10b to zoom in this region. Additionally,
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KP modelling [32] was used to simulate the Vcpp profile along the same structure assumed free of any
surface defects for a quantitative evaluation of the effect of space charge on the surface potential (see
Figure 10b). On this point it is reminded that Vcep is proportional to the difference between the vacuum
level and Ef and therefore the changes in the energy bands profile will be reflected in the simulated Vcep
profile.

The simulated Vcep profile shows the same qualitative progression as the experimental profile reported in
Figure 9c. However, several important differences can be noted by the comparison between the experi-
mental and simulated Vcpp. In particular, the experimental Vepp profile (Figure 9c) seems to show that part
of the first space charge extends in the first InP:Zn layer (from 1.12 um to 1.20 um) and similarly, the
second space charge seems to extend more in the last InP:Zn layer than the modelling predicts (from 2.76
um to 2.87 um), these two regions are indicated by the two black arrows in Figure 9c. Additionally, the
simulated Vcep shows a flat profile after few nanometers inside the GalnAs:Zn contact layer whereas ex-
perimentally, a flat surface potential is not reached. In other words, experimentally surface potential var-
iations occur over distances larger than that one may expect solely from the extrinsic Debye lengths cal-
culated from the nominal doping densities which are only a few nanometers [33]. As a consequence, the
lack of a sharp transition among the interfaces can cause difficulties in identification of the position of the
metallurgical junctions in the Vepp image [34]. In particular, one reason can be found in the aforementioned
tip-averaging effect: the tip still senses part of the space charge in the InP:nid buffer layer and in the
GalnAsP:Zn transition layer although being already on the first InP:Zn layer and on the GalnAs:Zn contact
layer, respectively. Similarly, the tip starts to sense prematurely part of the space charge inside the last
InP:Zn layer. Furthermore, non-ideal abrupt junctions may contribute to this effect for instance due to
dopants interdiffusion, as will be described in section 3.2.2.2.

Finally, the simulated Vcpp progression predicts an overall surface potential change of the order of around
1.34 V from the n-type InP substrate to the InP:Zn region. Conversely, this Vcpp variation in our experi-
mental results is of the order of around 0.18 V. This represents a first indication that the experimental
surface potential is modified by the presence surface states induced by surface defects, since we know
that KPFM is a surface technique, and that the simulated Vcppvariation at this stage is based solely on bulk
material properties and are not affected by any surface defects. Therefore, the experimental surface po-
tential results to be less pronounced than in the «gedanken profile» that occurs far from the surface; this
part will be fully addressed in section 3.3.2.3.

3.2.2.2 KPFM cross-sectional investigation under illumination

In order to study the effect of the illumination on the sample cross-section, we have performed KPFM
measurement under white light illumination. The topography and the associated Vcpp image are reported
in Figure 11a and 11b, respectively.

The Vcppyiight image of Figure 11b shows a significant contrast enhancement due to the interaction with the
light compared to Vcrp/dark of Figure 9b. As a consequence, Vcep/ight results to be more homogenous all
along the cross-section with respect to the Vcpp/aark, as shown in the corresponding Veepyign: profile re-
ported in Figure 11c. Moreover, the improvement of contrast also facilitates the identification of the nar-
rower interlayers and of the position of the metallurgical junctions at the InP:nid/InP:Zn and the
InP:Zn/GalnAsP:Zn interfaces being previously more undefined in the Vcep/dark image. Overall, the Veppyiight
profile follows the same evolution as the Vepp/dark 0ne and even in this case four different Vepp slopes are
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Figure 11: KPFM measurement in ambient conditions on the surface cross-section of the sample under illumination:
(a) topography and (b) Vcep image. A vertical-coloured bar was included to ease the identification of the different
layers. The profile in (c) corresponds to the region identified by the dotted white segments in b), each point of the
profile (vertical) direction being an average of 207 points over a width of 0.7 um along the x-axis. Several regions
along the structure have been highlighted using different colours (see text). A black arrow was included to indicate
the space charge region at the InP:nid InP:Zn interface.

present in the profile. In particular, the first is located between the last InP:nid buffer layer and the first
InP:Zn layer (from 0.83 um to 1.25 um), the second in the InP:Zn region (from 1.25 um to 2.78 um), the
third between the last InP:Zn layer and the GalnAsP:Zn transition layer (from 2.78 um to 2.85 um), and
the fourth between the GalnAsP:Zn transition layer and the GalnAs:Zn contact layer (from 2.85 um to 3.07
um). These regions have again been identified with the colours red, green, blue, and light blue in the Vcpp
profile, respectively.Notably, the Vcppyign: profile along the InP:Zn region between 1.25 pm and 2.78 um is
flatter compared to that of Vcep/dark. This Verpjiignt profile is more consistent with what the modelling pre-
dicts for such small variations in the Zn doping concentration along the InP:Zn region. Conversely, at the
beginning of the InP:Zn layer, from 1.10 pm to 1.25 um (indicated by the black arrow), the Vcpp profile
presents a steeper slope suggesting that the tip is still sensing the band-bending induced by the space
charge between the last InP:nid and the first InP:Zn layer. However, the tip-averaging effect alone cannot
explain the detection of a space charge that extends for around 0.16 um inside the first InP:Zn region. As
a matter of fact, the diffusion of Zn impurities is likely to happen due to the high temperatures required
for the growth of the material and the high diffusion coefficient of Zn in InP [35]. Therefore, the true spatial
extent of the space charge region is not trivial to determine and may differ from what would be expected
given the nominal structure of the sample. Conversely, the width of space charge region between the last
InP:Zn layer and the GalnAsP:Zn transition layer is reduced and closer to the modelled one. Additionally,
the detected surface potential change related to the space charge region at the GalnAsP:Zn/GalnAs:Zn
interface is higher and closer to the simulation.

The SPV along the structure is reported in Figure 12. The SPV progression along the structure shows an
overall negative SPV. For highly doped semiconductors in the absence of surface states (or for surface state
densities small enough so that they cannot introduce significant surface band-bending) a SPV signal close
to 0 is expected to be measured [24]. We therefore expect a vanishing SPV signal in the highly doped n-
type InP substrate which is degenerately doped at 5x10'8 cm™3 with respect to the InP effective conduction
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band density of states (5.7x10%” cm3[36]). Experimentally the uncertainty on extracted SPV values can be
evaluated at £ 20mV, so the obtained value of around -10mV in the highly doped n-type InP substrate is
in good agreement with the theoretical expectation of vanishing SPV.
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Figure 12: SPV profile along the structure calculated from the Vepp/dark and Veppsighe Values showed in the profiles of
Figure 9c and Figure 11c, respectively.

Furthermore, a negative SPV of around -95 mV is estimated for the InP:Zn region, which is consistent with
the fact that a negative SPV is expected for a p-type semiconductor due to surface band-bending caused
by surface states produced by surface defects. In particular, the detection of a negative SPV implies that a
downward band-bending is present in the vicinity of the surface [25], this aspect will be fully addressed in
section 3.2.3.1. Finally, it is worth mentioning that after illumination the initial conditions are restored,
which excludes the presence of long-lived charge accumulation along the different junctions.

3.2.3 Surface defects

It is evident from the KPFM results shown on these two llI-V based multilayer structures that the surface
defects plays a central role on the experimental value of Vcpp, and their comprehension is crucial for a
guantitative understanding of the experimental data. For this reason, before presenting the modeling re-
sults (paragraphs 3.2.4.1 and 3.2.4.2) used to provide a quantitative interpretation of the Vcpp profiles
shown in Figure 9c and 11c, it is important to dedicate a section to the description of surface defects and
their impact on the surface band-bending with particular attention to the surface space charge and Fermi
level pinning. For this reason, the subsequent sections (3.2.3.1 and 3.2.3.2) present a concise version of
the theory concerning surface defects of semiconductor surfaces, derived from extensive analysis of three
distinct sources [26,28,29]. Additionally, original modeling was added to analyze the effect of the Fermi
level pinning in terms of surface defects-induced surface band-bending in function of variable doping con-
centrations.

3.2.3.1 Space-charge layers at semiconductors surfaces
A semiconductor surface is generally characterized by the presence of electronic surface states which rep-
resent a perturbation to the local charge balance. In particular, depending on the type of surface states
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and on the position of the Fermi level at the surface, surface states may be charged. This surface charge is
screened by an opposite charge inside the semiconductor material. It is worth to mention that, in semi-
conductors the free-carrier concentration is of the order of 107 cm™ and as a consequence the typical
screening lengths are of the order of hundreds of angstroms.

According to the theory it is possible to define two different kind of surface states based on their energy
position relatively to the bulk conduction and valence band. In particular, surface states with high energy
are derived from the conduction band and are called acceptor-type surface states. Similarly, surface states
with lower energy are derived from the valence band and are called donor-type surface states (Figure 13).
Acceptor-type and donor-type surface states show a different charging character. Specifically, the former
is negatively charged when occupied and neutral when empty; conversely, the latter is neutral when oc-
cupied and positively charged when empty.

To summarize, donors and acceptors can carry a positive and a negative charge respectively, depending
on the position of the Fermi level (E) at the surface.

The position of the Fermi level at the surface is determined by the condition of charge neutrality:

Qss = —Qsc, (1)

where Qss and Qsc represent the charge of the surface states and the compensating opposite charge inside
the semiconductor respectively (Qsc is also called space charge). Qss and Qsc are generally expressed in
density per unit area (cm™).

In other terms, Eq. 1 says that due to Qss carried by the surface states, an opposite Qsc must be originated
from the semiconductor bulk to screen the surface charge in order to guarantee the charge neutrality, e.g.,
equilibrium.
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Figure 13: The presence of surface atoms leads to the generation of electronic energy levels that are close to those
of free atoms, resulting in the separation of surface state levels from the bulk bands. The charging character of these
states, whether acceptor-like or donor-like, depends on their specific origin. Figure 13 was reproduced from [26].

As an example, a n-type semiconductor with acceptor-type surface defects near mid-gap is reported in
Figure 14. In this situation, a space charge layer will be formed by the ionized bulk donors in order to
compensate the negative charge density of occupied acceptor-type surface states (e.g., charge neutrality).
The formation of a space charge layer causes a bend of the energy bands in proximity of the surface.
Naturally, the higher is the surface charge (Qss) to compensate the stronger is the band-bending (Qsc)
which can extend for hundreds of nanometers inside the bulk. It is worth to mention that Qsc extends
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within a certain depth inside the semiconductor and the space charge distribution is related to band-
bending by the Poisson’s equation.
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Figure 14: Qualitative energy bands representation of a n-type semiconductor with depletion space-charge layer
originated by acceptors-type surface states. The terms eVs and Ep represent the surface band-bending and the en-
ergy of bulk donors, respectively. Figure 14 was reproduced from [26].

Note that for the vast majority of semiconductors, the presence of surface states is intrinsically related to
the existence of the surface itself (dangling bonds, surface reconstruction, external impurities...). The en-
ergy position of acceptor-type surface states with respect to the conduction band (or valence band in case
of donor-type surface states) is fixed and defined by interatomic potentials.

Generally, in bulk semiconductors, the Er position with respect to the bulk conduction band minimum is
defined solely by the bulk doping level and the energy bands are flat. However, considering Figure 14, if
flat bands were present up to the very semiconductor surface, the Er position would have been located
above the acceptor-type surface states distribution and all surface states would be charged and a nega-
tively uncompensated surface charged would be present.

As a consequence, to ensure the charge neutrality, band-bending occurs. In this specific case, an upward-
band-bending appears which allows the E to cross the surface states energy distribution decreasing the
negative surface charge (Qss). Additionally, bulk donors states are raised above the Er by the same magni-
tude and are emptied of electrons. Therefore, a positive space charge (Qsc) is formed by the immobile
ionized donors atoms. When the situation described above occurs the charge neutrality condition is ful-
filled: Qss=-Qsc.

The presented example showed a specific case called depletion layer since due to the band-bending, free
conduction band electrons are driven away from the surface and therefore their density at the surface is
lowered with respect to the electron bulk density (np). As a consequence, the electrical conductivity (o) at
the surface is decreased.

It is possible to define two further space charge layers: inversion layer and accumulation layer. In n-type
semiconductors, an inversion layer is created when high densities (Nss) of acceptor-type surface states are
present even at lower energies along the band-gap. In this case, the excess of negative surface charges
induces a stronger upward band-bending due to the higher amount of Qsc (ionized bulk donors) required
to guarantee charge neutrality. In this situation, the band-bending is so strong that the intrinsic energy
(E;) crosses the Er near the surface.
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According to the classical theory of physics of semiconductors, E; is defined as:

1 1 (Ngff>
E; == (Ec+Ey) —skTin(——,(2)

2 2 Ngss
where Necff and Ne‘?f are the effective conduction and valence band density of states respectively.
The semiconductor character can be distinguish based on the Er energy value with respect to Ei. In partic-
ular, if Er=E; the semiconductor is intrinsic, if Er<E; the semiconductor is p-type and if Er>E; the semicon-
ductor is n-type.
In an inversion layer, since E; crosses Er near the surface, the n-type semiconductor becomes p-type near
the surface. In particular, near the surface, the free-electron density (n) decreases to minor values than
the intrinsic value niwhereas the hole concentration (p) exceeds ni.
It is worth to mention that in the intersection point between n and p, the electrical conductivity reaches
the lowest value (intrinsic behavior). However, in the inversion layer, the conductivity increases again
thanks to the large density of free holes.
The excess of hole density near the surface contributes to the charge neutrality condition in addition to
the concentration of ionized donors Nj .
Conversely, in order to form an accumulation layer in an n-type semiconductor, the presence of donor-
type surface states with energies comparable and/or higher than the conduction band is required. If this
condition is fulfilled, part of these surface states will be partially or completely empty and therefore they
will carry a positive surface charge. As in the previous cases, this excess surface charge must be compen-
sated by an equivalent amount of negative space charge arising from the semiconductor bulk. As a result,
free electrons accumulate in the proximity of the surface causing downward band-bending.
It is worth to mention that in strong accumulation regime, the conduction band minimum can cross the E¢
making the semiconductor degenerate in the proximity of the surface.
As mentioned before, the accumulation layer is induced by free electrons (and not from fixed ionized ions
as in the depletion and inversion space charge). Due to this different nature of this space charge, accumu-
lation layers are generally narrower than depletion and inversions layers.
Finally, thanks to the higher density of free electrons at the surface, accumulation layers are characterized
by a higher conductivity with respect to the bulk.
In the case of p-type semiconductors the situations described above are reversed and therefore their de-
scription is not treated in details for brevity.
In a p-type semiconductor, the formation of a depletion (or inversion, Nss>>) layer requires partially (fully)
empty donor-type surface states which carry a positive surface charge, as shown in Figure 15. For the
charge neutrality condition, a negative space charge must arise from the semiconductor bulk in order to
compensate the positive surface charge. This negative charge is carried by the occupied bulk acceptors
ions which are pushed below the Er and therefore the equilibrium requires downward band-bending in
the proximity of the surface.
Conversely, in a p-type semiconductor, an accumulation layer is formed due to the presence of partially
filled acceptor-type surface states carrying a negative charge. Again, to assure charge neutrality, an equiv-
alent amount of positive space charge arising from the semiconductor bulk causing an upward band-bend-

ing.
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Figure 15: Qualitative energy bands representation of a p-type semiconductor with depletion space-charge layer
originated by donors-type surface states. Note that eV the local band bending, ed(z) the local potential, edy the
potential in the bulk, E; is the intrinsic energy and Ea the energy of bulk acceptors. Figure 15 was reproduced from
[26].

Further development of the physics of space charge regions can be found in Appendix A where some
theoretical cases in which is possible to obtain approximate analytic solutions of the Poisson’s equation
are presented.

3.2.3.2 Fermi level pinning

In order to elucidate some other concepts that will be useful to understand the modeling results that will
be presented in paragraph 3.2.4.1, we have used modeling to study the effect of surface defects on the
surface band-bending in function of variable doping concentrations. The sample chosen for modeling con-
sists of a n-type Si sample that comprise of six different regions with different doping concentrations: from
10 cm3 to 10%° cm3. Each region is formed by a rectangle of area 3 x 3 um? and the whole structure is
represented in Figure 16.
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Figure 16: a) 2D representation of the n-Si staircase modeled structure. Each region is formed by a rectangle of area
3 x 3 um? and the doping concentrations range from 10%® cm™ to 10%° cm™. b) Bands energy representation along
the x-axis, the Fermi level is taken as reference frame.
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Note that, as shown in the corresponding energy band-diagram of the structure (Figure 16 right), the n-Si
layer with a doping concentration of 102° cm results to be degenerate.

As described in section 2.5 of Chapter 2, we then introduce a defective layer of thickness equal to 1 nm
(tor) in which the density of states (DOS), N(E) (eV-cm™3), is assumed homogeneous throughout its thick-
ness. This can be translated into a surface density of states Nss(E) (eViem™): Nss(E) = N(E) x tp, with tp=
107 cm. In addition, the DOS consists of the sum of two constant distributions of monovalent donor and
acceptor states, Np(E) and Na(E), respectively: N(E) = Np(E) + Na(E).

In order to show the effect of surface defects up to the degenerated n-Si layer, the total surface density of
states Nss(E) was chosen to range from 2x107 eV-icm™ to 2x10*2 eV-lcm2. The results obtained from mod-
eling are shown in Figure 17 in which the absolute band-bending variation induced by surface defects is
plotted against the density of surface states.

As described in paragraph 3.2.3.1, surface defects will cause an upward band-bending due to the for-
mation of a depletion region at the surface of the n-type silicon sample. Figure 17 offers the opportunity
to explore several considerations, beginning with the case of n-Si with a doping concentration of 10* cm-
3, From Figure 17 (black profile), it is clear that the band-bending is quite small up to a surface-state density
of 2x10° eV-lcm™. However, for a DOS of 2x10%° eV-'cm™2, the band-bending sharply increases compared
to the previous value of DOS. Finally, starting from 2x10*! eV-'cm™2, the band-bending reaches a saturation
value that does not change even with DOS with 4 or 5 order of magnitude higher. This is because the
surface states are now energetically located near the Fermi level Er and to an increase of their density Nss
corresponds only an infinitesimal increase in band-bending and a concurrent discharging of states, to
which corresponds a stabilization of the E. This effect is called pinning of the Fermi level.
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Figure 17: Absolute band-bending variation induced by surface defects Vs the density of surface states with refer-
ence to the nSi-based structure presented in Figure 16.

In other words, Figure 17 shows the amount of band-bending necessary for the valence and conduction
bands to become symmetric with respect to the Fermi level which is now pinned at mid-gap. Note that
the final saturation band-bending value depends on the position of Nss(E) and thus on the position of the
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charge neutrality level (CNL). Since we have chosen equal acceptor-like and donor-like constant surface
defect distributions, the CNL is set at the mid-gap of the Si-based structure (0.55 eV).

In order to delve further into point, the energy bands at the surface of the modeled n-Si structure for the
case of a total DOS of 2x10*? eV-lcm™ is shown in Figure 18.
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Figure 18: Energy bands at the surface of the modeled n-Si structure for the case of a total DOS of 2x10? eV-lcm™,
the Fermi level is taken as reference frame.

Figure 18 shows that for a DOS equal to 2x10%? eV-'cm™2, the E for the n-Si regions with a doping concen-
tration up to 1017 cm=3 is already pinned at mid-gap, whereas, for the higher doped regions (10'° cm= and
10%° cm’3), the impact of surface defects it still negligible. As a matter of fact, the higher is the doping
concentration, the higher is the number of free charge carriers that the surface defects must compensate
to induce surface band-bending. In other words, only surface defects DOS higher than the bulk doping
concentration can indeed induce a charge imbalance at the surface higher enough to induce a compen-
sating severe surface band-bending.

Moreover, Figure 17 illustrates that the absolute amount of band-bending required to pin the Fermi level
at the mid-gap point increases as the doping concentration rises. This phenomenon occurs because in-
creasing the doping concentration moves the Fermi level closer to the conduction band and even within
it, in the case of the degenerate n-Si region. Consequently, a greater band-bending is necessary to attain
the mid-gap position at the surface.

Note that similar absolute band-bending values are obtained in the case of a p-type silicon sample which
are not shown for brevity. This is because, considering a material with same doping concentration but
opposite type, there are only negligible changes in the relative Fermi level offset due to non-equal effective
densities of states in the conduction and valence band. Nonetheless, in the case of a p-type sample, one
must consider a downward band-bending (see Figure 15) instead of an upward one as in the presented
case.

Finally, it is important to mention that the modeling results presented in Figure 17 were shown in order to
better explain the physics related to the surface defects. In the reality, typical surface defects DOS for
silicon are in the order of 10 eV-lecm= [39], which is a value well-below the 2x10% eV-lcm™ that we
showed to be necessary to cause the Fermi level pinning in the degenerate n-Si region.

Further description of the Fermi level pinning can be found in Appendix A.
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3.2.4. InP:Zn/GalnAs(P):Zn sample: discussion on surface defects

It is evident from the previous discussion that surface defects play a fundamental role in determining the
experimental Vepp. Therefore, to accurately interpret the experimental outcomes obtained from the
InP:Zn/GalnAs(P):Zn sample, we have extensively employed modeling techniques with the objective to
provide a quantitative explanation of the experimental surface potential data. The modeling procedure is
outlined in detail in paragraph 2.5.

3.2.4.1 Surface defects modeling and their impact on the surface potential

It is well-documented in the literature [24] that the cleavage procedure produces surface defects which
strongly impact the Veep. In particular, in order to study the effects of surface defects on the Vcpp we have
extended the energy bands simulations to a non-ideal case in which constant distributions of acceptor-like
and donor-like defects have been introduced at the surface. In order to clarify the analysis and focus on
essentials, we have simulated a simpler structure with respect to the analyzed multilayer sample in which
we did not include the 5 nm InGaAs:nid interlayers and the final InGaAs(P):Zn transition and contact layers.
Specifically, we have compared the ideal structure free of surface defects to three different cases in which
identical acceptor-like and donor-like surface defects densities of 1012 eV-icm, 10'3 eV-lcm? and 5x10%3
eV-lcm? (taken to be constant throughout the bandgap) were introduced at the surface. Results are re-
ported in Figure 19a, 19b, 19¢, 19d respectively. In this specific case, the charge neutrality level of surface
defects is set at mid-gap. Thus, increasing the surface defect densities will produce a pinning of the Fermi
level at the neutrality level of the surface states and the valence and conduction bands energy will appear
symmetric with respect to mid-gap position [37]. In particular, it is possible to observe this trend even at
relatively low surface defects densities (2x10%? eV-lcm™2, see Figure 20b) in the InP:nid layer due to low
doping concentration (10*> cm3) compared to the other two layers. Conversely, in the n-InP substrate and
in the InP:Zn layer, this is only well-evidenced when high surface defects densities (>10*2 eV-'cm™2) are
introduced at the sample surface; the trend is already visible for 2x10** eV-lcm2 and really clear for 10
eV-lcm2in Figure 19c and 19d, respectively. Increasing the surface defect densities leads to an increase of
the valence and conduction band energies within the n-InP substrate, and to a decrease in the InP:Zn layer,
so that the overall potential drop across the junctions is significantly reduced, from 1.42 Vin a) to 0.15 V
in ¢). Specifically, to an increase of energy corresponds a decrease of surface potential which reflects the
upward band-bending induced by the presence of surface defects. Conversely, a decrease of energy cor-
responds to an increase of surface potential which reflects the downward band-bending induced by the
presence of surface defects.

We conclude that the presence of surface defects can explain the overall experimental Vcpp variation along
the structure that is less pronounced than in the simulated ideal case of a free defects surface, as described
in section 3.2.2.1. This conclusion on the overall mitigation of the Vpp variation is not changed if we choose
other surface defect density distributions (not constant vs energy) that produce different charge neutrality
levels in the energy gap (which is not presented here for brevity). However, large surface defect densities
not only mitigate the overall change in Vcep, but they are also responsible for strong changes in the shape
of the surface potential. For instance, in Figure 19d the surface potential appears flat along the simulated
structure with the exception of very narrow transition regions at the two layers interfaces.
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Figure 19: Cross-sectional profile at equilibrium of the surface band energies (black: valence band maximum, Ey,
and red: conduction band minimum, Ec) along a simulated n-InP/InP:nid/InP:Zn structure considering surface de-
fects densities made of the sum of constant and identical acceptor and defect distributions (in eV-*cm™): a) 0; b)
2x10%%; c) 2x10*® and d) 10% The energy reference is taken at the constant Fermi level, E¢ (blue horizontal line). The
profile of the surface potential is also shown in orange (right y-axis of the graphs).

In other words, large surface defect densities also decrease the effective screening lengths compared to
the ones calculated exclusively from the nominal doping densities, due to the extra charges directly pro-
vided by the surface states. The essentially constant flat profile in the InP:nid buffer layer strongly departs
from the progressively decreasing profile observed experimentally in Figure 9c. In order to provide an
explanation for the observed experimental profile that is both mitigated and progressively decreased in
this buffer layer, it is necessary to decrease the surface defect density in the buffer layer, while keeping a
very large value in the external n-InP substrate and p-InP:Zn layer. Therefore, the n-InP substrate and p-
InP:Zn layer require a high value of Nss=10'* eV-lcm™, whereas the InP:nid layer requires a lower
Nss=2x10%2 eV-lcm2. Furthermore, in order to provide a more quantitative explanation of the experimental
profile of Figure 16c, the GalnAsP:Zn transition and GalnAs:Zn contact layers have been included again in
the simulated structure (Nss=10'* eV-lcm2). The energy bands and surface potential profiles simulated
with these parameters are shown in Figure 20.

The surface potential shown in Figure 20 is in good agreement with the experimental profile of Figure 9c.
In particular, the potential drop from the n-InP substrate to the InP:Zn layer is comparable to the 0.18 V
obtained experimentally and additionally the shape of the surface potential in the InP:nid layer shows a
progressive change extending all over the InP:nid buffer layer. Finally, the GalnAsP:Zn transition and
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GalnAs:Zn contact layers are again consistent with the higher Nss=10'* eV-cm™. In particular, the potential
difference between the InP:Zn and the GalnAs:Zn contact layers results also to be attenuated with respect
to the ideal case shown in Figure 10b as in the experimental Vcpp profile of Figure 9c. Overall, this approach
demonstrates that surface defect densities variations provide good agreement with the experimental sur-
face potential profile of Figure 9c.

In conclusion, a quantitative description of the accurate surface defects distributions that characterize the
surface of semiconductors materials is a complex task, as it is not always certain that surface defects are
homogeneously distributed across the entire cross-section. This is particularly true in our case since the
several layers present different physical properties due to varying doping type and concentrations [37].

In order to overcome these challenges related to the operating conditions and to the cleaving process
presented in this paragraph, KPFM measurements can be performed under ultra-high vacuum (UHV) at an
optimal surface-tip distance of the order of a few nm [38] with particular attention to the sample prepa-
ration either in the deoxidation and cleaving process.
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Figure 20: Cross-sectional profile at equilibrium of the surface band energies (black: valence band maximum, Ey,
and red: conduction band minimum, E¢) along a simulated n-InP/InP:nid/InP:Zn/GalnAsP:Zn/GalnAs:Zn structure
considering different surface defects densities in the various layers. For the n-InP substrate, InP:Zn, GalnAsP:Zn and
GalnAs:Zn layers a total surface defect density (made of the sum of constant and identical acceptor and defect
distributions) of 10%* eV-lcm2 was considered whereas for the InP:nid layer a total surface defects density of 2x10*?
eV'lem? was introduced. The energy reference is taken at the constant Fermi level, E (blue line). The profile of the
surface potential is also shown in orange (right y-axis).

3.2.4.2 Effect of the illumination on the Vcpp: surface defects and Voc

As shown in Figure 12, an overall negative SPV was calculated along the structure and a SPV of -95 mV was
obtained in the InP:Zn region which seems in good agreement with the expected trend in a p-type layer
with surface defects. However, in case of pn junctions, the SPV can also include the contribution of the
open-circuit voltage (Voc) of the pn junction due to the splitting of the quasi-Fermi levels of electrons and
holes and related charge separation at the junction. In our case, due to the n-type side of the junction
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(substrate) being grounded, we expect a positive SPV contribution from Voc of the pn junction at the sur-
face of the p-layer outside the space charge region of the pn junction.

Therefore, the SPV measured in the InP:Zn region should be a trade-off between the negative contribution
due to the flattening of surface-

defects related band-bending and the positive contribution of Voc. As a consequence, the slightly negative
SPV value of -95 mV measured in the InP:Zn region indicates a weaker contribution of the pn junction (Voc)
compared to the change in surface band-bending related to surface defects.

In order to provide a quantitative analysis of this experimental evidence, we have calculated the conduc-
tion and valence band energy shift induced by the illumination simulating two simple structures: the first
one is metal/n-InP/air, the n-type InP simulates our n-type substrate with a doping concentration of 5x10*8
cm3, and the second one is metal/InP:Zn/air, with InP:Zn having a p-type doping concentration of 1.5x10%8
cm3, similarly to the p-doped layer in our sample. In these simulations, the back metal/InP contact was
assumed to be ohmic in both structures. We introduced uneven donor-like and acceptor-like surface de-
fect densities. Specifically, the donor-like defect density was chosen equal to 10*2 eV-lcm™, and the accep-
tor-like one 20 times lower, 5x10! eV-lcm™2, resulting in a charge neutrality level very close to the conduc-
tion band of InP.

Under these conditions, a SPV close to 0 and a negative SPV are expected for the n-type InP substrate and
for the InP:Zn layer, respectively. The simulated results gave a SPV close to O (very slightly positive) and a
negative SPV of -356 mV for the n-type InP substrate and for the InP:Zn layer, respectively.

In this specific case, a Voc of 261 mV would have been produced across the pn junction considering the
experimental SPV resultant of -95 mV. This surprisingly low Voc value could be explained either by a poor-
quality material of the sample in which a high density of bulk defects is responsible of reducing the carrier
lifetime or by the lack of a true ohmic contact between the sample-holder and the n-type InP substrate
during the KPFM measurement. In the second case, a potential barrier would be present at the metal
contact/n-InP substrate interface which could reduce the overall Voc.

3.3 CONCLUSION

In Chapter 3, we have shown that KPFM is a valuable technique to investigate a InP:S and InP:Fe multilayer
stack with high spatial resolution in ambient conditions. In particular, KPFM provided the detection of the
entire stack after a surface deoxidation by an HF based chemical treatment. KPFM revealed a strong
dependence on the local doping concentration providing a complete detection of the InP:S and InP:Fe
layers which exhibited different color contrast in the Vcpp image. Moreover, we showed that the Veep
contrast between the InP:S and InP:Fe layers could even be significantly improved when KPFM
measurements were performed under illumination. The analysis of Vcpp profiles shows that InP:S and InP:
Fe layers of different but similar thickness tend to show different Vcpp, which can be attributed to the
band-bending induced by the space charge due to the different doping densities of the InP:S and InP:Fe
layers, as shown in the simulated energy bands profile. The Vcpp profiles extrapolated from different
regions of the same scan showed the same V¢pp qualitative progression but presented minor variations.
For this reason, a thorough analysis and description of the many factors that influence KPFM
measurements was proposed in order to investigate these differences. Finally, the analysis of SPV along
the structure pointed out that a positive SPV in the order of hundreds of mV was detected even for the
InP:S layers, which is surprising considering the bulk properties of this material. Nonetheless, this can be
justified by a large surface state defect density responsible of producing significant upward band bending.
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Additionally, we have investigated a InP:Zn/GalnAs(P):Zn multilayer structure revealing a high spatial
resolution of down to 20 nm of our KPFM setup. The verified sensitivity of our KPFM setup to the narrower
layers will be crucial for the study of the cross sections of operating solar device in future works. The
analysis of the surface potential profile identified the presence of space charge regions and, thus, the
formation of several junctions along the stack. The complexity of the analyzed structure combined with
the ambient operating conditions caused challenges in the identification of the real position of the
junctions in the Vcpp image. KPFM measurements are significantly affected by surface defects and other
surface inhomogeneities. In particular, numerical modelling and analysis indicated that surface defects
are responsible for a significant departure of the magnitude of the surface potential from the value in the
bulk material. Also, we showed that the observed potential profile along the cleaved surface of the n-
InP/InP:nid/p-InP:Zn heterojunction stack can be explained by large surface defect densities in the highly
doped n-InP and p-InP:Zn layers, with a much lower defect density in the InP:nid buffer layer. With further
characterization and analysis, we have shown that white-light illumination reduces the surface band
bending induced by surface defects, providing an enhancement of the contrast in the Vepp image. The
analysis of the SPV variation along the structure cross-section further suggests that either bulk defects or
a non-ohmic contact between the metallic sample holder and the n-type InP substrate may exist. For
future work, it will be necessary to assure a good ohmic contact between the sample holder and the
sample and to carry out complementary characterization of the optoelectronic properties of the layers to
refine the analysis of the results.
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Chapter 4

Cross-sectional KPFM and
c-AFM for the study of solar
cells

In Chapter 4 the local probe characterization is extended to finalized solar cells. This chapter delves into
the core of our research, presenting and analyzing the outcomes of KPFM and c-AFM measurements con-
ducted on the cross-section of diverse photovoltaic technologies, along with the challenges associated
with such characterizations.

Specifically, we present the characterizations carried out on AlGaAs, CZTGS, and silicon heterojunction
solar cells. The AlGaAs and Silicon solar cells were made available through internal collaboration within
IPVF, while the CZTGS solar cells were provided by the University of Milano-Bicocca.

In the context of this latter collaboration, the KPFM characterization was included in [1] to complement
their findings, offering experimental evidence of the unsatisfactory PV performance of the CZTGS device
under illumination. Additionally, the analysis performed on the AlGaAs solar cell was presented at the
JNPV 2022.

4.1 p-AlGaAs:Be/n-GalnP:Si heterojunction solar cell

The AlGaAs-based samples used in this study were directly provided by two IPVF colleagues, Oleksander
Bilousov and Amadéo Michaud who were involved in developing a llI-V-based multijunction solar cell in
the frame of IPVF programme Ill led by Stéphane Collin. As a matter of fact, this solar cell uses as absorber
a p-AlGaAs:Be layer with a high energy gap of 1.73 eV, making it suitable as a top solar cell in a tandem
configuration. To analyze the samples, KPFM and c-AFM techniques were employed in both planar (see
paragraph 2.3.1) and cross-sectional (see paragraph 2.3.2) configurations.

4.1.1 p-AlGaAs:Be/n-GalnP:Si samples characteristics and preparation

In the context of this analysis, | studied two different samples. The first one consists simply in the unpro-
cessed multilayer stack, similar to the samples presented in Chapter 3, whereas the second one is the
finalized solar cell.

The comprehensive deposition and fabrication procedure of this solar cell can be accessed in reference
[2]. Here we describe only the intricate structure, as it is very important for understanding the KPFM and
c-AFM results which will be presented in the following sections.
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Doping
Detailed structure Thickness (nm) concentration
(cm?)
p-GaAs:Zn / 10"
p-GaAs:Be 300 10"
p-Alg.s1Gag 40As:Be 50 5x10'®
Gr: Al from 51% to 25% 100
p-Alp25Gag 75As:Be 1900 2x10'°
Gr: Al from 25% to 30% 100
GalnP:Si 50 5x10"
AlInP:Si 20 3.9x10™
n-GaAs:Si 300 10*

Table 1: Full structure of the investigated p-AlGaAs:Be/n-GalnP:Si HJ multilayer stack and solar cell. Note that, the
abbreviation Gr stands for gradient and indicates additional transitional layers to regions with different Al concen-
tration. Additionally, typical thicknesses of p-GaAs:Zn substrates are of the order of hundreds of microns.

As shown in Table 1, the solar cell is a pn heterojunction (HJ) formed by a p-AlGaAs:Be absorber and a n-
GalnP:Si emitter. Additional layers are included in the structure for an optimal surface passivation, carriers
extraction and to smoothen the transition between materials with very different band-gaps [2]. Note that,
due to the greater thickness of the absorber layer (1.9 um), it can serve as a reference frame to facilitate
the identification of the position of the remaining layers in Vcpp (KPFM) or voltage images (Resiscope).

Bl GaAs substrate HEE GaAs contact layer
=3 11I-V cell stack =@ Metallic contact

Figure 1: Schematic of the differences between the multilayer stack (left) and the finalized solar cell (right).

It is worth emphasizing that the completion of the device requires the process of etching the n-GaAs:Si
contact layer within the multilayer stack. Once the n-GaAs:Si contact is etched, metallic contacts are sub-
sequently deposited on both the top and bottom sides of the device [2], as illustrated in Figure 1.

Finally, prior to KPFM and c-AFM analysis, a simple surface cleaning was carried out with the purpose of
removing possible surface contamination (e.g., dust particles) with acetone and drying in air.

4.1.2 p-AlGaAs:Be/n-GalnP:Si energy band profile

Before presenting the Resiscope experimental results performed on the cross-section of the multilayer
sample (Figure 1, left), the calculated energy band profile of the structure, together with the potential, is
shown in Figure 2 in which the Fermi level is used as the reference for the energies. For the purpose of
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Figure 2: Energy band profile (Ec in red, Ey in black) across the layer stack reported in Table 1 represented together
with Fermi level (energy reference, in blue) and the potential (which will be useful for the following section). Vertical
reference lines have been included in order to divide the different regions of the structure. The Figure on the right
represents a zoom at the p-AlGaAs:Be/n-GalnP:Si heterojunction. The profile was calculated assuming no surface
states and with the material parameters given in [3].

replicating the analyzed structure in this study, the same layers and doping concentrations, as presented
in Table 1, were utilized with the exception of the 50 nm p-Alo.51Gao.40As:Be layer and the two 100 nm Gr
transitional layers which were not included and a width of 1 um was assigned to the GaAs:Zn substrate.
Notably, the KELSCAN tool (see paragraph 2.5) does not permit the specification of the dopant, only the
type and concentration are allowed. Consequently, in the script, no distinction is made between the
GaAs:Zn substrate and the GaAs:Be layer, as both are treated as p-type layers with a doping concentration
of 10%° cm™3. Nevertheless, this approximation is considered reasonable since the relative position of the
valence band in relation to the Fermi level is expected to have minimal impact in either case.

As depicted in Figure 2, an upward shift in potential becomes evident at 1.3 um near the GaAs:Be/Al-
GaAs:Be interface, progressing towards the absorber. This shift can be attributed to the creation of a nar-
row space charge, induced by the difference in work functions arising from the offset in energy band gaps
between the GaAs:Be (Eg=1.42 eV) and Alo.2sGaAs:Be (Eg=1.73 eV) layers.

Additionally, considering the p-AlGaAs:Be/n-GalnP:Si heterojunction, due to the different doping concen-
trations, the space charge region is mostly located in the AlGaAs:Be absorber layer and it extends for
around 280 nm (from 2.94 to 3.22 um), as well-evidenced by the zoom of Figure 2 (right). Note that in
reference [4] additional information regarding the band alignment diagram at the n-GalnP:Si/n-AlInP:Si
interface can be accessed.

Furthermore, the Silvaco software enables the visualization of the free charge carriers profiles along the
structure derived from the energy band profile, as shown in Figure 3a. Note that the dopants are assumed
to be fully ionized at room temperature [5].

The free carriers concentrations can be in turn utilized for the estimation of the resistivity (p) profile. Spe-
cifically, the resistivity is defined as:

_1
P="q(nu, +puy) D
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Figure 3: a) Free electrons and holes carrier concentrations profiles along the simulated structure shown in Figure
2. Note that the dopants are considered to be fully ionized at room temperature. b) Corresponding resistivity profile
calculated applying Eq.1 with n and p being the values reported in a) and W, and i, being the values reported in [5]
for GaAs.

where n and p are the carrier concentrations for holes and electrons, respectively, and u» and yp are the
corresponding carrier mobilities. In the case of n-type materials, nu,, is the only contributing factor to the
resistivity since nu, >>pu,,. For a p-type material, the situation is reversed since pu,>>nu,.

However, considering the carriers profile along the p-AlGaAs:Be layer, one can notice that along the space
charge, p becomes more and more comparable to n and thus, both nu, and pu, must be considered in
the evaluation of the resistivity (Eq. 1). Specifically, since the holes carrier concentration is decreasing, an
increase in resistivity is expected along the space charge region. Finally, once crossed the space charge,
the electrons carrier concentration (n) contribution will be predominant, and the resistivity will decrease
accordingly. This a particularly valuable information since, from Resiscope analysis, one can expect to see
an increase of the local resistance approaching the end of the p-AlGaAs:Be absorber layer which extends
for around 400 nm (considering the 100 nm Gr AlGaAs transition layer that was not included in the mod-
eling) due to the formation of the space charge (e.g., depletion region) [5], as shown in the resistivity
profile reported in Figure 3b. The mobility values used in the calculation are reported in Appendix B.
However, it is important to recall that the band structure of Figure 2 represents the “bulk” properties and
thus the likely presence of surface states is not considered. As widely illustrated in Chapter 3, surface states
have a strong influence on the energy bands [6] and additionally they can also influence the measured
local resistance (or current) [7,8]. In particular, surface states may act as traps for charge carriers, affecting
their mobility and enhancing recombination. For this reason, in Figure 4, the “bulk” resistivity profile is
compared to the resistivity profile obtained by introducing a total constant density of surface states
Nss(E)=10"3 eV-lcm2 (5x10%2 eV-lcm? acceptor-type + 5x10%2 eV-lcm™ donor-type); see paragraph 2.5: A
modeling tool: KELSCAN.

Specifically, owing to the high doping concentrations of the p-GaAs:Zn and the n-GaAs:Si layers, surface
defects of this level have only little influence on the resistivity. However, surface defects have a significant
impact on the p-AlGaAs:Be absorber due to its lower doping concentration (Na=10® cm3).

100



Chapter 4 — Cross-sectional KPFM and c-AFM for the study of solar cells

10%° T T T T T T T T

14
10° o |— P (no surface defects)

1013
1012 : P (Ngg(E)=10"cmev™)

10 !
10° 5 GaAs:Zn
10° 4
107 4
10° 4
10° 4
10% 4
10° 4
102 4
10" 4
10° 4
10" 4
1072 4 —

107 4 X l=
10™ 4 |
10° T T T L T T T T
-05 0.0 0.5 1.0 15 2.0 25 3.0 35

n-type
region

AlGaAs:Be

Resistivity (Qcm)

ol s sl sl sonnd sl s sonnd sl o sl il sl sl sond sl i sl il

>
o

Profile direction (um)

Figure 4: “Bulk” resistivity profile compared to the one obtained by introducing a total density of surface states
Ngs(E)=10% eVicm™.

In fact, resistivity within the absorber layer presents a dramatic increase, reaching values of the order of
10! Qcm, given the specific density of surface states chosen. Additionally, the space charge appears as
only a small increase in resistivity, less than a single order of magnitude. In contrast, the "bulk" resistivity
profile exhibits a change in resistivity of up to eleven orders of magnitude at its maximum.
To conclude this introductive paragraph, it is worth recalling (see paragraph 2.6) that the electrical contact
resistance is given by:

R = p/4a: (2)
where a is the radius of the point contact between the surface of the sample and the AFM tip. Therefore,
local variations in topography, such as dips and valleys, can increase the value of a giving rise to local
resistance decreases due to higher collected current through the AFM tip. This effect can be especially
noticeable in cross-sectional analysis because of the rough and non-uniform surface created following the
cleavage process, particularly near the edge.

4.1.3 Cross-sectional c-AFM on the p-AlGaAs:Be/n-GalnP:Si multilayer stack: a first ap-

proach

As a first attempt to acquire expertise with the c-AFM technique, the characterization of the multilayer
stack (Figure 1 left) was initially performed. The c-AFM analysis was made possible by implementing a
Resiscope [9] directly connected to the TRIOS platform, as already detailed in paragraph 2.6.1. For this first
stage analysis, the p-GaAs:Zn substrate was electrically connected to the metallic sample holder using
silver paste. A schematic of the experimental setup is shown in Figure 5 in which the light green rectangle
represents the GaAs:Zn substrate. Note that the base was not electrically isolated from the sample holder,
however, when the electrodes of a multimeter were positioned, with one terminal connected to the sam-
ple holder and the other to the front n-GaAs:Si layer, a valid open-circuit voltage (Voc) reading was ob-
tained on the multimeter, confirming that the sample was indeed in an open-circuit condition.
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Figure 5: Schematic representation of a cross-sectional Resiscope measurement. Silver paste is generally used to
ensure a reasonable electrical contact between the sample holder and the GaAs:Zn substrate. The same colors have
been chosen as in Figure 2 to illustrate the different regions of the multilayer structure.

Finally, the measurements were performed in dark conditions applying a bias of +1 V between the sample
and the AFM tip (highly doped diamond coated n*-Si) with the contact interaction forces being in the range
of 100-1000 nN. Note that a wide range of applied forces is reported because we generally start the meas-
urement applying relative low forces, then we carefully increase the setpoint until reaching a reasonable
signal-to-noise ratio and electrical contact between the AFM tip and the sample. It is thus important to
mention that the following resistance profiles reported in sections 4.1 and 4.2 refer to a force range span-
ning from 700 nN to 1000 nN.

In Figure 6a and 6b, the topography image and the voltage map of the cross-section of the multilayer stack
are shown, respectively. From the output voltage measured from the logarithmic amplification system of
the setup [9], one can deduce the corresponding resistance value from: R =10*2), where the resistance is
expressed in ohms and the measured output voltage in volts. The voltage map can thus be converted into
a resistance map, which can in turn be converted into a resistance profile along the cross-section as illus-
trated in Figure 6c. To this purpose, each point of the resistance profile represents an average of 207 points
over a width of 0.7 um along the x axis. Note that the origin (0;0) is identified as a point in the GaAs:Zn
substrate and moving along the positive direction of the Y axis, one will reach the end of the sample.

A first look at the resistance profile allows a qualitative analysis. The Resiscope detected the different
regions of the structure (between 0 and 3.63 um). In particular, the measured resistance in the substrate
(GaAs:Zn) is comparable to the one measured for the 300 nm GaAs:Be layer (between 0 and 0.85 um),
which is reasonable due to the identical p-type doping concentration (10 cm3). Nonetheless, the slight
resistance step from 10* to about 1.5x10* Q and the = 300 nm plateau at 1.5x10* Q suggests that the
conductivity of the GaAs:Zn substrate is slightly higher than the one of the GaAs:Be layer. Nonetheless,
this small increase in resistance can be also related to a local different surface states density distribution
that in turn induce a different local surface band-bending.

As the transition region to the AlGaAs:Be absorber is approached (from 0.85 um), there is a notable rise
in resistance, which eventually stabilizes at 5x107 Q across the absorber layer (= 2.9 um). In the “transition
to the absorber” region identified in Figure 6¢, a narrow peak at = 10° Q is present and it can be associated
to the 50 nm p-Alos1Gap.asAs:Be layer. A general increase in resistance is expected compared to the sub-
strate (or to the 300 nm GaAs:Be layer) due to the lower doping concentration present in the absorber. It
is noteworthy to highlight that the transition to the AlGaAs:Be absorber is not entirely abrupt (between 1
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Figure 6: Topography image a) and voltage map b) acquired on the cross-section of the multilayer stack applying +1
V between the sample and the tip in dark conditions; c) corresponding resistance profile along the Y axis calculated
from b) applying R=10"*?. The profile data are an average of 207 points corresponding to 0.7 um scan in the X
direction.

and 1.14 um), which can be attributed to either a slight space charge layer in the absorber and/or the
convolution of the signal at the interface caused by the physical dimensions of the AFM tip radius (= 100
nm). Moreover, a rise in resistance is detected around 2.88 pum, from 5x107 Q to 10'° Q and it extends up
to 3.27 um to which corresponds the maximum of the measured local resistance. The extent of this re-
sistance increase (0.39 um) is comparable to the space charge width calculated by modelling (0.28 um),
also considering the 100 nm Gr AlGaAs transition layer that was not included in the energy bands simula-
tion. However, according to the thickness of the layers reported in table 1, the resistance increase extends
well beyond the expected beginning of n-type part of the structure (at 3.14 um). As already described, the
tip radius is = 100 nm and thus the signals associated to the Gr AlGaAs (100 nm), GalnP:Si (50 nm) and
AlInP:Si (20 nm) layers are likely to be “hidden” (or at least, not well-resolved) between the final part of
the AlGaAs:Be absorber layer and the beginning of the n-GaAs:Si layer.

After crossing the resistance maximum, a decrease in resistance is measured which eventually stabilizes
(=108 Q) along the n-GaAs:Si contact layer. Although both n-GaAs:Si and p-GaAs:Zn layers have identical
dopant concentrations, their local resistance values differ. Notably, despite the fact that hole mobility is
greater than electron mobility [5], the p-GaAs:Zn layer exhibits lower resistance compared to the n-GaAs:Si
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layer. This unique experimental observation will be further examined and discussed in light of new Resi-
scope measurements in paragraph 4.1.4.
Finally, the discussion concerning the extent of the space charge will be also resumed in paragraph 4.1.5.

To continue our discussion, it is important to mention that multiple voltage maps were collected during
the analysis at different places of the cross-section, and the outcomes demonstrated reproducibility of the
results shown in Figure 6, one example is reported in Figure 7. The resistance profile in Figure 7c closely
resembles the one in Figure 6¢, indicating a consistent increase of resistance as the tip approaches the
end of the AlGaAs:Be layer towards the n-type region.

a)oownos 1.0 15 20

Height (nm)
©
L
Resistance (Q2)

0 i 2 3 4
Profile direction (um)
Figure 7: Topography a) and voltage map b) acquired on the cross-section (on a different region with respect to
Figure 3) of the multilayer stack applying +1 V between the sample and the tip in dark conditions; c) corresponding
height and resistance profiles extrapolated from a) and calculated from b) applying R=10*?, respectively.

Additionally, Figure 7c includes the topography height profile, which offers new insights for further discus-
sion. In particular, accurately determining the true "end" of the cross-sectional area in the topography
image proves to be a challenging task. The difficulty arises from the fact that the height profile shows only
a minor decrease of a few tens of nanometers at approximately 3.3 um, despite the expectation of a more
substantial height decrease (around a few micrometers). Specifically, during c-AFM analysis, a relatively
high force (up to 1000 nN) is applied by the AFM tip to ensure a reasonable electrical contact with the
sample. Therefore, since the tip continues to exert a force even after its apex has passed beyond the sam-
ple edge, the tip body can still interact with the sample producing “parasitic” electrical signals. A schematic
of this occurrence is shown in Figure 8.
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Figure 8: Schematic representation of the undesired interactions between the body of the tip and the edge of the
sample. The increased contact area can give rise to a lower local resistance along with a decrease of lateral resolu-
tion.

Under these circumstances, a higher electrical contact radius (see Eq. 2) is established causing the collec-
tion of a higher current through the AFM tip and a consequent decrease of the measured local resistance,
along with a decrease of lateral resolution [8]. In our case, the =108 Q resistance plateau value measured
for the n-GaAs contact layer could be due to a signal convolution between AFM tip apex and body deriving
from the interaction with the cross-section edge. Further details will be given in paragraph 4.1.4.
Nevertheless, a possible solution might involve conducting extended scans along the y-axis until a sharp
reduction in topographical features is detected. Subsequently, by making comparisons with the physical
dimensions of the layers that comprise the analyzed sample, it would be possible to localize with more
precision the edge of the cross-section.

4.1.4 Evaluating the true nature of AFM tip/surface contact

In order to further discuss the experimental results presented in the previous paragraphs, let us focus on
some of the physical aspects related to the c-AFM technique, elucidating some concepts concerning the
nature of the electrical contact between the AFM tip and the surface of a semiconductor.

In paragraph 4.1.2, the electrical contact resistance and the resistivity were described and defined in equa-
tion 2 and equation 1, respectively. During c-AFM analysis, a bias voltage is applied between the conduc-
tive AFM tip and the sample (see paragraph 2.6). The variation in current, as the tip is scanned, should
then be inversely proportional to the electrical contact resistance (Eg. 2) in the vicinity of the AFM tip,
assuming an ohmic contact between the tip and the semiconductor. Additionally, according to the very
definition of the resistivity (Eq. 1), for the same doping concentrations but different type, the only factor
that can cause differences in the resistivity and in turn in the electrical contact resistance is the mobility
(assuming that all introduced impurities act as dopants and are ionized). According to [5], the ratio be-
tween electron mobility and hole mobility in GaAs is in the order of a factor of 20 (see Appendix B pn and
Up Vs doping concentration in GaAs). As a consequence, one can expect the electrical contact resistance
(Eg. 2) to be about 20 times lower in n-GaAs compared to p-GaAs with the same doping concentration.
However, experimentally (see Figure 6c), the local resistance measured in the p-GaAs:Zn substrate is more
than two orders of magnitude lower than the one measured in the n-GaAs:Si contact layer.
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In light of this experimental evidence further Resiscope analysis was performed. Specifically, we have in-
vestigated two different simple samples that were available at GeePs: a n-GaAs:Si (Np=10'° cm) and a p-
GaAs:Zn (Na=10'® cm3) bare substrate. Note that a p-GaAs:Zn substrate with a doping concentration of
108 cm™3 was analyzed since a sample with a doping concentration of 10° cm3, as the p-GaAs:Zn substrate
in the multilayer structure, was not available.

Resiscope measurements were performed in planar configuration and the samples were electrically con-
nected to a metal plate through a silver paste layer from the back side whereas the tip scanned the pol-
ished front surface. A schematic of the experimental setup is shown in Figure 9a. Note that the same
experimental conditions described in paragraph 4.1.2 were replicated and thus they will not be repeated
here.

b)

z

600.0 nm
Figure 9: a) schematic of the experimental Resiscope setup used for the characterization of simple n-GaAs and p-
GaAs samples. b) Resiscope results obtained on the front surface of a bare n-GaAs:Si substrate (Np=10%° cm3) for -
1V (top) and +1 V (bottom) bias applied between the sample and the tip.

As a first step, the n-GaAs sample was analyzed by applying +1 V and -1 V between the sample and the
AFM tip; the corresponding voltage map is reported in Figure 9b. Note that the top part and bottom part
of the voltage map correspond to the -1V and +1 V polarization, respectively.

Averaged resistance values of the order of 107 Q and 5x108 Q are obtained for the -1V and +1 V polarities,
respectively. Interestingly, in the case in which the electrical contact between the AFM tip and the sample
was an ohmic contact, the same resistance values would be expected to be found for opposite polarities.
However, the experimental findings depicted in Figure 9b demonstrate that identical resistance values are
not observed for the chosen opposite polarities. This indicates the presence of a rectifying behavior based
on the applied polarity, suggesting that the actual nature of the electrical connection between the AFM
tip and the semiconductor surface may be Schottky-type, rather than ohmic-type.

In order to provide further discussion, under the same experimental conditions depicted in Figure 9, local
I-V curves have been acquired on both the bare n-GaAs and p-GaAs substrates samples directly using the
Resiscope setup [10]. The applied voltage ranged between -1V to +1 V and the results are shown in Figure
10.
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Figure 10: Local I-V curves obtained on the bare n-GaAs and p-GaAs substrates samples.

The local I-V curves show a diode-like behavior both for the n-GaAs and p-GaAs samples, confirming the
Schottky nature of the electrical contact between the AFM tip and the surface of a semiconductor.

Consider Figure 11, in which a Schottky diode formed by a metal and a n-type semiconductor is shown.
The metal is characterized by its work function (®wm) and the semiconductor by its work function (®sc) and
its electron affinity (xsc). If the metal and semiconductor are brought into contact the Fermi levels will
equilibrate. In the absence of interface defects, for the case of an n-type semiconductor for which ®sc <
@y, electrons will flow from the semiconductor to the metal, forming a negative surface charge in the
metal that compensates the positive charge in the semiconductor in the vicinity of the surface due to the
depletion of electrons (or even accumulation of holes). A Schottky barrier of height Fgn= ®m — Xsc forms
for electrons at the interface and an upward band bending takes place in the n-type semiconductor. Con-
versely, in a Schottky diode formed between a metal and a p-type semiconductor, if ®sc > Oy a downward
band-bending forms in the semiconductor due to the depletion of holes (or even accumulation of elec-
trons) while a positive surface charge builds in the metal, and the Schottky barrier for holes is given by
Fep= Eg — (®m — Xsc), Eg being the band gap energy of the semiconductor [5].

Changing the electrochemical potential difference between the metal and the semiconductor by applica-
tion of an external bias, Pm—@sc=Vappiied, is able to change the electrostatic potential barrier in the semi-
conductor (Vui=Vbi — Vapplied) facilitating (forward bias, positive Vappiied) Or hindering (reverse bias, negative
Vapplied) €lectron emission from the semiconductor to the metal through the potential barrier.

The current is thus expected to be larger for positive pm—@sc compared to negative om—@sc. Considering
that, in resiscope measurements the bias is applied between the sample and the AFM tip, the shape of
the current and its larger value observed for the n-type GaAs sample in Figure 10 at -1V compared to the
one obtained at +1V is in line with the tip/n-GaAs interface acting as a metal/n-type semiconductor inter-
face as described in Figure 11. In the same way, the shape of the current vs voltage curve and the larger
current at +1V compared to the one at -1V observed for the p-type GaAs sample in Figure 10 is in line with
the tip/p-GaAs interface acting as a metal/p-type semiconductor interface, having opposite (downward)
band bending at the GaAs surface.
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Figure 11: Energy band diagram of a metal/semiconductor junction for an n-type semiconductor having lower work
function than the metal in the absence of surface states.

In section 4.1.3, we left as an open question the reason why the p-GaAs:Zn substrate exhibited lower
resistance compared to the n-GaAs:Si layer in the multilayer structure despite having the same doping
concentration and especially considering that the electron mobility is higher than the hole mobility in
GaAs. Specifically, in Figure 10 it is shown that for an applied bias of +1 V, the current flowing through the
AFM tip is almost zero (10712 A, e.g., lower Resiscope sensitivity limit) for the n-GaAs while it is 6x107 A for
the p-GaAs samples. If we now move to the cross-sectional analysis (Figure 6), this corresponds to a higher
local resistance in the n-type region with respect to the p-type region. Furthermore, the unexpectedly low
current measured under +1 V polarity conditions in Figure 10 aligns with the possibility that the = 10° Q
plateau observed in the n-GaAs:Si contact layer (see Figure 6¢) could potentially result from an increased
point contact radius (a), caused by undesired interactions between the body of the tip and the edge of the
sample.

In conclusion, our experimental data demonstrate that it is not possible to consider the contact between
the AFM tip and the sample as an ohmic contact but it must be considered as a Schottky contact. In other
terms, an electrostatic potential barrier will always form at the semiconductor surface due to the contact
with the AFM tip. For this reason, the polarity applied during c-AFM analysis becomes a significant param-
eter since it can modulate the potential barrier in the semiconductor hindering or facilitating the collection
of charges which in turn determines the local measured resistance.

However, the Schottky characteristics of the electrical contact introduce substantial complications to the
acquisition of quantitative results and data interpretation. Indeed, the description of a Schottky barrier
given in Figure 11 was drawn assuming that there was no surface dependent effect. As a matter of fact,
the electrostatic potential barrier in the semiconductor depends on a multitude of different parameters
that comprise not only the physical properties of the materials, such as doping concentration of the sem-
iconductor, electron affinity and metal work function but also on possible surface dipole effects and sur-
face defects distributions. This implies that the outcome of experimental results will consistently rely on
the preparation of the cross-section, including cleaving and surface treatments.

Moreover, one has to consider another experimental condition specific to the c-AFM measurements,
namely the applied forces, that also modifies the interface condition. This is why we provide an analysis
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of how the applied force by the AFM tip on the surface of the sample affect the electrical signal. To inves-
tigate this, we have acquired different local I-V curves at varying applied forces on the simple n-GaAs sam-
ple which are shown in Figure 12.
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Figure 12: Local |-V curves obtained at varying applied forces on the simple n-GaAs sample.

Figure 12 clearly shows that the amount of current collected by the tip depends on the applied force. More
precisely, when an applied force of 192 nN is selected, the current levels are very low, even at negative
biases. However, within the range of applied forces spanning from 384 nN to 960 nN, it is noticeable that
the current passing through the AFM tip steadily rises until it reaches values around -2x10"7 A. Notably,
the relatively higher current level observed at 1152 nN compared to the range from 384 nN to 960 nN
suggests the presence of a potential threshold value beyond which a more consistent current level is
achieved. This clearly illustrates that the electrical signal derived from c-AFM analysis depends on the
applied force. Consequently, for the attainment of a satisfactory signal-to-noise ratio, the selection of the
applied force is crucial. Nevertheless, to ensure the durability of the AFM tip and prevent rapid damage, a
balance must be found between electrical signal resolution and the applied force. Furthermore, the influ-
ence of applied force on the electrical signal adds an additional variable to c-AFM characterization, further
complicating the acquisition of precise quantitative and comparable local resistance profiles.

4.1.5 Cross-sectional c-AFM on the p-AlGaAs:Be/n-GalnP:Si multilayer stack: New meas-

urements

In light of the experimental results and discussion reported in paragraph 4.1.4, we have decided to per-
form new Resiscope measurements on the cross-section of the multilayer stack replicating the experi-
mental setup shown in Figure 5. Note that the resistance profiles to be presented in Figure 13 should not
be guantitatively compared to those shown in Figure 6. The reason for this is that these measurements
were conducted nearly a year later than the ones in Figure 6. Consequently, a different area of the cross-
section has been analyzed, a new “fresh” AFM tip was used, and even though the contact forces employed
fall within the same range, variations might be present. Nonetheless, the new measurements can bring
additional value to the discussion since the resistance profile was also evaluated for an applied bias of -1
V between the sample and the AFM tip.
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In Figure 13a and 13b, the topography image and the voltage map acquired on the cross-section of the
multilayer stack are shown, respectively. Additionally, the corresponding resistance profiles are shown in
Figure 13c.

Firstly, let us consider the resistance profile acquired for +1 V. The same qualitative behavior and profile is
once again found as in the resistance profile shown in Figure 6c. Therefore, the same considerations de-

scribed in section 4.1.2 will not be repeated here for brevity.
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Figure 13: Topography a) and Voltage map b) acquired on the cross-section of the multilayer stack applying +1 V
and -1V between the sample and the tip in dark conditions; c) corresponding resistance profiles calculated from b)
applying R=10"*2), The profile is shown in log scale. The height profile is also shown. d) Zoom of Figure 13c between
2.5um and 4 pum.

The resistance profile acquired for -1 V provides a basis for further discussion. Specifically, the p-region of
the structure appears to be more resistive compared to the corresponding +1 V case. As a matter of fact,
as shown in the local |-V curves of Figure 10 for the p-GaAs sample, a lower current was measured for
negative applied voltages. Conversely, the n-type region results to be less resistive for the -1 V polarity
with respect to the corresponding + 1 V case, as again expected considering Figure 10. Specifically, as the
AFM tip approaches the n-type region, a huge decrease in resistance is measured which stabilizes at
~5x10° Q once reached the n-GaAs contact layer.

However, the most valuable difference lies in the identification of the space charge region at the n/p front
interface, which for the -1 V profile appears as a small increase in resistance between 2.94 um (reference
red dashed line in Figure 13c) and 3.32 um. The spatial extension of the space charge, around 380 nm, is
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in line with the theoretical value calculated from the modelling reported in Figure 2. Specifically, the re-
sistance decrease at 3.30 um (right after the small resistance increase related to the space charge) extends
for around 100 nm before the intersection point between the two resistance profiles at 3.41 um and thus
it can be associated to the 100 nm Gr transition layer between the absorber and the beginning of the n-
type region. Therefore, as a further point for discussion, one might speculate whether the point of inter-
section between the two distinct resistance profiles acquired at opposite polarities could represent the
boundary of the pn junction (within the lateral limits set by the radius of the tip). This could potentially
indicate the transition from a p-type to an n-type region.

Furthermore, as emphasized by the zoom of Figure 13c between 2.5 um and 4 um (Figure 13d), there is a
narrow resistance discontinuity observed between 3.48 um 3.50 um. Given the limited extent of this spe-
cific feature, it is plausible to associate this step with GalnP:Si/AlInP:Si interface. However, in this particular
region a bump is present in the height profile, signifying that a modification in the radius of the point
contact (a) may also have occurred.

Furthermore, Lu et al. [11] report on cross-sectional Scanning Spreading Resistance Microscopy (SSRM)
[12] performed on a GaAs-based device. It is described that only one polarity allowed to resolve the ex-
pected resistance profile and correctly visualize the space charge region at a GaAs p*n junction. Therefore,
based on our experimental results, it appears that the -1 V polarity provides a clearer visualization of the
actual extent of the space charge. In contrast, the +1 V polarity yields more intricate results due to the
convolution of the space charge signal (resistance increase) with the sharper rise in resistance associated
with the n-type region.

In conclusion, Resiscope analysis proved to be a valuable method for measuring the resistance along a llI-
V based multilayer structure, enabling the identification of the various layers and regions with different
doping type. Nonetheless, the problematic and difficulties related to this investigative technique were also
discussed with particular emphasis on the true nature of electrical contact between the AFM tip and sur-
face of the sample which resulted to be Schottky-type. Finally, the recent experimental findings underscore
the significance of comprehensive characterization including opposite polarities. This approach is critical
for revealing subtle distinctions that could otherwise be disregarded when focusing solely on a single po-
larity.

Finally, it is important to recall that, as indicated earlier in this section within Figure 4, we presented the
expected resistivity profiles based on "bulk" properties and after the introduction of a density of surface
states. Our experimental findings unequivocally confirm the presence of surface states, which actively in-
fluence the determination of local resistance and its deviation from the “bulk” ideal case. Consequently,
through comprehensive modeling, it becomes possible to utilize the resistance profile for the determina-
tion of the quantitative distribution of the surface states that characterize a given cross-section.

In appendix C, some of the experimental results presented in Lu et al. [11] will be shown and used to
provide comparison and further discussion with our experimental result.
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4.2 KPFM and c-AFM for the characterization of p-AlGaAs:Be/n-GalnP:Si fi-
nalized solar cell

Once familiarized with the c-AFM technique, | expanded the characterization to include the completed
solar cell (Figure 1b). Following the cleaving process, the cross-section was subjected to analysis using
KPFM and c-AFM under dark and laser-illuminated conditions. For the KPFM measurements, the device
was connected to a sourcemeter (Keithley 2400), with the back contact serving as the positive terminal
and the front contact as the negative terminal, enabling the application of an external bias to the device.
Note that this terminal configuration gives a positive Voc value displayed on the sourcemeter under illu-
mination. Conversely, for Resiscope analysis, the same configuration described in the previous paragraph
was replicated. For comparison, a schematic of the experimental configurations used for cross-sectional
Resiscope and KPFM analysis are compared in Figure 14. Note that in the KPFM setup, an insulating layer
(blue layer) was also placed at the basis of the sample in order to avoid the short-circuit between the
sample holder and the new added electrode.
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Figure 14: Schematic representation of the experimental setup for cross-sectional Resiscope (left) and KPFM (right)

analysis. Note that in the KPFM setup, an insulating layer (blue layer at the basis of the sample) was added in order
to avoid the short-circuit between the sample holder and the new added electrode.

The I-V curve under 1-Sun illumination (1 kW/m?2) and the normalized EQE acquired for the solar cell before
cleaving at IPVF are reported in Figure 15a and 15b, respectively. In the analysis of the |-V characteristics
under illumination, the values of Isc (short-circuit current), Voc (open-circuit voltage), and FF (fill factor)
were determined to be 3.32 mA, 1.16 V, and 77.9%, respectively, leading to an overall power conversion
efficiency of 12 %.
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Figure 15: a) I-V curve of the p-AlGaAs:Be/n-GalnP:Si solar cell under 1-sun illumination and b) normalized EQE
curve. The two vertical reference lines plotted at 488 nm and 636 nm in b) represent the wavelengths of the lasers
used for Resiscope and KPFM measurements, respectively.
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The EQE curve shows that the solar cell starts to efficiently absorb the incident light at around 720 nm
which is in line with the expected energy gap value of 1.73 eV. In [2], it is argued that the steep decrease
at short wavelengths is attributed to DX-centers related to the Si doping. They result in a high density of
deep defects, which act as nonradiative recombination centers and reduce the minority carrier lifetime.
It is important to mention that the sample was subjected to two different cleaving procedures. In particu-
lar, the first characterization that was performed was cross-sectional Resiscope and thus a cleaving direc-
tion parallel to the macro metallic contact was chosen to expose the cross-section (Figure 16 left). After
Resiscope characterization, the sample was cleaved along the perpendicular direction with respect to the
first cleaving direction in order to expose a new fresh cross-section. This choice was a consequence im-
posed by constraints due to the physical dimensions of the GaAs wafer allowing to avoid macro damages
to the solar cell.

Resiscope KPFM

Figure 16: Schematic of the cleaving direction used for Resiscope (left) and KPFM (right) analysis. After the cleaving
to perform Resiscope analysis, the same sample was cleaved along the perpendicular direction of the first cleaving
in order to have a freshly exposed cross-section. Note that without considering the thin metal grids, the solar cell
areais0.5x0.5 cm?.

Please note that in the “Resiscope cleaving direction”, it is conceivable to locate areas where both the
GaAs:Si contact layer and the metallic contact coexist. However, it is highly probable that the metallic
contact might undergo damages as a result of a non-optimal cleaving process. Conversely, when cleaving
along the “KPFM direction”, the cleaving process either occurs along a metallic finger or the GaAs:Si con-
tact layer is not accessible due to the etching procedure (see Figure 1).

Subsequent to the cleaving process, |-V measurements still displayed consistent diode behavior, indicating
although cleaving might have induced surface states and potential shunts, it had not been destroyed the
device that still acted as a solar cell.

4.2.1 Cross-sectional Resiscope analysis on the p-AlGaAs:Be/n-GalnP:Si solar cell

To continue the discussion presented in the previous section, Resiscope measurements have been per-
formed on the finalized AlGaAs solar cell in the same experimental configuration reported in Figure 14
(left). During this analysis, two voltage maps have been acquired in dark conditions and under front illu-
mination of the whole area of the solar cell with a 488 nm laser at a power density of 3 mW cm-2. These
were acquired for both + 1 V and -1 V polarities applied between the solar cell and the AFM tip, as done
for Figure 13. In order to show the effect of the illumination, the voltage maps (Figure 18 and 20 for +1V
and -1V, respectively) have been acquired half in dark and half under illumination. The initial emphasis of
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our discussion will be directed towards the resistance profiles (Figure 17) acquired in dark conditions for
+1Vand -1V applied polarities.

1012 3 .

101 -
10%° -
10° —
108 —

107 4

Resistance (Q0)

10°

10° —

104 3

10° ] T T T T T T
-0.5 0.0 0.5 1.0 15 2.0 25

Profile direction (um)

Figure 17: Resistance profiles acquired on the cross-section of the solar cell in dark conditions. The profiles were
extracted and calculated from the “dark” part of the voltage maps reported in Figure 18 and 20 for +1 V and -1V
applied polarities, respectively.

For what concerns the highly doped p-type region (GaAs:Zn substrate and GaAs:Be layer), the resistance
values are in good agreement with the ones reported in Figure 13c showing once again a higher resistance
for the -1 V polarity with respect to the +1 V polarity (due to some rectification effect of the tip/surface
contact). Additionally, a small resistance increase is again found at the GaAs:Zn/GaAs:Be interface con-
firming the slightly higher resistivity of the GaAs:Be layer with respect to the GaAs:Zn substrate. A re-
sistance increase is once again present as the AFM tip approaches the 150 nm transition layers moving
toward the p-AlGaAs:Be absorber.

Considering the AlGaAs:Be absorber, for the +1 V case, the measured resistance value is comparable to
the ones reported in Figure 6¢ and 7c. However, in this region, for the -1 V case, the resistance profile
appears completely flat (even small resistance fluctuations are not present). This indicates that the actual
resistance value is here higher than the upper measurement limit of the Resiscope equipment (3x10*! Q).
As a consequence, the information related to the space charge region cannot be visualized since it would
present even higher resistance values, as shown in Figure 13c in the case of the multilayer structure for -
1 V applied bias. Several reasons can be related to this experimental evidence. For instance, a slightly
different surface defects distribution density may be present that causes the AlGaAs:Be absorber to be
more resistive or even the tip-induced oxidation phenomenon [13], already described in paragraph
1.4.2.1, can have had an effect.

Interestingly, for the +1 V case, we observe a resistance increase between 2.62 um and 2.83 um which can
be associated to the space charge caused by the p-AlGaAs:Be/n-GalnP:Si heterojunction. Note that the
resistance increase was also present in the multilayer sample (Figure 6c); however, in this case, the in-
crease in resistance begins to occur at a point that is considered to be within the absorber layer, as pre-
dicted by the simulated energy bands shown in Figure 2. The Gr AlGaAs transition layer is placed between
2.83 um to 2.93 um and it appears as a small resistance peak. Finally, the n-region extends from 2.93 um
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to 3.30 um. Interestingly, after crossing the GalnP:Si/AlInP:Si layers (70 nm), the resistance value reaches
a plateau, that extends for approximately 300 nm before a huge increase in resistance reaching the de-
tectable resistance limit, e.g., the end of the sample. Conversely, for the -1 V case, a resistance decrease
is detected once crossed the end of the absorber layer, as obtained for the multilayer structure (Figure
13c). Specifically, the region from 2.83 um to 3 um can be identified as the Gr AlGaAs transition layer
together with the two n-GalnP:Si/AlInP:Si layers. Finally, a resistance plateau is found as in the case of +1
V that can be associated to the n-GaAs:Si layer.

Nonetheless, the “solar cell” resistance profiles in the n-type region result to be generally different with
respect to the “multilayer” profiles. Specifically, the “rectification ratio”, i.e. the ratio of the measured
resistance at -1V to that measured at +1 V is smaller with respect to the multilayer case and additionally,
it is the opposite of that observed for the multilayer structure: the n-type region appears more resistive
even at -1 V polarity. One reason can be related to the different condition of cross-section. Specifically, a
more homogenous cross-section, especially near the edge, could have been obtained after cleaving for
the solar cell with respect to the multilayer structure allowing a better visualization of the n-GaAs:Si layer;
even a different surface defect density and distribution can be also present being responsible of the afore-
mentioned differences.

Finally, the lack of a massive decrease of resistance associated to the AFM tip scanning on the metallic
finger suggests that the metallic contact was damaged during the cleaving process.

Figure 18a shows the voltage map that was acquired under +1 V bias applied between the sample and the
tip. Figure 18b shows the resistance profiles extrapolated from the dark (already shown in Figure 17) and
the “under illumination” regions of Figure 18a, in black and red, respectively.

b)10‘2 T T T T T T T
93V o] R (dari) ]
—— R (488 nm illumination)
8.0 1010 o oa +
S 104 1
70 5
§ 108 4 1
60 B
@ 10" E
2
50 100 4 i
s AlGaAs:Be
4.0 10% absorber 3
10% 4 3
3.0 '
1.9 10° T :l — T T T = =
05 00 05 10 15 20 25 30 35

Profile direction (um)

Figure 18: Voltage map a) acquired on the cross-section of the solar cell applying +1 V between the sample and the
tip in dark conditions; b) corresponding resistance profile calculated from a) applying R=10"*2), The profile in dark
refers to dark conditions whereas the profile in red is obtained under 488 nm laser illumination.

Since the AFM tip scans the cross-section of the solar cell, as it reaches the n-GaAs:Si layer, the electrical
circuit is closed, and charge carriers can flow. However, due to the high doping concentration of the layers
in the structure, photogeneration mainly takes place in the AlGaAs:Be absorber. As a matter of fact, the
illumination causes a slight decrease in resistance along the AlGaAs:Be absorber layer and a negligible
effect along the rest of the structure. As a matter of fact, as can be seen in Figure 19 showing the I-V curves
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of the device that were acquired just before cleaving, the current values at +1 V are almost the same in
the dark and under the 488 nm laser illumination.
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Figure 19: |-V characteristic in dark and under 488 nm laser illumination acquired on the same sample prior to the
cleaving process.

Figure 20a shows the voltage map that was acquired under -1V bias applied between the sample and the
tip. Figure 20b shows the resistance profiles extrapolated from the dark (already shown in Figure 17) and
the “under illumination” regions of Figure 18a, in black and red, respectively. Note that the voltage map
obtained in the highly doped p-type region shows fluctuating resistances values under light and in the
dark, suggesting a problem with the AFM tip contact. For this reason, in Figure 20b, a shaded rectangle
was added to cover the resistance signal associated with the p-GaAs:Zn substrate and p-GaAs:Be layer.
Additionally, in Appendix D it is possible to find horizontal profiles acquired along the p-GaAs:Zn substrate
and the p-GaAs:Be layer showing that the application of the illumination is not responsible of a general
decrease in the local resistance value of the highly doped p-type region.
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Figure 20: Voltage map a) acquired on the cross-section of the solar cell applying -1 V between the sample and the

tip in dark conditions; b) corresponding resistance profile calculated from a) applying R=10"*2). The profile in dark

refers to dark conditions whereas the profile in red is obtained under 488 nm laser illumination.
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When the solar cell is illuminated, the generated photocurrent appears to produce a signal higher than
the lower limit of the Resiscope sensitivity. Intriguingly, focusing on the absorber layer (from 0.93 um to
2.83 um), at the beginning is present a resistance peak that can support the possibility of the presence of
a space charge region at Gr AlGaAs/absorber interface which may act as a barrier for carriers. Additionally,
approaching the end of the absorber layer, the increase of resistance related to p-AlGaAs:Be/n-GalnP:Si
space charge is now resolved.

Interestingly, the application of the laser illumination caused a decrease of resistance along the whole
analyzed structure (with the exception of the highly p-doped layers as already described). A decrease of
resistance measured in the n-type region under illumination is reasonable. In fact, even though charge
carriers photogeneration is expected to occur only in the absorber layer, the photogenerated carriers can
diffuse and drift to the n-type region due to the presence of the electric field in the space charge region.
The AFM tip, when in contact with the sample, can interact with these photogenerated carriers since as
the AFM tip reaches the n-GaAs:Si layer, the electrical circuit is closed, and charge carriers can be collected.
The AFM tip is sensitive to local variations in conductivity and charge distribution resulting in the detection
of a lower local resistance in the n-type region compared to the “dark” case. Finally, GaAs is characterized
by a relatively high diffusion lengths of electrons and holes which can range from 1 pm to 10 um based
on the doping concentration [14].

In summary, the c-AFM approach for the study of solar cells on the cross-section is not a very conventional
approach but has been widely used for the study of other devices [9,11,15]. We show here that the anal-
ysis of the results is not straightforward since several parameters must be considered both during the
analysis (such as the applied polarity, pressing force and oxidation state of the surface) and for data inter-
pretation (mainly surface defects density distribution). This wide range of parameters shows the complex-
ity of this approach. In fact, precautions must be taken both in terms of cleaving process and surface pas-
sivation treatments in order to acquire quantitative and reproducible data. Nevertheless, if we can suc-
ceed in controlling all these parameters, then c-AFM analysis should allow the identification of the differ-
ent doped regions illustrating the junctions and the photocurrent.

4.2.2 Cross-sectional KPFM on the p-AlGaAs:Be/n-GalnP:Si solar cell

As described in section 4.2, after the Resiscope characterization, the solar cell was again cleaved in order
to expose a fresh cross-section for KPFM analysis. The experimental procedure for KPFM used in this char-
acterization has been previously detailed in paragraphs 2.3.1 and 2.3.3 and a schematic of the experi-
mental setup is reported in Figure 14 (right). Cross-sectional KPFM analysis was performed with the TRIOS
platform presented in paragraph 2.2. ARROW-EFM n*-Si Pt/Ir coated AFM tips were used, with a resonance
frequency at 75 kHz. FM-KPFM mode was selected with a lift (tip/surface distance) of 25 nm.

To start the discussion, KPFM results obtained on the cross-section of the device in dark and short-circuit
condition are presented in Figure 21. Specifically, Figure 21a illustrates the topographical image, Figure
21b displays the Vcpp map, and finally, Figure 21c exhibits the profiles extracted from Figure 21a and 21b.
Again, each point of the V¢pp profile represents an average of 207 points over a width of 0.7 um along the
x axis. Note that the origin (0;0) is identified as a point in the GaAs:Zn substrate and moving along the
positive direction of the Y axis, one will reach the end of the sample.
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Figure 21: Topography a) and Vcrp map b) acquired on the cross-section of the solar cell in dark conditions and under
636 nm laser illumination. The part of the image in dark and under illumination are indicated with “D” and “L”,
respectively. Corresponding height and Vcep profiles of the region in dark c); with reference to the main text, four
reference lines were included at 3.53 um, 5.41 pum, 5.58 um and 5.95 um in order to evidence the different regions
of the analyzed structure. Specifically, the AlGaAs:Be absorber is located between 3.53 um and 5.41 um and the Gr
transition layer together with the n-type region is located between 5.41 pum, and 5.58 um. Note that the edge of
the cross-section is found at 5.58 um.

Upon initial examination of the “dark” Vcep profile, a qualitative analysis can be performed. Notably, a
constant V¢pp profile ranging from 0 um to 3.52 um, approximately at 300 mV, corresponds to the GaAs:Zn
substrate. Additionally, a discernible increase in Vcpp is observed at 3.52 um, from 300 mV to 367 mV. This
Vepp increase can be associated to the 150 nm Gr AlGaAs transition layer and the beginning of the
AlGaAs:Be absorber layer. However, the Vcpp profile observed at the interface does not demonstrate
abrupt behavior, a characteristic that can be attributed to the averaging effect caused by the AFM tip, as
discussed in paragraph 3.1.2.2. Notably, the Vcep begins to increase at 3.38 um, and considering the
additional 150 nm of the transition layers, it becomes evident that the signal associated with the absorber
initiates at 3.53 um, where it has not yet reached a flat profile.

Upon scanning the AFM tip over the AlGaAs:Be absorber, an initially flat profile is observed, which
subsequently exhibits an increase at approximately 4.50 um. By considering the point at 3.53 um that was
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identifyed as the beginning of the AlGaAs:Be absorber layer and adding its length (1.9 um), a AVcep equal
to 157 mV is present (considering 5.41 um as ending point). This rise in Vcpp can be associated with the
presence of the space charge region, attributable to the AlGaAs:Be/GalnP:Si heterojunction. However, the
Vepp variation associated with the space charge region appears to be attenuated compared to the
predictions based on the bulk energy bands depicted in Figure 2. This observation can be related to the
presence of surface states, as thoroughly explained in paragraph 3.3.2.3. Additionally, the extent of the
space charge results to be wider with respect to the = 400 nm obtained from the bulk energy bands shown
in Figure 4, which could be attributed to the tip-averaging effect already described in paragarph 3.1.2.2.
Moreover, the region from 5.41 um to 5.58 um (local Vepp maximum) can be identified as the Gr AlGaAs
transition layer (100 nm) together with the n-GalnP:Si and n-AlinP:Si layers (50 nm and 20 nm,
respectively).

Finally, a Vcep decrease is measured between 5.58 um and 5.95 um. However, it is important to note that
such a decrease in Vcpp is not compatible with a highly doped n-GaAs:Si, as depicted in the energy band
profile presented in Figure 2: the energy bands continue to decrease, resulting in an increase in the surface
potential. Drawing from the insights presented in Chapter 3, it becomes apparent that the observed
decrease in surface potential within an highly doped n-type layer can only be explained by the presence
of strong inversion at the surface, indicative of p-type behavior. Therefore, in order to further address this
issue, the surface potential along the analyzed structure, as presented in Figure 2, was re-evaluated
through modeling. In this simulation, we have incorporated a constant distribution of acceptor-like surface
states with a density of states of 1022 cm3eV! within a 1 nm thick surface layer (corresponding to a surface
defect density of Nss=10%° cm2eV, see paragraph 2.5), and the results were compared to the bulk surface
potential and reported in Figure 22. Note that, due to the presence of only acceptor-like surface defects,
the charge neutrality point will be set close to the valence band (at 0.2 eV from the valence band) and
thus the p-type region of the structure will not be affacted. The existence of acceptor-like surface states
leads to a less pronounced variation in Vpep across the pn junction. However, their effect is still not
sufficient to induce an inversion layer at the GaAs:Si contact layer due to its high n-type doping
concentration.
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Figure 22: Simulated potential profiles along the analyzed structure for two different conditions, with no surface
defects, denoted as “bulk” and reported in black; and with acceptor-like surface defects (Nss=10%° cm2 eV1) shown
inred.
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Therefore, in light of the simulations reported in Figure 22, we suggest that during cross-sectional KPFM
analysis, a region without the GaAs:Si layer was probed due to the etching process required to obtain the
finalized solar cell. Nonetheless, this was expected due to the cleaving direction used for KPFM analysis
(see Figure 16, right). As a consequence, the real edge of the cross-section is located at 5.58 um at the
Veep local maximum which is associated to the very last AlInP:Si layer.

However, it is noteworthy that this distinctive V-shaped potential pattern observed when the AFM tip
crosses the edge of the sample has been encountered in other analyzed samples during cross-sectional
analysis. This issue will be revisited in section 4.3.2, where a proposed solution will be presented to
mitigate it.

Moreover, as mentioned in the introduction of paragraph 4.2, KPFM was also performed under illumina-
tion by illuminating the whole front surface with a 636 nm laser at a power density of 3 mW cm-2. In Figure
23, the I-V curve of the cleaved solar cell under such illumination is reported, revealing a Voc of 0.93 V.

0.0002

Current (A)

0.0000

t T T
0.0 05 1.0

Voltage (V)

Figure 23: |-V curves under 636 nm laser illumination of the cleaved solar cell for KPFM measurements.

The Vepp profiles acquired in dark conditions and under illumination with the sample in short circuit (SC)
and open circuit (OC) are reported in Figure 24a and 24b, respectively. Note that a shaded rectangle will
be added to all the following Vcpp profiles to cover the region that has been determined to be located
already “outside” the cross-section area. The Vcpp dark profiles under SC and OC conditions are very com-
parable, with only slight differences that are within the £ 20 mV error associated with ambient conditions
KPFM measurements.

Interestingly, the Vcpp profiles under illumination present substantial differences. Specifically, when a pn
junction (i.e., a solar cell) is exposed to light, it undergoes significant changes in carrier dynamics. The
absorption of photons generates electron-hole pairs, increasing the concentration of minority carriers.
Consequently, the quasi-Fermi levels for these minority carriers shift towards their corresponding band.
In open-circuit (OC) condition, there is no external circuit to enable carrier flow, resulting in carriers seg-
regating and accumulating near the junction. The quasi-Fermi levels for electrons and holes become highly
separated, producing the open circuit voltage and a flattening of the energy bands (and in turn of the
potential) within the illuminated region [5].

A qualitative schematic of the energy bands and splitting of the quasi-Fermi level of a generic pn junction
under illumination in short circuit a) and open circuit b) conditions is shown in Figure 25 to highlight the
difference in the quasi-Fermi level splitting in these two different configurations.
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Figure 24: V¢pp profiles acquired in dark and under 636 nm laser illumination in short circuit a) and open circuit b)
conditions, respectively. Note that the same reference lines as in Figure 21c were added. The shaded rectangles
illustrate the part of the profile suspected to correspond to a region where the tip has already passed the physical
limit of the cross section of the sample.

The Vcpp profiles obtained under illumination align with the theoretical pn junction illustrated in Figure 25.
Specifically, considering Figure 24a, in SC condition, the Vpp profile in the absorber layer appears flatter
compared to the corresponding “dark” SC Vcpp profile. Nevertheless, it is still discernible the potential
increase associated with the space charge at =5.15 um. In contrast, in OC condition (Figure 24b), the “un-
der illumination” Vcpp profile in the absorber becomes almost entirely flat until the end of the absorber
layer (5.41 um) due to the splitting of the quasi-Fermi levels and additionally, it slightly decreases in the
Gr AlGaAs layer/n-type region.

Interestingly, Voc measured on the Keithley 2400 instrument was found to be equal to 0.93 V (Figure 23).
Upon calculating SPV from Figure 24b, using Vcep/dark (565 mV) and Veppiigh: (291 mV) values at 5.58 um
(i.e., AlinP:Si layer end), a SPV value of only |274| mV is obtained. Note that in paragraph 5.1, we will
illustrate that the SPV can be related to Voc of a solar cell. However, SPV signal is not only determined by
Voc but it also depends on the contribution caused by the light-induced change in surface band-bending.
In the case of an n-type semiconductor, an upward band-bending is expected at the surface, therefore
under illumination, a positive SPV contribution is expected from the surface band-bending which counter-
acts the open-circuit voltage. Additionally, it is worth to mention that charge carriers generation is only
related to the physical properties of a semiconductor material or device and thus, surface defects have no
impact on it. Nonetheless, surface defects have an active role on enhancing recombination phenomena.
Since the semiconductor must equilibrate the generation and recombination of charge carriers, less pho-
togenerated free carriers will be present in a semiconductor with surface defects with respect to another
one without surface defects (bulk). This is especially true in the case of a bipolar device (e.g., pn junction)
since the concentration of majority carriers is only altered under high-injection conditions.
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Figure 25: Band diagram of an illuminated pn junction under short circuit (SC) a) and open circuit (OC) b) conditions,
respectively.

Finally, in order to complete section 4.2, the obtained Vcpp profiles under dark conditions with different
applied bias are discussed. Figure 26 presents the Vcpp profiles obtained under forward applied bias (0.25
V, 0.5V and 1V) and under reverse bias (-0.25V, -0.5 V and -1 V). The Vcpp profile obtained in SC condition
and previously shown in Figure 21 is also reported for comparison. Note that the Vcpp profiles obtained
under different applied bias were shifted in order to match the SC Vcpp profile with respect to the first Vepp
increase present at the Gr AlGaAs transition layer/AlGaAs:Be absorber interface (3.53 um).
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Figure 26: a) Vcpp profiles obtained under forward and bias and reverse bias; the range of applied biases spanned
from -1V to +1 V. b) Zoom of a) between 3 um and 7 um. Note that the same reference lines as in Figure 21c were
added.

Generally, the theory predicts that under forward bias, the pn junction's built-in potential decreases, al-
lowing easy electron and hole movement and facilitating current flow. In reverse bias, the built-in potential
increases, widening the depletion zone, restricting current flow, and preventing conduction except at
breakdown voltages (e.g., rectifying behavior) [5].

This pattern is also evident in Figure 26, where the application of a forward bias results in a reduction of
space charge compared to the SC case. Nevertheless, according to fundamental semiconductor physics,
the built-in potential should decrease by an equal amount as the forward bias applied. Remarkably, exper-
imental observations reveal that only when a +1 V bias is applied, a noticeable difference is observed, yet
the exact voltage value is not retrieved from the Vcpp profile. Similarly, under negative applied biases, it is
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observed that the space charge increases, but once more, not by the exact amount of the reverse applied
bias.

This discrepancy in the quantitative values has previously been encountered in studies on device cross-
sections [16-18] and has become a major obstacle in analyzing device performance using the cross-sec-
tional KPFM potentiometry. Specifically, in Chen et al., [19], it is described that this asymmetry between
the applied voltage and Vcpp profiles originate from systematic artefacts in KPFM including the finite-size
tip convolution effect and the cantilever beam crosstalk. Nonetheless, we believe that surface states can
also contribute to this experimental evidence. Therefore, in order to provide further discussion, | have
employed a modeling approach using a simpler structure consisting of a pn junction comprised of a p-type
and a n-type Si layers with a doping concentration of 1017 cm3; a schematic of the modeled structure is
reported in Figure 27a. Figure 27b depicts the potential distribution along this structure under two condi-
tions: 0 V and 0.5 V forward bias (with the p-type layer grounded). By calculating the potential difference
between the values obtained in the n-type layer, the applied bias of 0.5V is indeed found. Conversely,
Figure 27c presents the same model, but this time, a constant surface defect distribution was introduced
at the surface corresponding to a total surface defect concentration of 10 cm? eV (5x10° cm? cm2 eV-
! of acceptors and 5x10°cm2 cm2 eVl of donors, see paragraph 2.5). As experimentally obtained in Figure
26, in this scenario, the 0.5 V applied voltage is no longer found and the potential difference is only around
0.16 V.
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Figure 27: a) schematic of the simulated Si pn junction, metal contacts are present at the two sides of the structure.
Potential variation across a Si pn junction at 0 and 0.5 applied bias: a) bulk b) with surface defects. The potential
profiles shown in a) represents a profile obtained far from the 1 nm defective layer introduces at the surface whereas
b) represents a profile obtained at the surface of the sample.
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Surface defects can alter the dynamics of the junction in various ways. One key effect is the trapping of
charges, creating local imbalances in charge distribution near the surface. As a result, when an external
bias is applied, part of the voltage can be absorbed by these trapped charges instead of contributing to
the built-in potential. Moreover, surface defects can introduce leakage currents, providing unintended
paths for charge carriers to flow. These currents can divert some of the applied voltage away from the
junction, effectively reducing the voltage that is available to influence the built-in potential. Additionally,
these defects can modify the fundamental properties of the pn junction, including the built-in potential of
the depletion region [20].

Finally, as a last point of reflection it is important to highlight that the Vcpp profiles acquired in open-circuit
conditions under illumination and under +1 V forward bias result to be comparable. These two Vcpp profiles
are compared in Figure 28, together with the Vcpp profile obtained at 0.5 V.
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Figure 28: Comparison of the Vcpp profiles obtained in open-circuit conditions under illumination and under +1 V
forward bias. The Vcpp profile obtained at 0.5 V is also reported for comparison.

In Figure 23, we have shown that under the selected laser illumination the measured macro-Voc of the
solar cell was equal to 0.93 V. It is not a simple coincidence that a bias voltage similar to Voc is required to
overlay the Vcpp profiles in the dark to that under illumination. Indeed, when a forward bias is applied, the
electron and hole concentrations deviate from their equilibrium values, and a splitting of quasi-Fermi lev-
els occurs [5]. Therefore, the application of an external bias which is comparable to Voc of the solar cell is
able to induce a quasi-Fermi levels splitting that is in turn comparable to the one caused by the illumina-
tion. Consequently, cross-sectional KPFM analysis can yield quantitative information in spite of the pres-
ence of severe tip/cantilever convolution effect [19] and the presence of surface defects. The application
of an external bias between the metallic contacts of the device plays an important role in this process and
can be further exploited for the quantitative measurements of other energy-level offsets in device depth
profiles.

In order to provide further discussion, new modeling was performed. Specifically, we have simulated the
same structure as reported in Figure 2 under 1-Sun illumination which is reported in Figure 29a. From this
simulation we have calculated the open-circuit voltage produced in the structure which was equal to 1.2
V. Then, we have replicated the simulation under applied forward bias of 1.2 V (Figure 29b) in order to
match the produced Voc under illumination. Note that, in light of the discussion reported in this section,
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Figure 29: Energy bands and potential simulation of the analyzed solar cell reported in Table 1, under 1-sun
illumination a) and under a forward applied bias of 1.2 V b). Note that, in light of the discussion reported in this
section, the n-GaAs:Si layer was not included in the simulation.

the n-GaAs:Si layer was not included in the simulation, therefore in the script one electrode is placed in
contact with the GaAs:Zn substrate and the other one directly in contact with the 20 nm AlInP:Si layer. As
expected, the application of an external bias equal to the open-circuit voltage is able to produce a quasi-
Fermi level splitting that is comparable to the one induced as a consequence of the illumination.

In conclusion, section 4.1 and 4.2 have demonstrated the capabilities and challenges associated with KPFM
and c-AFM techniques in characterizing a lll-V-based solar cell. These methods prove to be valuable tools
for conducting thorough investigations under real operating conditions of the device. However, the acqui-
sition of quantitative results is a challenging task due to the number of different parameters to be consid-
ered during both c-AFM and KPFM cross-sectional analysis. Additionally, as already described in Chapter
3, it is worth emphasizing again the central role that surface defects have in the determination of the
surface properties of a sample. Surface defects can change the physical and electrical properties of a sur-
face compared to the “bulk” which in turn affect and determine the experimental results. Nonetheless,
we have tested several experimental conditions analyzing the cross-section under external applied bias
and under illumination supporting the experimental data with modeling. Interestingly, we were able to
point out that the application of an external bias equal to the open-circuit voltage is able to produce a
quasi-Fermi level splitting that is comparable to the one induced as a consequence of the illumination-
This opens up to quantitative measurements of other energy-level offsets in device depth profiles

4.3 Understanding of the V-shaped potential the cross-section edge

In Section 4.2.2, a V-shaped potential was identified when the AFM tip approached the edge of the sample
and extended beyond it. Modelling was used to prove that this peculiar V-shaped was incompatible with
the highly doped n-GaAs:Si layer (see Figure 22). Therefore, we believe that this peculiar signal could arise
from interactions between the body of the tip and/or the cantilever and the sample surface.

It is noteworthy that this distinctive V-shaped potential pattern observed when the AFM tip reaches the
edge of the cross-section has been encountered in other analyzed samples during cross-sectional analysis.
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Since this V-shaped potential adds additional burden to data interpretation due to the consequent diffi-
culties that arise in the identification of the real edge of the cross-section, in this new section of Chapter
4, we will delve further into this experimental phenomenon and present potential solutions aimed at fa-
cilitating data interpretation. In order to perform this analysis, the KPFM results acquired on the cross-
section of a n-cSi/i-aSi:H/p-ucSiOx heterojunction will be used.

4.3.1 n-cSi/i-a-Si:H/p-cSiOx sample and KPFM experimental configuration
The sample under investigation was provided by Pere Roca i Cabarrocas and his research team as part of
a collaborative investigation within the IPVF framework. The analyzed structure is illustrated in Figure 30.

i-aSi:H (100nm)

n-cSi

i-aSi:H (100nm

Figure 30: Sketch of the analyzed n-cSi/i-a-Si:H/p-ucSiOx heterojunction.

The sample consists of a Si heterojunction formed by a n-type crystalline silicon absorber (Np=10%> cm™3),
an intrinsic amorphous silicon (i-a-Si:H) passivation layer and a p-type micro-crystalline silicon oxide (p-
ncSiOx) emitter (Na=5x10 cm™3). On top of the p-pcSiOx an ITO layer was deposited to ease charge carriers
extraction.

Additionally, a 1 nm thick a-SiOx tunnel junction is incorporated at the n-cSi/i-a-Si:H interface to facilitate
the growth of a suitable amorphous layer, as the crystalline orientation of n-cSi may impede the growth
of the amorphous layer.

It is important to mention that the thickness of the i-a-Si:H (100 nm) and p-ucSiOx (50 nm) layers were
intentionally increased with respect to that of a typical Si HIT solar cell [21] in order to enhance their
visibility and enable better analysis during cross-sectional KPFM analysis and subsequent data analysis.
Prior to the cleaving process, the solar cell was characterized using dark /-V measurements to ensure the

proper functioning of the device. The I-V curve is shown in Figure 31.
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Figure 31: |-V characteristics in the dark of the n-cSi/p-ucSiOx heterojunction sketched in Fig. 30, before cleaving.
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It is worth to mention that under illumination the performance of the device was limited by a low shunt
resistance. Subsequent to the cleaving process, new |-V curves were acquired to assess any potential dam-
ages to the solar cell and similar -V characteristic were once again observed. KPFM analysis was conducted
immediately following the cleaving process, mitagating the need for additional surface cleaning treat-
ments. The schematic description of the sample during the analysis is presented in Figure 32.

Tip motion
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y

Figure 32: Schematic of the KPFM and sample setup for cross-sectional analysis. Note that the same pattern of
colors is replicated following Figure 30.

In this setup, the back contact of the sample is connected to the KPFM mass and to the negative terminal
of the sourcemeter (Keithley 2400), while the front contact is connected to the positive terminal. This
specific configuration enables measurements to be conducted in SC, OC, and under applied bias condi-
tions. The experimental procedure described in paragraph 2.3.3 was replicated in the FM-KPFM mode and
a tip (Pt/Ir coated Si) lift of 25 nm was chosen.

4.3.2 Si HIT cross-sectional KPFM analysis: results and discussion

The KPFM results obtained in the dark with the sample in short-circuit conditions are reported in Figure
33. Specifically, Figure 33a shows the topography, Figure 33b shows the V¢pp image and finally Figure 33c
shows the corresponding profiles. Each point of the Vcpp profile represents an average of 207 points over
a width of 0.7 um along the x axis. Note that the origin (0;0) is identified as a point in the n-cSi absorber
and moving along the positive direction of the Y axis, one will reach the end of the sample. According to
the nominal doping concentrations of the absorber and emitter reported in the previous paragraph, the
expected space charge width is of the order of 1 um [5], and due to the higher doping concentration (and
also higher expected defect concentration) of the p-ucSiOx emitter, it is expected to be mostly located in
the c-Si absorber.

For these reasons, the beginning of the space charge region is identified at around 0.75 um where the Vepp
variation becomes steeper with respect to n-cSi absorber Vcpp values. In the short-circuit Vepp profile a
decrease in surface potential is observed as the tip is moving in the space charge region towards the in-
terface. This is in accordance with the expected behavior since the tip is evaluating the Vcpp variation tran-
sitioning from an n-type region to a p-type region.

Nonetheless, approaching the cross-section edge a V-shaped potential is again present complicating the
identification of the different layers and in turn of the real end of the sample. It is important to mention
that, conversely to the Vcpp profile shown in Figure 21c for the AlGaAs solar cell, the V-shaped potential
appears in a region that already corresponds to a height decrease in the topography profile.
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Moreover, the height profiles shows some inhomogeneities between 1.47 um and 1.62 um that may be
related to consequences due to a non-optimal cleaving process and/or dust accumulation that can cause
local Vcpp variations as described in paragraph 3.1.2.2.
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Figure 33: Topography a) and Vcrp map b) acquired on the cross-section of the n-cSi/i-a-Si/p-ucSiOy cross-section in
SC and dark conditions; c) corresponding topography and Vcpp profiles. Four reference lines were added to highlight
the beginning of the space charge region (0.75 um) and three possible “ends of the cross-section”.

At this stage, with the use of the only topography profile, it is possible to hypothesize that the edge of the
sample is located between 1.58 um and 1.68 um to which correspond AVcpp values in the range between
0.47 V and 0.52 V for the built-in potential at the surface considering as starting point of the space charge
the Vcpp value measured at 0.75 um.

All these calculated values are reasonable since, as widely described in paragraph 3.2.4.1, the presence of
surface defects are responsible of mitigating the expected potential variation across the pn junction (typ-
ical Veuil-in is expected to be here larger than 0.7 V [22]). Additionally, the precise surface defects distribu-
tion is not known a priori since it depends on many factors as, for instance, the cleaving process and phys-
ical properties of the different layers, and thus it requires a complex modelling work to correctly estimate
it (see 3.2.4.1). For this reason, the identification of the real edge of the sample becomes even more val-
uable in order to estimate the true AVcpp related to the space charge which in turn can be used to estimate
gualitatively (or quantitatively) the surface defects distribution.

It is worth to investigate the fundamental physical explanation for the occurrence of the V-shaped poten-
tial as the AFM tip approaches the edge of the sample.
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As explained in paragraph 1.4.4, the capacitance between the tip-apex and the investigated surface is the
only significant factor for Vcpp evaluation, nonetheless, additional interactions between the other compo-
nents of the probe and the sample can lead to inconsistencies in KPFM measurements due to the long-
range of the electrostatic force, as shown in Figure 34.

Cantilever _—_

——Cstray
CApex

Sample

Figure 34: Schematic illustration of stray capacitance. Between the tip-apex and the sample are local capacitance
contributions that are deliberately measured, while the tip cone and the macroscopic cantilever contribute to inter-
fering stray capacitance.

In cross-sectional non-contact AFM, when the tip is scanning the edge of the sample, several interesting
phenomena come into play. For instance, it is a good practice to include in the area of the scan a part that
extends beyond the physical cross-section of the sample in order to be sure to have really reached the
edge (e.g., steep decrease in the topography profile). During the tip scanning, even if the tip motion ex-
tends beyond the edge of the sample, the tip can still interact with the sample and surrounding environ-
ment, giving rise to unique challenges and Vcpp signals that may affect the accuracy of measurements (e.g.,
V-shaped potential).
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Figure 35: Schematic of the additional parasitic capacitance that can arise from the interaction between the body
of the tip and the cross-section of the investigated sample.

As shown in the schematic in Figure 35, one key consideration is the interaction between the body of the
tip and the edge of the sample, and not just the tip apex. The geometry of the tip body can influence the
signal obtained during the scan. For instance, as the tip apex is approaching the edge of the sample, the
body of the tip may interact with the layers previously measured by the tip apex and at the same time it
can interact with the upmost layer (front surface) of the sample when crossed the edge. These parasitic
interactions can introduce additional signals and affect the acquired data complicating the precise deter-
mination of the real end of the cross-section.
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This is the so-called tip-averaging effect already widely described in paragraph 3.1.2.2. Nonetheless, in
cross-sectional analysis configuration, not only the tip-averaging effect is responsible to negatively affect
the lateral resolution of the KPFM technique, but it may lead to unexpected experimental Vcpp profiles
evolution resulting from the interaction of the tip with different layers with different physical properties
and even the front surface.

Additionally, even the cantilever itself can also contribute to parasitic interactions when the tip has already
crossed the edge of the sample, for the same principle of KPFM measurements in planar configuration.
Another important consideration lies in the condition of the edge of the sample. After the cleaving process,
it is not evident to obtain an ideal abrupt cross-section, but it is more likely to obtain an inhomogeneous
cross-section that presents local topography variation that can affect the local Vcpp values.

From what we described so far; it is suggested that the V-shaped potential is a direct consequence of
unwanted tip apex/tip body/cantilever interactions with the edge/front surface of the investigated sam-
ple. For this reason, the same characterization was performed by changing the experimental conditions.
Specifically, the sample was rotated 180° relatively to the configuration used to acquire the data shown in
Figure 33. A schematic of this new configuration is reported in Figure 36 where it is also compared to the
previous one.
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Figure 36: Schematic of the cross-sectional KPFM experimental conditions used for the acquisition of the data re-
ported in Figure 33 a) and in Figure 37 b), respectively. Note that the same pattern of colors is replicated following
Figure 30.

In this configuration the whole cantilever is located outside the sample thus reducing parasitic interaction.
An example of Vcpp profile acquired in this configuration is reported in Figure 37. In this experimental
setup, the V-shaped potential is entirely eliminated, and it becomes evident that the precise positioning
of the real end of the sample is more straightforward. As the topography signal decreases, the Vcpp signal
becomes here flatter, indicating that the tip/sample interaction is becoming weaker.

As a matter of fact, this configuration reduces parasitic interactions which arise from the cantilever, but it
may also have a beneficial impact mitigating additional parasitic signals.

In this case, considering a space charge region that extends from around 1.4 pm to 2.43 um, a AVcpp of
0.55 V is estimated. This value is comparable with the AVcpp located at 0.75 pm and 1.68 um in the Veep
profile in Figure 33c making this as the most suitable value for Vpuirin at the surface of that particular
region.

Despite the apparent simplicity of this proposed solution, a compromise is necessary due to the illumina-
tion configuration of the TRIOS system, as depicted in Figure 2 in Chapter 2.
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Figure 37: Topography and Vcrp acquired in a sample configuration that allowed to minimize cantilever and tip body
parasitic interactions with the sample surface and edge.

The purpose of this last study was to better understand the measurement of Vcpp on the cross-section and
notably when a V-shaped potential is highlighted. An important point to keep in mind is that by identifying
the physical boundaries of the sample it is possible to exploit surface potential measurements even when
the potential profile shows a V-shape. The following Figure shows examples of potential profiles obtained
on this sample under different conditions. Specifically, Figure 38 shows the profile when the sample is
short-circuited (SC) and open-circuited (OC) under dark conditions. It also shows the OC potential profile
under illumination with a measured Voc of 0.47 V. For comparison, we illustrate the profile when a voltage
of +0.5 V is applied to the device. The potential values indicated are taken at the physical edge of the
sample defined by the dashed line.
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Figure 38: V¢pp profiles obtained with the sample in the experimental configuration reported in Figure 36 left. The
Verp profiles acquired in dark conditions with the sample in SC and OC are reported together with the one acquired
under applied forward bias of 0.5 V. Finally, the “under illumination” profile with the sample in OC conditions is also
reported. Note that the x-axis is now wider since it shows a higher portion of the Vcpp signal in the n-cSi absorber.
Nonetheless, the dashed-line represents the estimated end of the cross-section and corresponds to the 1.68 um
point of Figure 33c.

As shown in Figure 24 for the AlGaAs solar cell, the Vcep profiles acquired in SC and OC in dark conditions
result to be comparable. Additionally, as shown in Figure 28, the Vcpp profile acquired under illumination
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with the sample in OC condition results to be comparable to the one obtained under applied forward bias
of 0.5V, i.e., an applied bias similar to the expected Voc.

Furthermore, we have already mentioned several times along the manuscript that SPV can be related to
macro-Voc of a solar cell (see paragraph 5.1). Interestingly, with reference to the profiles “OC dark” and
“OC light” reported in Figure 38, a SPV value equal to 0.49 V is calculated considering the corresponding
Verp values at the estimated “end” of the cross-section (dashed line in Figure 38). As previously mentioned,
the macro-Voc of the analyzed solar cell was measured to be equal to 0.47 V thanks to the sourcemeter
directly connected to the TRIOS platform which agrees with calculated local SPV. This experimental evi-
dence, together with a quite consistent AVcpp associated with the space charge region (0.52 — 0.55 V),
suggests that the cross-section of the analyzed Si solar cell results to be less affected by surface defects
than the AlGaAs solar cell. As a matter of fact, in the case of the IlI-V based device, the calculated experi-
mental SPV demonstrated to be much smaller than Voc displayed on the sourcementer and additionally
AVcpp associated to the space charge was attenuated with respect to the corresponding “bulk” case.

In conclusion, an alternative approach that can be considered consists of initially conducting cross-sec-
tional analysis in dark conditions using this second new configuration, which minimizes parasitic interac-
tions and eliminates the issue of the V-shaped potential. Once the precise edge of the sample is well-
identified, the sample can then be positioned in the first configuration for conducting measurements un-
der front illumination.

Since the localization of the physical limits of the sample is an issue when analyzing KPFM measurements
performed on the cross-section, we develop in the following section that one can also take benefit of the
Phase and Magnitude signals in addition to the topography and Vcpep signals to ease the localization of the
edge of the cross-section.

4.3.3 Additional signals during KPFM analysis

In order to facilitate the identification of the real cross-section edge, during KPFM analysis it is possible to
activate the acquisition of additional signals beyond the Vcpp. Specifically, the Mag (magnitude), Phase,
and Dmag (differential magnitude) signals can be used together with the topography signal for this pur-
pose [23].

In this final paragraph of section 4.3, the Mag (Figure 39), Phase (Figure 40), and Dmag (Figure 41) signals
will be described using the experimental data obtained through the configuration used for the acquisition
of the Vcpp shown in Figure 33.

The Mag signal in KPFM is a crucial measurement that represents the magnitude or amplitude of the os-
cillation of the tip when subjected to an alternating voltage (Vac). It serves as a sensitive indicator of the
electrostatic forces between the sharp conductive tip and the surface of the sample. Essentially, the Mag
signal quantifies how strongly the tip is interacting with the local surface potential of the sample at a
specific point. This interaction arises from the redistribution of charges and the resultant electrostatic at-
traction or repulsion between the tip and the sample.

The Phase signal in KPFM is another critical component of the technique. It measures the phase shift be-
tween the applied Vac signal and the oscillation of the tip. This phase shift provides information about the
temporal relationship between the motion of the tip and the voltage that drives it.
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Figure 39: Corresponding Mag image of the topography shown in Figure 22 a), Mag and Vcpp profiles b).
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Figure 40: Corresponding Phase image of the topography shown in Figure 22 a), Phase and Vcpp profiles b).
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Figure 41: Corresponding Mag image of the topography shown in Figure 22 a), Dmag and Vcep profiles b).

Finally, the Dmag signal in KPFM is a differential measurement designed to highlight variations in local
surface potential caused by the application of a Vpc. It quantifies the change in the Mag signal when the
Vpc is added to the system. Essentially, Dmag represents the difference in the oscillation of the tip ampli-
tude with and without the Vpc bias. By comparing these two conditions, the Dmag signal provides a direct
indication of how the surface potential changes in response to the applied Voc.

The Dmag signal, in other terms, reflects the variations in capacitance caused by changes in the local sur-
face potential. As the surface potential changes, the capacitance changes accordingly, leading to variations
in the electrostatic forces and, consequently, the Dmag signal.
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In the reported Figures 39, 40 and 41, the point at 1.68 um, that was previously identified as the edge of
the sample, corresponds to local minima for the Mag and Phase signal while it corresponds to a local
maximum for the Dmag signal.

In light of the profile depicted in Figure 41b, following its passage beyond the 1.68 um threshold, the Dmag
signal experiences a gradual decline, eventually converging to a nearly negligible value. This observation
may be interpreted as a distinct manifestation of the tip's progressive distancing from the sample's edge,
leading to an attenuation of the interaction to the extent that the signal tends toward zero.

In summary, the Mag, Phase, and Dmag signals in KPFM are fundamental measurements that collectively
provide detailed information about the surface potential, electrostatic forces, and electronic properties of
materials at the nanoscale. Gaining proficiency in acquiring and comprehending these signals can enhance
the interpretation of experimental data, thereby adding further value to the only Vcpp profile and helping
in the precise identification of the real edge.

4.4 Cross-sectional KPFM for the characterization of a CZTGS solar cell

As part of a collaborative effort with the University of Milano-Bicocca, | have engaged in a side project
involving the characterization of a CZTGS solar cell using cross-sectional KPFM offering experimental evi-
dence of the unsatisfactory PV performance of the CZTGS device under illumination [1].

4.4.1 High band gap CZTGS solar cell: context

Prior to delving into the KPFM characterization, it is essential to provide contextual background regarding
the research conducted at Milano-Bicocca University.

In the regard of sustainable energy sources, thin-film solar cell technologies have gained substantial atten-
tion for their potential cost-effectiveness, efficiency, and eco-friendliness. Among these, Copper Zinc Tin
Sulfide (CZTS) solar cells have emerged as a standout candidate. An example of the structure of a CZTS-
based solar cell is reported in Figure 42.
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Figure 42: Schematic representation of a typical CZTS-bases solar cell.

CZTS, composed of abundant and non-toxic elements, offers the advantage of collecting sunlight effi-
ciently. In contrast to Copper Indium Gallium Selenide (CIGS) solar cells, which incorporate rare and po-
tentially problematic materials, CZTS presents a more environmentally friendly alternative, making it a
promising player in the quest for sustainable energy solutions [1].
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The research conducted in Milano-Bicocca focused on investigating the impact of substituting tin with
varying amounts of germanium (Ge) in CZTS-based solar cells, which were fabricated using a sol-gel pro-
cess. In the published study by Tseberlidis et al., ([24]), the research highlighted the ability to finely adjust
the band gap of the absorber material and modify its chemical and physical properties through this ap-
proach.

The fundamental concept driving this research involves the creation of a diverse set of CZTGS samples
with varying tin-germanium compositions. This approach aims to finely adjust the band gap of the material
in order to fulfill the requirements of future tandem device applications. The motivation behind this pur-
suit stems from the growing demand to advance PV technology towards tandem solar-cell architectures.
The purpose is to surpass the limitations of the Shockley limit for single junction solar cells and enhance
the performance of cost-effective solar devices, such as silicon-based ones. Within this framework, there
is a pressing need to develop high-bandgap materials that can serve as top cells in tandem architectures
[25].

Detailed information regarding the findings can be found in [1]. However, a noteworthy discovery from
their research is highlighted here. Among the various samples investigated, the composition containing
70% germanium (Cu2ZnSno 3Geo.7S4) stood out due to its favorable band gap of 1.77 eV. Consequently, this
particular composition has been identified as the optimal absorber candidate for the top cell in a four-
terminal tandem device architecture, where crystalline silicon (c-Si) serves as the bottom cell. Notably, it
has been reported that a band gap ranging from 1.7 to 1.8 eV is desirable for the top cell in this specific
tandem architecture [26]. Consequently, a single-junction CZTGS solar cell was fabricated, utilizing the
absorber material with the most optimal band gap. The performance of the device was evaluated through
J-V measurements conducted under both dark and light conditions (1-sun illumination), along with EQE
measurements. The obtained results are presented in Figure 43a for J-V characteristics and in Figure 43b
for EQE measurements.
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Figure 43: (a) JV curve of the Cu,ZnSno3Geo;Sssample in the dark and illuminated mode showing poor charge ex-
traction and (b) EQE curve of the CuZnSng3Geo 7Sssample showing good shape.

The dark and illuminated J-V curves of our representative CZTGS solar cell exhibit strong deficiencies in charge gen-
eration and/or extraction, as evidenced by the cell parameters: Voc of 22.3 mV, Jic of 2.7 mA/cm2, FF of 16.4%, and
n of 0.01%. Further investigation revealed that the resistivity of the sulfurized back contact, determined

135



Chapter 4 — Cross-sectional KPFM and c-AFM for the study of solar cells

through four-wire technique measurements, ranged from 90 to 120 kQ. This high resistivity is likely at-
tributed to the extensive sulfurization of the molybdenum layer, which occurred during annealing at ele-
vated temperatures.

The EQE curve in the 300-550 nm region shows loss due to the parasitic absorption from the buffer layer
(CdS absorption is around 530 nm) and from the window layers (i-ZnO/AZO layers cut the wavelengths
shorter than 380 nm). The low response in the 400-600 nm range is attributed to the charge recombina-
tion related to trap states located at the interfaces and to the nonideal band alignment of a wide-band-
gap absorber with the CdS buffer layer. The integrated Jsc is approximately 3 mA/cm2, aligning well with
the current density calculated from the measured J-V curve under AM1.5 illumination conditions.
Overall, the EQE measurements (Figure 43b) provide valuable insights into the characteristics of the high-
band-gap absorber material. This suggests that the relatively low efficiency is primarily attributed to re-
combination processes that likely take place at the interfaces. Notably, this issue is linked to the presence
of bulky MoS; in the back contact, as previously described in other studies [24].

4.4.2. Cross-sectional KPFM analysis on high band gap CZTGS solar cell

To provide direct evidence of the detrimental impact caused by the presence of a bulky MoS; layer, the
sample was cleaved, and the resulting exposed cross-section was subjected to KPFM analysis.

The KPFM measurements were conducted under ambient conditions using the AIST-NT TRIOS platform
previously described in paragraph 2.3.1. The measurements were performed in a two-pass scanning
mode, where the second pass involved maintaining a constant distance of 30 nm from the surface of the
sample. A lift of 30 nm was chosen in order to minimize likely inadvertent tip/sample interaction due to
the granular nature of the CZTGS material. The exposed Mo back contact was connected to the KPFM
ground and thus the solar cell was kept in open circuit during the whole analysis. Finally, to evaluate the
surface potential, ARROW EFM conductive tips with a Pt/Ir coating operating at a resonance frequency of
75 kHz were employed.

Achieving a smooth topography is crucial for conducting accurate KPFM measurements. However, the in-
itial analysis revealed that the cross-section under examination lacked homogeneity and exhibited signifi-
cant roughness. This was attributed to suboptimal procedures employed during the cross-sectional prep-
aration as well as the deposition process itself. As a result, to overcome the challenges posed by surface
roughness and inhomogeneities, the analysis was carried out using frequency modulation KPFM (FM-
KPFM) with a low scanning rate of 0.1 Hz. Specifically, FM-KPFM was chosen to minimize topographical
imprint on the Vepp image and the low scanning rate for the same reason of the aforementioned likely
tip/sample interaction that can change the WF of the tip and in turn Vcpp. The resulting topography and
the corresponding Vcpp image are presented in Figure 44a and 44b, respectively. The topography map
depicts the solar cell structure, revealing the layers up to the CZTGS active layer. However, the remaining
layers that comprise the device are not clearly discernible due to the limitations of the nonoptimized cross-
sectional process. It is worth noting that the utilization of FM-KPFM successfully mitigated any topograph-
ical imprint on the Vcpp image, as evidenced by the profiles shown in Figure 44c and 44d.
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Figure 44: FM-KPFM measurement of the surface cross-section of the CZTGS device. The topography (a) and the

Verp image (b). The profiles in (c,d) show an average value of the data along with the topography and Ve image,

respectively. The profiles correspond to the two regions identified by the dotted white segment.

The obtained Vcpp image provides valuable insights. In particular, moving from the CZTSG region to the Mo
region, a minimum in Vcpp is registered at 1.4 um which is highlighted by a red circle in the extracted
profile, as depicted in Figure 44d. The observed peak in Vcpp corresponds to the interface between the Mo
layer and the CZTGS absorber, indicating the extensive formation of MoS, during the annealing process.
The presence of a bulky MoS; layer was already pointed out in [1] through the acquisition of cross-sec-
tional SEM images.

In kesterite-based solar cells, the Mo acts as a back contact and thus it is the collecting electrode for pos-
itive charge carriers. As a matter of fact, the holes move towards higher energy, e.g., lower potential. The
increase of potential registered from the MoS, towards the Mo acts as barrier for the collection of holes
and additionally it may also induce electron accumulation at the Mo/MoS; interface promoting recombi-
nation phenomena.

These results provide compelling evidence of the previously hypothesized charge extraction issues dis-
cussed in this study. Therefore, despite successfully achieving a pure-phase absorber with desired optical
and morphological properties, the presence of an insulating MoS; layer, resulting from the extensive sul-
furization of the back contact, hindering an efficient charge extraction from the device.

In conclusion, our research highlights that Kelvin Probe Force Microscopy serves as a valuable tool for
advanced characterization, presenting experimental evidence of the underlying factors responsible for the
unsatisfactory |-V characteristics observed in the solar cell under investigation. Specifically, an extensive
sulfurization of the back contact caused the formation of a thick MoS; layer. Cross-sectional KPFM revealed
that the “bulky” MoS; layer acts as a potential barrier for the collection of holes at the back contact (Mo).
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4.5 Conclusions

In Chapter 4 the local probe characterization was extended to finalized solar cells. Specifically, we have
presented the experimental outcomes of cross-sectional KPFM and c-AFM measurements conducted on
diverse PV technologies: AlGaAs, CZTGS, and silicon heterojunction solar cells.

In section 4.1, cross-sectional Resiscope analysis was performed on the AlGaAs multilayer structure. In
particular, Resiscope measurements allowed the identification of the several layers along the structure.
Nonetheless, we have shown that the contact between the AFM tip and the surface of the semiconductor
is of Schottky type. The Schottky characteristics of the electrical contact introduces substantial complica-
tions to the acquisition of quantitative results and data interpretation. The electrostatic potential barrier
in the semiconductor depends on a multitude of different parameters that comprise the physical proper-
ties of the material, such as doping concentration but also surface defects distributions which determine
the surface band-bending. Additionally, even the experimental conditions play an active role in the form
of the applied polarity, applied forces and work function of the AFM tip.

In section 4.2, cross-sectional KPFM and c-AFM analysis was extended to the finalized AlGaAs solar cell;
notably the Vcpp and resistance profiles were also evaluated under illumination. In the case of Resiscope
analysis, we have demonstrated that the AFM tip is sensitive to the photogenerated carriers along the
structure, detecting a general decrease of the measured resistance under illumination. On the other hand,
cross-sectional KPFM analysis revealed once again the strong impact of surface defects on the physical
properties of the surface with respect to the “bulk”. As a matter of fact, surface defects were responsible
of a great departure of the surface potential variation along the depletion region. Interestingly, we have
also shown that the application of a forward bias similar to the expected Voc of the solar cell is able to
reproduce the Vcpp profile that was acquired under illumination under open-circuit conditions.

In section 4.3, through cross-sectional KPFM analysis performed on a n-cSi/i-a-Si:H/p-ucSiOx heterojunc-
tion, we have explained in more detail the peculiar V-shaped potential artifact that is generally encoun-
tered during cross-sectional analysis, which complicates the identification of the “real” edge of the cross-
section. The principal reason was related to the presence of parasitic interaction between the body of the
AFM tip and the front surface of the sample under investigation. Nonetheless, a solution to remove this
problematic was proposed in terms of a different experimental configuration. Moreover, we show that the
acquisition of additional signals during analysis, such as Mag, phase and Dmag can also aid in a more
precise identification of the real edge of the cross-section.

Finally, in section 4.4 we have demonstrated that KPFM can serve as a valuable tool for advanced charac-
terization, presenting experimental evidence of the underlying factors responsible for the unsatisfactory
I-V characteristics observed in the CZTGS solar cell under investigation. Specifically, thanks to the cross-
sectional KPFM analysis, we could reveal a peculiar potential profile at the back Mo contact and suggest
that the extensive sulfurization of this back contact causing the formation of a thick MoS; layer forms a
potential barrier for the collection of holes.
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Chapter 5

Further examples of the use of
KPFM to investigate photovoltaic
issues

This final chapter is not concerned with cross-section measurements, but deals with further use and utility
of KPFM to support the development of solar cells and to get information on the properties of materials
and interfaces. This has been possible thanks to the IPVF framework, where | performed several types of
measurements to help colleagues collecting local probe characterization data as a support to their work
and as part of the collaborative research programme.

| will focus on two aspects, namely the potential determination of open-circuit voltages from measure-
ments on non-fully processed solar cells, and the tuning of work functions of selective charge transport
layers.

5.1 Estimating V,. from local non-contact SPV measurements

KPFM has been recently demonstrated as a novel method to map the local Voc of half and fully processed
photovoltaic devices with nanoscale spatial resolution [1]. When SPV measurements are performed on
the surface of a structure that involves a buried pn junction, then one has to consider the contribution of
the charge separation by this buried junction. In other words, the SPV includes the open circuit voltage
that is developed under light by the buried pn or np junction. If the top surface of the measured structure
is made of a semiconductor, the SPV will also include the contribution of the light-induced changes of the
surface band bending, as is the case for a simple layer without buried junction. So, the extended relation
for the value of SPV is expressed as follows:

SPV = (VCPD/light - VCPD/dark) =1 Voc + AVgp (1).

Here Vo is positive and the sign + depends on whether the buried junction is a np or a pn junction from
the bulk towards the surface. AV, is the contribution due to the light-induced change in surface band
bending [2], which is generally positive if the surface is an n-type semiconductor, and negative if it is p-
type (see paragraph 3.2.4.2). In a fully finalized solar cell, i.e. in a structure where the top surface is made
by a metal electrode, only the first term, i.e. the open circuit voltage, is relevant. In the following, | will
show measurements performed on a fully processed lll-V-based solar cell, on which we could make a
comparative analysis between the macroscopic Voc and local SPV measurements. In a further sub-section,
we have applied the SPV analysis to an early-stage Mo-detached CIS based solar cell to determine its im-
plied Voc and to discuss the CIS material properties.
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5.1.1 Comparison of macroscopic Voc and local SPV on a full cell

SPV analysis was conducted on the AlGaAs:Be/n-GalnP:Si solar cells presented in Section 4.1. It is essential
to note that this analysis was performed on the solar cell prior to the cleaving process for cross-sectional
characterization.

For the realization of this analysis, the sample was grounded to the KPFM setup from the back contact.
The back contact was also connected to the negative terminal of a sourcemeter (Keithley 2400) whereas
the front contact was connected to its positive terminal, allowing to also measure macroscopic Voc values
for comparison with the local SPV signals. Finally, a 488 nm laser illumination was used at different power;
the effective incident power on the sample surface was calculated using a laser power meter. A schematic
of the experimental setup is shown in Figure 1.

The laser was intentionally defocused in order to homogeneously illuminate the surface of the sample (0.5
x 0.5 cm?). Finally, SPV analysis was performed with the TRIOS platform presented in paragraph 2.2. AR-
ROW-EFM n*-Si Pt/Ir coated AFM tips were used, with a resonance frequency at 75 kHz. FM-KPFM mode
was selected with a lift (tip/surface distance) of 10 nm.

Figure 1: Schematic representation of the experimental setup used for comparing local SPV and macroscopic Vo
measurements on a p-AlGaAs:Be/n-GalnP:Si based solar cell. The macroscopic Voc of the cell (area of 0.25 cm?) was
evaluated by a Keithley 2400 instrument used as a voltmeter (right part) while local SPV values were obtained from
KPFM scans performed simulatneously.

In Figure 2 the KPFM results obtained in the dark and for a 488 nm laser illumination with a power density
of 1.6 mW cm are presented together with the I-V characteristics under identical conditions. The |-V
curves were acquired directly with the sourcemeter implemented in the TRIOS platform.

The average SPV value of 0.88 V results to be very comparable with the corresponding macroscopic Voc of
0.89 V. Nonetheless, as mentioned above and expressed in Eq.(1) the surface bend-banding induced by
the illumination can also contribute the SPV signal. In planar configuration, the AFM tip is only sensitive
to the band-bending of the upmost layer which in the solar cell is represented by a layer of n-AllnP:Si
(3.9x10%8 cm’3) after the etching of the n-GaAs:Si contact layer (see Figure 1 of paragraph 4.1). Therefore,
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Figure 2: a) Vcpp image acquired half in dark and half under illumination (488 nm, 1.6 mW cm™) on the AlGaAs-
based solar cell b) corresponding averaged Vcpp (vertical) profile (averaging of 207 points recorded over a width of
0.7 um along the x axis) and c) macroscopic /-V characteristics of the solar cell in dark conditions and under the
same laser illumination.

considering the experimental results shown in Figure 2, due to the relatively high-doping concentration of
the n-AlInP:Si layer, the surface band-bending contribution must be negligible or at least considered in the
+ 20 mV error associated to ambient conditions KPFM (or in £ 40 mV in SPV analysis due to uncertainty
propagation). It is important to recall that in section 3.1.2.5, we have explained the detection of a relatively
high SPV value in degenerate n-InP:S layers due to the presence of a strong band-bending induced by
surface defects. However, in the case of the InP:S/InP:Fe multilayer sample, the cross-section was obtained
by a non-optimized cleaving process. Conversely, in the case of the AlGaAs:Be solar cell, the n-AlInP:Si
layer was exposed through a more reliable and well-established etching process. Therefore, the procedure
employed for the exposure of the surface can have an impact on the distribution of the surface defects
which in turn determines the band-bending.

The Voc and SPV comparison was then reiterated for higher laser power illumination. In Figure 3, Voc and
SPV values are both plotted in function of the laser power. Note that the laser power is presented on a
logarithmic scale in order to better observe if there is logarithmic dependence of Voc and SPV on the illu-
mination intensity, as would be expected from a simple analysis of the -V curve of a solar cell (see Eq. (2)
in Chapter 1), since the photocurrent should depend linearly on light intensity.
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Figure 3: Voc and SPV values plotted against laser power density. The ideal case in which n=1 is also reported for
reference.

The SPV values reported in Figure 3 match the corresponding Voc values very well, always included in at
least the 40 mV error bar associated with the ambient conditions SPV measurements. This confirms re-
sults already obtained on other types of structures [1,3], demonstrating the effectiveness of KPFM as a
valuable tool for conducting local Voc measurements. Also we observe in Figure 3 that the data collected
at power densities above 10 mW cm2 exhibit a logarithmic dependence on the power density. Considering
that the short-circuit current under illumination, /;, should be proportional to the power density, this

agrees with the expected behavior,
Voo = KT, (IL + 1) )
= ——In|— ,
oc q I
with an ideality factor n equal to 2. At power densities below 10 mWcm2, the data depart from this loga-

rithmic dependence, which could come from the presence of a non-negligible shunt resistance.

We have demonstrated that KPFM-based SPV measurements agree with macroscopic Voc measurements
in fully processed solar cells. However, since Voc values can be measured using the traditional I-V meas-
urements, there is only limited interest to the use of KPFM-SPV. In contrast, since KPFM is a contactless
technique, it can be particularly valuable in monitoring Voc for incomplete solar cells that may lack metallic
contacts or specific conductive layers essential for efficient carrier collection. This will be illustrated in the
following section.

5.1.2 Estimating Voc from SPV on a cell precursor: application to a Mo-detached CIS solar

cell structure

In this paragraph SPV analysis for the determination of Voc values of an unfinalized Mo-detached CIS solar
cells under different laser illumination (488 nm, 785 nm, and 980 nm) and power will be presented.

The sample used in this study was provided by Daniel Lincot and his team, as part of a collaborative effort
within the IPVF framework. In particular, these samples were made available through the European project

144



Chapter 5 — Further examples of the use of KPFM to investigate photovoltaic issues

PERCISTAND whose ultimate objective is the realization of a high efficiency (> 30%) perovskite-on-CIS tan-
dem solar cell. The main focus is on the realization of a four terminal (4T) tandem solar cells (Figure 4) and
module.
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Figure 4: Schematic of the 4T perovskite/CIS tandem solar cells (PERCISTAND project)

5.1.2.1 Mo-detached CIS sample characteristics

Within the CI(G)S solar cell structure, the diode is established through the formation of a heterojunction
that combines p-type CI(G)S and n-type CdS thin film layers. Figure 5 illustrates an example of such a CIGS
solar cell, reported from reference [4].

a) b)
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Figure 5: a) Illustration of the CIGS device structure and b) the corresponding band diagram. The bandgap of the
different materials is also indicated. Reported from reference [4].

The sample under investigation was an early-stage CIS solar cell comprising only three layers: Mo/CIS/CdS.
As depicted in Figure 4, this intermediate sample lacked the Zinc oxide (ZnO) layer, the aluminum-doped
zinc oxide (AZO) layer and the metallic top contact. The ZnO and AZO layers are essential as transparent
conducting oxide layers in a fully functional solar cell since they play a crucial role in enabling sunlight
transmission while facilitating efficient collection and extraction of photogenerated carriers. Additionally,
Zn0 and AZO function as buffer layers, optimizing device performance by minimizing recombination losses
and improving band alignment [4].

After detaching the CIS layer from the Mo substrate, the sample was flipped and glued to a glass substrate
from the CdS layer using silver paste. This sample configuration allows the silver paste to serve as a metallic
contact for subsequent characterization purposes.
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Nevertheless, it is imperative to acknowledge that the sample in this current configuration is clearly not
optimized. Specifically, both the CIS and CdS layers may exhibit low conductivity, leading to potential chal-
lenges in ensuring ohmic contacts. In the case of the top CIS layer, a native oxide layer is likely to be present
due to its exposure to air. This limitation may impede the efficient collection of charge carriers, thereby
posing difficulties in the characterization process.

As an initial step, the sample was characterized by /-V analysis. The back contact was taken directly on the
silver paste layer (thus contacting the CdS layer), while the top contact was taken by placing a metallic
needle directly onto the CIS layer. The resulting I-V curve under both dark and 1-Sun illumination condi-
tions is presented in Figure 6.
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Figure 6: -V curve of the analyzed Mo-detached CIS sample in dark (black) and under 1-Sun illumination (red).

The sample exhibited a diode-like /-V curve; however, its photovoltaic PV performance was notably poor,
as indicated by an Isc value in the order of 1.59 nA cm™ and a Voc value of 0.20 V. This low measured
current density can be attributed to challenges in charge carriers collection arising from the non-optimized
nature of the device or directly to the presence of a diode with poor characteristics. It is important to note
that the extremely low value of the current prevented us from performing an EQE analysis, as the sample
signal was hidden in the noise signal. Thus we used the c-AFM and KPFM techniques for further investiga-
tions.

5.1.2.2 Mo-detached CIS: local probe analysis

As a first step in local probe analysis, c-AFM was used to ascertain whether the observed low PV properties
stem from a deficient diode or from potential issues arising due to an elevated top contact resistance
between the metallic needle and the CIS surface as a consequence of the high resistivity of the CIS layer
at the surface. In particular, Resiscope analysis was conducted on the top surface of the CIS layer. The
resulting voltage map, along with the mean values of the calculated local resistance, is presented in Figure
7. It is important to note that the first half of the voltage map corresponds to a negative voltage of -1 V
applied between the sample and the tip, while the second half represents the results obtained with a
positive voltage of +1 V applied. In this configuration, the sample was connected to the instrument ground
via the silver paste layer and the front contact is established between the AFM tip and the CIS layer. A
similar schematic of the experimental setup is shown in Figure 9 of Chapter 4, and it will not be repeated
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Figure 7: a) Voltage map acquired on the CIS surface by Resiscope analysis. The first half of the image was acquired

applying -1 V whereas the second half applying + 1 V between the back of the sample (connected to the CdS layer)

and the AFM tip. b) Distribution of the voltage values of Figure 7a. Note that in the distribution we have already

considered the +2 factor for resistance calculation (see paragraph 2.6.1). c) Local /-V curve acquired with the Resi-
scope system compared to the macro /-V shown in Figure 6.

here for brevity. The contact interaction forces were in the range of 700-1000 nN and highly doped dia-
mond coated n*-Si (9.5 N/m) were used.

As hypothesized, the measured resistance for the CIS layer is significantly high, with local resistance values
in the range of 107 - 10%° Q as shown in Figure 7b in which the calculated resistance values are reported in
the voltage values distribution image. Such a high resistance may be related to the presence of an oxide
layer on top of the CIS layer, as mentioned above, which likely contributes to the observed poor PV per-
formance due to compromised charge carrier collection. Therefore, the low apparent conductivity sug-
gested by the Resiscope measurements on the surface of the CIS layer, may not reflect the real conductivity
of the “bulk” CIS layer.

Additionally, the local /-V curve depicted in Figure 7c aligns with the resistance values indicated in the
distribution shown in Figure 7b, demonstrating higher current values for the +1 V polarization compared
to the -1 V polarization. Nonetheless, in Chapter 4 we have demonstrated that the measured local re-
sistance depend on the applied bias, e.g., rectifying behavior due to the Schottky nature of the electrical
contact between the AFM tip and the semiconductor. However, conversely to the simple p and n-GaAs
substrates analyzed in section 4.1.4, we wondered whether the different local resistances obtained for
opposite polarities are a consequence of the vertical diode originated by the pn CIS/CdS junction.

The local I-V curve exhibits different characteristics compared to the macro /-V curve (Figure 7c, black
curve); specifically, for reverse bias the macro /-V results to be more shunted than the local /-V indicating
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that the rectifying behavior observed in Figure 7c is likely associated with the Schottky contact rather than
the buried pn junction. However, there is a possibility that both factors might jointly have an effect.

In the previous section, we have successfully demonstrated that SPV analysis can be employed to estimate
the open-circuit voltage, so we investigated the SPV of this sample using our KPFM setup. During the anal-
ysis, the sample was connected to the KPFM ground via the silver paste layer, while the front remained
unconnected and floating, ensuring the sample remained in the open-circuit condition throughout the
entire analysis. A schematic of the experimental setup is shown in Figure 8. SPV analysis was performed
with the TRIOS platform presented in section 2.2. ARROW-EFM n*-Si Pt/Ir coated AFM tips were used, with
a resonance frequency at 75 kHz. Finally, FM-KPFM mode was selected with a tip/surface distance of 30

nm.
-.-

Figure 8: Schematic of the KPFM experimental setup used for SPV analysis of the detached CIS/CdS sample. Note
that the white rectangle represents the glass substrate, the green rectangle the CdS layer and the orange rectangle
the CIS layer, respectively. The contact to the CdS layer through silver paste is not shown. The three arrows with
different colors indicate the different laser illumination used during the analysis (488 nm, 785 nm, and 980 nm). The
area of the CIS layer is around 0.7 x 0.9 cm?.

In order to avoid local V¢pp variations caused by the granular and rough topography of the CIS layer and to
mitigate possible inadvertent contacts of the tip with the sample surface during scanning (see paragraph
2.4.2), once a small region characterized by a smooth topography was identified, the tip scan motion was
deactivated. In particular, our KPFM setup allows to deactivate the motion of the AFM tip along the y-axis
continuously scanning the same line along the x-axis ensuring a more reliable Vcpp analysis with reduced
dependence on local topography variations. A Vepp image acquired under this new experimental configu-
ration is shown in Figure 9 in which the surface of the CIS laser was illuminated with a 488 nm laser at
different powers. The measurement was started in dark (0;0) and after every laser illumination (yellow
stripes), the dark conditions (blue stripes) were re-evaluated.

It is important to mention that, although the AFM tip always scans the same sample line along the x-axis,
the resulting Vcpp image still presents a y-axis expressed in um. This is related to the internal software of
the AFM setup. The y-axis should thus be interpreted as a time dependent coordinate. Specifically, a scan
rate of 0.4 Hz was chosen for this analysis and therefore a total of 2.5 seconds was necessary to acquire
Verp along one line. To be more precise, a distance of 1 um along the y-axis corresponds to 96 lines along
the x-axis, which translates to a time of 4 minutes required to cover 1 um along the y-axis.
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Figure 9: Vcpp “map” acquired on the CIS surface under increasing 488 nm laser power. The same horizontal line was
actually scanned without spatial Y variation. The vertical axis here is a way to show the evolution of the signal when
scanning several times the same line under various consecutive repetitions of dark/illuminated sequences with in-
creasing power densities, which values are also indicated.

The Vcpp profiles obtained under laser illumination at wavelengths of 488 nm, 785 nm, and 980 nm are
presented in Figure 10. The incident power values for each laser were determined using a thermal power
sensor S401C from Thorlabs, and these values are displayed in the corresponding profiles. The laser was
deliberately defocused during the measurements (see Figure 1) in order to illuminate the whole area of
the device.

The maximum SPV values recorded were 0.52 V, 0.65 V, and 0.67 V for the laser illuminations at 488 nm,
785 nm, and 980 nm, respectively. As described in section 2.3.1, a £ 40 mV error is associated to the SPV
values due to ambient conditions KPFM.

The highest Vcpp value measured under the 488 nm laser illumination was obtained for a laser power
illumination of 7.93 mW cm? instead for 15.87 mW cm2. However, this can be related to a shift of the
reference of Vcpp (dark) as can be seen after switch-off (at the position of 3.75 um in Figure 10a).
Interestingly, under 488 nm illumination, the maximum SPV (Voc) value results to be smaller than the SPV
values obtained under 785 nm and 980 nm lasers illumination. Specifically, as reported in reference [5], in
CIS-based materials the penetration depth for the 488 nm wavelength is less than 0.1 um. Conversely, for
the 785 nm and 980 nm wavelengths, the penetration depths reach values in the order of 1 um and 4 um,
respectively. Hence, the absorption of photons coming from the 488 nm laser illumination occurs in a
region that is very close to the surface of the CIS. However, we have previously demonstrated the poor
quality of the CIS surface by Resiscope analysis (Figure 7), probably due to the presence of an oxide layer.
Besides, the now exposed CIS surface was previously in contact with the Mo layer. For this reason, the
detachment procedure may also have introduced surface states that can have an active role on enhancing
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Figure 10: SPV analysis performed on the surface of the CIS layer at different laser wavelength a) 488 nm, b) 785 nm
and c) 980 nm) and illumination power. The laser power densities are also reported. The profile direction corre-
sponds to the Y axis in Figure 9, it does not correspond to a true spatial direction but should be understood as a
time dependence, as explained in the caption of Figure 9 and in the text.

recombination phenomena thus leading to lower SPV. Notably, these problematics result to be attenuated
for the other two wavelengths thanks to the higher penetration depth inside the CIS layers. Additionally,
conversely to a typical CIS solar cell (Figure 5), the pn junction is now placed at the back side while the
lasers still illuminate the front CIS surface. Therefore, carrier collection and separation can result to be
generally deteriorated with respect to an optimized solar cell, especially for the carriers photogenerated
near the surface.

Additionally, the experimental SPV values were plotted against the power densities (in log scale) and
shown in Figure 11. As described in paragraph 5.1.1, if the material was homogeneous and in the ideal
theory of pn junctions, one could expect a linear dependence of the SPV in function of the logarithm of
illumination power density, with a slope depending on the ideality factor of the pn junction. Such a linear
dependence is hardly visible, whatever the illumination wavelength and whatever the illumination power
range.
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Figure 11: Experimental SPV values reported in Figure 10 plotted against the illumination power density. The cases
in which n=1,2 are also reported for reference.

As previously explained, when exposed to 488 nm illumination, photon absorption predominantly occurs
near the very surface. Consequently, charge carriers need to reach the back pn junction for separation and
collection, explaining the low SPV values and the strong increase with power density. A non-homogeneous
defect concentration from the top surface (corresponding to the detached Mo interface) toward the back
CdS layer may also contribute to the strong increase with power density. Additionally, since CIS is a p-type
semiconductor, one can also expect a downward surface band bending at the top air interface, which
contributes negatively to the SPV and can decrease the positive contribution expected from the pn junc-
tion.

All these effects are mitigated when photons can be absorbed more deeply in the layer, as at 785 nm and
980 nm. At these wavelengths, a saturation of the SPV signal occurs. This phenomenon could be related
to a flattening of the bands at the pn junction leading to less efficient carrier separation, however it is
surprising that such effect is already visible at relatively low power densities, and more investigations, with
the help of numerical modelling, would be required to fully explain the observed experimental saturation
and complete behaviors at the various wavelengths.

In conclusion, this study showcases the applicability of KPFM as an effective tool for the characterization
of unfinalized solar devices. Through SPV analysis, we successfully accessed reasonable Voc values [6] of
the Mo-detached CIS solar cell, which would have been challenging to estimate using conventional tech-
niques such as I-V and EQE.

Nonetheless, as a next step, modeling can be integrated for a better interpretation of experimental results.
Specifically, the investigated sample could be modeled as a CIS solar cell with a buried pn junction placed
close to the back electrode. In this situation, it would be possible to estimate the carrier lifetime and in
turn the carrier diffusion length. Additionally, it would be possible to introduce surface defects at the CIS
surface evaluating their impact on carrier recombination near the surface and how this translates to the
SPV signal.
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5.2 Tuning the work function of selective electron transport layers for perov-

skite solar cells

In the PV field, a selective charge transport layer is defined as a component that is able to efficiently extract
and transport one type of photogenerated charge carriers, while blocking and avoiding recombination of
the other type, thus improving the efficiency of a solar cell energy by minimizing recombination losses. A
charge transport layer is defined as Electron Transporting Layer (ETL) when it primarily facilitates the flow
of electrons while impeding the transport of holes. Conversely, it is designated as a Hole-Transporting
Layer (HTL) when its main function is to support the transport of holes while inhibiting the flow of elec-
trons.

Perovskite solar cells (PSCs) have gained tremendous attention due to their impressive PV performance,
rivaling that of commercially available Si or CIGS thin-film solar cell technologies [7]. In fact, perovskite
(PVK) devices have achieved remarkable power conversion efficiencies surpassing 25% [6]. The typical PSC
structure comprises multiple layers, with a perovskite-based photoactive layer situated between the ETL
and the HTL, complemented by front and back electrodes to facilitate efficient charge collection, as illus-
trated in Figure 12. The correct operation, stability and overall performance of PSCs are highly dependent
on the properties of each functional layer and their compatibility with those of adjacent layers. Therefore,
understanding and optimizing these individual layers and their interfaces is crucial to improve the effi-

ciency and stability of PSCs.

top electrode

TCO

glass

Figure 12: Typical structure of a perovskite solar cell. Note that TCO stands for transparent conductive oxide.

We report here some additional insight into the operation of the TCO/ETL/PVK stack. In particular, the use
of FTO (Fluorine Tin Oxide) and ITO (Indium Tin Oxide) as a transparent conductive electrode in perovskite
solar cells presents a challenge due to their high work function. As a matter of fact, typical reported values
range from 4.4 eV to 5 eV [8] and from 4.2 eV to 5 eV [9], for FTO and ITO, respectively. This leads to an
unfavorable conduction band alignment with the PVK, hindering efficient electron extraction and charge
collection. Therefore other materials can be introduced as ETLs with the objective of improving band align-
ment between the TCO and the PVK, the more commonly used being titanium dioxide (TiO3), zinc oxide
(ZnO) and tin oxide (Sn0;) [7].
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As described in section 2.2, KPFM is a valuable investigative approach since it provides information on the
Verp of a sample that in turn can be related to its work function. For this reason, in the pursuit of enhancing
solar cell performance, we have explored two different possibilities. In particular, the first study involves
the evaluation of WFs changes induced by the incorporation of SnO2 and SnO,/NaF on FTO, with the aim
of tailoring its electronic properties to improve charge transport and collection. The second study delves
into WF modification of SnO; via Al,O3, employing a modulation doping concept.

5.2.1 Evaluation of the surface potential changes of FTO induced by SnO2 and SnO,/NaF
In this study, the surface potential changes induced by SnO; and SnO2/NaF layers have been evaluated by
means of KPFM measurements in planar conditions. The analyzed samples were provided by Celia Aider
as part of a collaborative effort within the IPVF framework.

5.2.1.1 Reducing the SnO; work function through a NaF layer: a brief introduction

In a very recent article Sadegh et al. demonstrated the beneficial impact of a thin layer of NaF deposited
between the FTO and the PVK on the quality of the perovskite layer and in turn on the overall solar cell
efficiency [10].

Specifically, NaF is an inorganic compound with water solubility. Due to its relatively high dipole moment
(8.156 + 0.001 D), NaF can efficiently create a dipole layer on conductive surfaces. This dipole layer im-
proves PSC performance in several ways. The migration of Na* ions into the bulk perovskite layer contrib-
utes to the spontaneous passivation of the perovskite, enhancing its stability. Moreover, F~ ions, pos-
sessing higher electronegativity compared to other halogen ions, create a larger dipole moment that ef-
fectively reduces the surface work function of the perovskite.

The interfacial dipole layer and steep band-bending generated by NaF treatment significantly improve the
electron transport ability, leading to reduced energy losses and suppressed charge recombination at the
substrate/perovskite interface.

Most notably, the NaF modification plays a crucial role in inhibiting moisture-induced degradation of the
perovskite films. This effect is attributed to the reduced density of grain boundaries in the active layer and
the healing of electronic defects at the FTO/perovskite interface. Consequently, the use of NaF is promising
for the production of high-performance and stable perovskite solar cells in the near future.

5.2.1.2 Sn02 and Sn0O2/NaF samples: KPFM analysis and results

In the scope of this study, three distinct samples were analyzed. The first sample consists of bare FTO, the
second sample integrates FTO coated with SnO, and the third sample involves FTO with a bilayer structure
of Sn0O2 and NaF, denoted as FTO/SnO;/NaF. It is noteworthy that the NaF layer was intentionally main-
tained really thin with specific thickness of 4 nm.

The samples were analyzed with the TRIOS platform described in section 2.2. ARROW-EFM n*-Si Pt/Ir
coated AFM tips were used, with a resonance frequency at 75 kHz. Finally, FM-KPFM mode was selected
with a tip/surface distance of 30 nm. A schematic of the experimental setup is shown in Figure 13.
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KPFM
A NaF
’ Sn0O,
FTO

Figure 13: Schematic of the KPFM experimental setup used for Vcpp analysis of ETL stacks for perovskite solar cells.
For each analyzed sample the KPFM ground was connected to the FTO layer as reference.

For each sample, the KPFM ground was connected to the FTO layer. Therefore, the bare FTO sample is
used as reference frame to evaluate the change in WF induced by the deposition of the additional layers,
as shown in Figure 6 of section 2.2.

In Figure 14 the KPFM results acquired on the three different samples are shown. Specifically, the topog-
raphy and Vcpp map in Figure 14a and 14b refer to the bare FTO sample, the ones in Figure 14c and 14d to
the FTO/SnO2 sample and finally the ones in Figure 14e and 14f to the FTO/SnO2/NaF sample.

Note that the results depicted in Figure 14 represent only a single instance of the various Vcpp maps ac-
quired during the entirety of this research investigation. To be precise, a total of five separate scans were
conducted for each sample, executed at different positions across the surface of the samples. These mul-
tiple scans provide a comprehensive view of the spatial distribution of potential variations across the sam-
ples under investigation.

Before conducting the KPFM analysis and after each sample characterization, the work function of the
scanning tip was assessed by measuring the Vcpp value of a freshly exfoliated surface of highly ordered
pyrolytic graphite (HOPG) [11]. The successive measurements of V¢pp consistently displayed negligible var-
iations, resulting in a calculated work function of 4.9 eV.

The averaged Vcpp values over the five different scans for each samples are: 230 mV, 405 mV and 570 mV
for the FTO, the SnO; and the SnO,/NaF samples, respectively.

Remember that due to the ambient conditions, an experimental error of £20 mV may be associated with
each reported value. Thus, the experimental results unequivocally show an increase of surface potential
for the FTO/Sn0; and FTO/Sn02/NaF samples with respect to the bare FTO (reference frame).

An increase of surface potential was expected for the FTO/SnO, sample with respect to the bare FTO sam-
ple since the properties of SnO3 as an ETL are well known [12]. Interestingly, the FTO/SnO,/NaF sample
presents an even higher surface potential, indicating the beneficial role of the NaF layer to decrease the
WEF, which should be favorable for achieving higher photovoltage in the device. Overall, the improved elec-
tron extraction, fastened charge transport, and suppressed recombination may provide prominent poten-
tial to boost photovoltaic performances.

In summary, the KPFM technique was successfully utilized to evaluate the surface potential changes in FTO

due to the introduction of SnO2 and SnO2/NaF. Our findings indicate a rise in surface potential, indicating
a reduction in the work function (WF) caused by the presence of these additional layers.
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Figure 14: Topography and Vcp images of the a), b) bare FTO sample, c), d) FTO/SnO, sample and finally e), f) of the
FTO/SnO,/NaF sample.

5.2.2 Evaluation of the surface potential changes of ITO induced by SnO; and Sn0O2/Al.0Os
In a study similar to the one presented in the previous section, KPFM analysis was used to evaluate the
surface potential changes induced by Al,Os on SnO; deposited on ITO. The analyzed samples were pro-
vided by Shanting Zhang as part of a collaborative effort within the IPVF framework.

5.2.2.1 Reducing the SnO, work function through an Al,Os layer: a brief introduction

The controlled introduction of dopants into semiconductors is essential for the advancement of modern
technology. However, conventional substitutional doping has its limitations due to material-specific doping
restrictions, arising from the creation of compensating defects influenced by the Fermi level-dependent
defect formation energies [13]. Furthermore, the traditional doping method involving elemental substitu-
tion leads to a simultaneous decrease in charge carrier mobility (u) as the charge carrier density increases,
attributed to ionized impurity scattering.
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The advent of the modulation doping technique has presented a solution to overcome the constraint on
charge carrier mobility in heavily doped semiconductors. This approach involves spatially separating the
dopant impurities from the transport layer; by creating an interface between a low-doped and a highly
doped semiconductor with distinct bandgaps, it becomes feasible to mitigate the limitations previously
encountered [14].

The impact of defect modulation doping by applying a layer of defective and amorphous insulator material
(Al203) onto a polycrystalline wide bandgap, transparent oxide semiconductor (SnO;) has been shown by
Weidner et al. [15]. The objective is to induce conduction electrons in the interface-proximal region of the
SnO; substrate. Unlike traditional substitutional doping methods, the modulation doping effect in the SnO;
substrate is achieved through the pinning of the Fermi level within the defective Al,Os layer. This layer is
deposited at a low process temperature and forms an interface with SnO;, leading to the desired effects
(Figure 15).

— + Al,Oq4 "

SnO; ] )
— . »
Substrate
As DEPOSITED MobuLaTioN DoPED

VAcuum

SUBSTRATE
VAcuum
SUBSTRATE

tim = 20 NM - 20 nm "1 nm

SnO, Sn0O, Al,O4

Figure 15: Band diagram of a 20 nm SnO; film before (left) and after (right) deposition of a 1 nm Al,O; modulation
layer. Reproduced from [15].

5.2.2.2 Sn02 and Sn02/Al,03 samples: KPFM analysis and results

Within the IPVF framework, modulation doping presents a viable approach to enhance the efficiency of
perovskite solar cells. We thus investigated a set of nine distinct samples. Among these, a bare ITO sample
serves as the reference for comparison with other analyzed samples. The remaining samples comprise
two variations of ITO/SnO;: one in its “as-deposited” state and the other subjected to annealing at 180 °C
to enhance the crystallinity of SnO,. Additionally, for each SnO, sample, three ITO/Sn0,/Al,03 samples
were provided. The Al,O3 layer was deposited using Atomic Layer Deposition (ALD) [16], and the three
ITO/Sn0,/Al,03 samples differ in the number of ALD deposition cycles applied, specifically 1, 2, and 3 ALD
deposition cycles.

For KPFM analysis, we used the same configuration as described in section 5.2.1.2 and shown in Figure
13. As in the previous study described in section 5.2.1.2, a total of five separate scans were performed for
each sample, executed at different positions across the surface of the samples. Therefore, the following
reported Vcep values represent an average calculated over these 5 different scans.
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As a first step, the bare ITO sample was characterized, the topography and corresponding Vcep map are
reported in Figure 16a and 16b, respectively. The averaged measured Vcpp value was equal to 116 mV.
Prior to this measurement, the WF of the tip was evaluated [11] and found equal to 4.9 eV. With the
reported data, the WF of the ITO would be equal to 4.78 eV, which falls well in the range of values of 4.2
to 5 eV reported in the literature for the WF of ITO [9].
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Figure 16: Topography a) and Vep map of the bare ITO sample.

The ITO/SnO; and ITO/Sn0,/Al,05; samples were analyzed by connecting the ITO layer to the KPFM ground. There-
fore, the bare ITO sample is used as reference frame to evaluate the change in WF induced by the deposition of the
additional layers, as shown in Figure 6 of section 2.2.

First, the samples referenced “as deposited” were analyzed. The corresponding topography and Vcp images are
reported in Figure 17. The averaged Vcpp values obtained after KPFM analysis were 516 mV for the ITO/SnO, sample
(Figure 17a and 17b), 560 mV for the ITO/Sn0,/Al,0; 1 ALD cycle sample (Figure 17c and 17d), 570 mV for the
ITO/Sn0,/Al,03 2 ALD cycles sample (Figure 17e and 17f), and 590 mV for the for the ITO/Sn0O,/Al,03 3 ALD cycles
sample (Figure 17g and 17h).

Based on the acquired Vcpp values, we demonstrate that the Al;Os layer is able to increase the measured
surface potential and thus to induce a decrease of WF. Interestingly, the highest V¢pp value was obtained
for the sample which underwent 3 cycles of ALD, suggesting that the optimal Al,Os layer thickness must
be in the order of a couple of nm as reported in [15].

However, in the samples labeled as "as deposited," the SnO; layer was grown at a relatively low tempera-
ture of 100 °C, resulting in an amorphous structure. Therefore we questioned whether an improved degree
of crystallinity could have an effect on the consequent Al;0s modulation doping. For this reason, the same
KPFM characterization was performed on a corresponding set of samples for which the SnO; layer was
grown at 180 °C, anticipating a higher degree of crystallinity [18]. Unfortunately, X-ray diffraction (XRD)
data to evaluate the impact of the annealing on the crystallinity of the SnO; are not available.

The KPFM results obtained on the “annealed” set of samples are reported in Figure 18. The averaged Vcpp
values obtained after KPFM analysis were 500 mV for the ITO/SnO sample (Figure 18a and 18b), 650 mV
for the ITO/Sn03/Al,03 1 ALD cycle sample (Figure 18c and 18d), 670 mV for the ITO/Sn0,/Al,03 2 ALD
cycles sample (Figure 18e and 18f), and 690 mV for the for the ITO/Sn03/Al,03 3 ALD cycles sample (Figure
18g and 18h).

Interestingly, the higher deposition temperature did not affect much the Vcpp of the SnO; layer since in
both cases they present comparable Vcpp values (around 500 mV), but it had a greater impact on the Al;03
layers. As a matter of fact, the same surface potential increase trend is found again but the Vcpp reached
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higher values, suggesting that the crystallinity of the SnO; layer plays an effective role in the modulation
doping of the Al,Os layer.
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Figure 17: Topography and Vcpp images acquired on the set of samples denoted “as deposited”. Specifically, a) and
b) refer to the ITO/SnO, sample, c) and d) refer to the ITO/SnO, sample with one ALD deposition of Al,O3, e) and f)
refer to the ITO/SnO, sample with two ALD deposition of Al,Os, g) and h) refer to the ITO/SnO, sample with three
ALD deposition of Al,0s.

In conclusion, KPFM technique was effectively employed to assess the surface potential change of TCOs
resulting from the incorporation of Sn0,, Sn02/NaF and Sn03/Al,03 layers. Our results demonstrate an
increase in surface potential, signifying a decrease in the work function (WF) induced by these additional
layers. However, it is essential to validate the proposed approach for enhancing the efficiency of perovskite
solar cells through the production of finalized devices. Currently, device fabrication is pending as this study
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Figure 18: Topography and Vcp images acquired on the set of samples denoted “annealed”. Specifically, a) and b)
refer to the ITO/SnO; sample, c) and d) refer to the ITO/SnO, sample with one ALD deposition of Al,O3, e) and f)
refer to the ITO/SnO, sample with two ALD deposition of Al,Os, g) and h) refer to the ITO/SnO, sample with three
ALD deposition of Al,0s.
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is still in its initial stages. Additionally, in the case of the annealed SnO; set of samples (section 5.2.2.2), it
will be important to perform XRD in order to assess the degree of crystallinity of the SnO; layer.
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5.3 Conclusions

In Chapter 5 we have shown the applicability of KPFM as an effective tool for the characterization of unfi-
nalized solar devices. Specifically, through SPV analysis, we successfully accessed reasonable Voc values of
a Mo-detached CIS solar cell, which would have been challenging to estimate using conventional tech-
niques such as /-V and EQE. Nonetheless, as a next step, modeling can be integrated for a better interpre-
tation of experimental results. Specifically, the investigated sample could be modeled as a CIS solar cell
with a buried pn junction placed close to the back electrode. In this situation, it would be possible to
estimate the carrier lifetime and in turn the carrier diffusion length. Additionally, by introducing surface
defects at the CIS surface it could be possible to evaluate their impact on carrier recombination near the
surface and how this translates to the SPV signal.

Moreover, KPFM technique was effectively used to assess Vcpp of transparent conductive oxides resulting
from the incorporation of SnO3, SnO2/NaF and Sn0/Al,0s layers. Our results demonstrate an increase in
surface potential, signifying a decrease in the work function induced by these additional layers. However,
it is essential to validate the proposed approach for enhancing the efficiency of perovskite solar cells
through the production of finalized devices. Currently, device fabrication is pending as these studies is still
in its initial stages.

Bibliography

[1] Garrett, J. L.; Tennyson, E. M.; Hu, M.; Huang, J.; Munday, J. N.; Leite, M. S. Real-Time Nanoscale Open-Circuit
Voltage Dynamics of Perovskite Solar Cells. Nano Lett. 2017, 17 (4), 2554—-2560. https://doi.org/10.1021/acs.nano-
lett.7b00289.

[2] C. Marchat, Caractérisation électrique et optoélectronique de nouveaux matériaux et composants photovol-
taiques a partir de techniques AFM, Université Paris-Saclay, 2020.

[3] Tennyson, E. M., Garrett, J. L., Frantz, J. A., Myers, J. D., Bekele, R. Y., Sanghera, J. S., Munday, J. N., Leite, M.

S. (2015). Nanoimaging of Open-Circuit Voltage in Photovoltaic Devices. Adv. Energy Mater. 2015, 5: 1501142.
https://doi.org/10.1002/aenm.201501142

[4] Salhi, B. The Photovoltaic Cell Based on CIGS: Principles and Technologies. Materials 2022, 15, 1908.
https://doi.org/10.3390/ma15051908

[5] Oliveira, A.J.N., Teixeira, J.P.,, Ramos, D., Fernandes, P.A. and Salomé, P.M.P. (2022), Exploiting the Optical Limits
of Thin-Film Solar Cells: A Review on Light Management Strategies in Cu(In,Ga)Se,. Adv. Photonics Res., 3:
2100190. https://doi.org/10.1002/adpr.202100190

[6] Green, MA, Dunlop, ED, Siefer, G, et al.Solar cell efficiency tables (Version 61). Prog Photovolt Res
Appl. 2023; 31(1): 3-16. https://doi.org/10.1002/pip.3646

[7]1 Rong, Y.; Hu, Y.; Mei, A.; Tan, H.; Saidaminov, M. |.; Seok, S. I.; McGehee, M. D.; Sargent, E. H.; Han, H. Challenges
for Commercializing Perovskite Solar Cells. Science 2018, 361 (6408), eaat8235. https://doi.org/10.1126/sci-
ence.aat8235.

[8] M. G. Helander, M. T. Greiner, Z. B. Wang, W. M. Tang, Z. H. Lu; Work function of fluorine doped tin oxide. J. Vac.
Sci. Technol. 2011; 29 (1): 011019. https://doi.org/10.1116/1.3525641

[9] Nehate, S. D.; Prakash, A.; Mani, P. D.; Sundaram, K. B. Work Function Extraction of Indium Tin Oxide Films from
MOSFET Devices. ECS J. Solid State Sci. Technol. 2018, 7 (3), P87. https://doi.org/10.1149/2.0081803ss.

[10] Sadegh, F.; Akman, E.; Prochowicz, D.; Tavakoli, M. M.; Yaday, P.; Akin, S. Facile NaF Treatment Achieves 20%
Efficient ETL-Free Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2022, 14 (34), 38631-38641.
https://doi.org/10.1021/acsami.2c06110.

160


https://doi.org/10.1021/acs.nanolett.7b00289
https://doi.org/10.1021/acs.nanolett.7b00289
https://doi.org/10.1002/aenm.201501142
https://doi.org/10.3390/ma15051908
https://doi.org/10.1002/adpr.202100190
https://doi.org/10.1002/pip.3646
https://doi.org/10.1126/science.aat8235
https://doi.org/10.1126/science.aat8235
https://doi.org/10.1116/1.3525641
https://doi.org/10.1149/2.0081803jss
https://doi.org/10.1021/acsami.2c06110

Chapter 5 — Further examples of the use of KPFM to investigate photovoltaic issues

[11] Garrillo, P. F.; Grevin, B.; Chevalier, N.; Borowik, . Calibrated Work Function Mapping by Kelvin Probe Force
Microscopy. Review of Scientific Instruments 2018, 89 (4), 043702.https://doi.org/10.1063/1.5007619.

[12] Dkhili, M.; Lucarelli, G.; De Rossi, F.; Taheri, B.; Hammedi, K.; Ezzaouia, H.; Brunetti, F.; Brown, T. M. Attributes
of High-Performance Electron Transport Layers for Perovskite Solar Cells on Flexible PET versus on Glass. ACS Appl.
Energy Mater. 2022, 5 (4), 4096—4107. https://doi.org/10.1021/acsaem.1c03311.

[13] Zhang, S. B.; Wei, S.-H.; Zunger, A. Microscopic Origin of the Phenomenological Equilibrium “*Doping Limit Rule”
in n-Type -v Semiconductors. Phys. Rev. Lett. 2000, 84 (6), 1232-1235.
https://doi.org/10.1103/PhysRevLett.84.1232.

[14] Harris, J. J.; Pals, J. A.; Woltjer, R. Electronic Transport in Low-Dimensional Structures. Rep. Prog. Phys. 1989, 52
(10), 1217. https://doi.org/10.1088/0034-4885/52/10/002.

[15] Weidner, M.; Fuchs, A.; Bayer, T. J. M.; Rachut, K.; Schnell, P.; Deyu, G. K.; Klein, A. Defect Modulation Doping.
Advanced Functional Materials 2019, 29 (14), 1807906. https://doi.org/10.1002/adfm.201807906.

[16] George, S. M. Atomic Layer Deposition: An Overview. Chem. Rev. 2010, 110 (1), 111-131.
https://doi.org/10.1021/cr900056b.

[17] Li, Y.; Musaey, O. R.; Wrobel, J. M.; Kruger, M. B. Crystallization by Laser Annealing of Amorphous SnO2 Films
on the Si (100) Surface. Appl. Phys. A 2018, 124 (7), 499. https://doi.org/10.1007/s00339-018-1919-4.

161


https://doi.org/10.1063/1.5007619
https://doi.org/10.1021/acsaem.1c03311
https://doi.org/10.1103/PhysRevLett.84.1232
https://doi.org/10.1088/0034-4885/52/10/002
https://doi.org/10.1002/adfm.201807906
https://doi.org/10.1021/cr900056b
https://doi.org/10.1007/s00339-018-1919-4

CONCLUSIONS AND PERSPECTIVES

Over the past four decades, the atomic force microscopy (AFM) technique has demonstrated its capability
to create micron and submicron-scale mappings, as well as to observe intricate details at the nanoscale.
Various extensions have been developed, particularly the "electrical" extensions, which enable the
measurement of diverse electrical signals alongside topographical data. For instance, the extension
involving Conductive Atomic Force Microscopy (c-AFM) facilitates localized current and resistance
measurements [1,2], and when applied to photovoltaic devices (PV), it allows for assessing photocurrent
and current-voltage (I-V) characteristics [3]. Another extension known as Kelvin Probe Force Microscopy
(KPFM) enables the assessment of surface potential [4], and when employed on PV devices, it provides
insights into the open-circuit potential (Voc) [5,6]. Furthermore, KPFM holds the unique capability to
provide insight into the distribution of surface potential under operando conditions of a photovoltaic
device. This ability to investigate potential variations during device operation offers valuable information
for understanding and optimizing device performance, and it will also be useful to study reliability and
aging issues of various PV technologies, which are going to be more and more important in the future.
The research conducted throughout this thesis centered on the utilization of an AFM microscopy platform
(TRIOS/AIST-NT), with a primary emphasis on its electrical extension KPFM and c-AFM (Resiscope). These
extensions were employed to investigate photovoltaic devices and/or their constituent elements
(absorber and junctions) to extract localized electrical properties. The research can be segmented into
three distinct studies, the outcomes of which are detailed in chapters 3, 4, and 5 of this manuscript.

The first study is detailed in Chapter 3 in which the capability of cross-sectional KPFM for the study of IllI-
V multilayer stacks in ambient conditions was investigated. Specifically, KPFM analysis was performed on
two different IlI-V multilayer samples: an InP:S/InP:Fe and an InP:Zn/GalnAs(P):Zn multilayer structure
with layers of different widths and doping concentrations.

With the first analysis performed on the InP:S/InP:Fe multilayer stack it is shown that KPFM is a valuable
technique to investigate with high spatial resolution IlI-V multilayer samples in ambient conditions. In
particular, KPFM provided the detection of the entire stack after a surface deoxidation by an HF based
chemical treatment. KPFM revealed a strong dependence on the local doping concentration providing a
complete detection of the InP:S and InP:Fe layers which exhibited different color contrast in the Veep
image. Moreover, we showed that Vcpep contrast between the InP:S and InP:Fe layers could even be
significantly improved when KPFM measurements were performed under illumination. The analysis of
Vcrp profiles showed that InP:S and InP:Fe layers of different but similar thickness tend to show different
Verp, which can be attributed to the band-bending induced by the space charge due to the different doping
densities of the InP:S and InP:Fe layers. Our findings were also supported by modelling of the energy bands
profiles of the analyzed structure.

The Vepp profiles extrapolated from different regions of the same scan showed the same qualitative
behaviour but presented minor variations. For this reason, a thorough analysis and description of the
many factors that influence KPFM measurements was proposed. Conclusively, examination of the surface
photovoltage (SPV) across the structure revealed a noteworthy observation: notably positive SPV,
reaching several hundred millivolts, was identified even in the highly doped InP:S layers, which is rather
intriguing and unexpected, but could be attributed to a considerable density of surface state defects, that
could induce substantial upward band-bending effects.

In light of these findings, it was clear that the surface defects plays a central role on the experimental
value of V¢pp, and thus their comprehension is crucial for a quantitative understanding of the experimental
data. For this reason, before presenting the cross-sectional KPFM analysis on the InP:Zn/GalnAs(P):Zn



multilayer sample, a thorough description of the theory of surface defects was addressed derived from
extensive analysis of three distinct sources [7-9] with the addition of original simulations performed with
KELSCAN software.

The last section of Chapter 3 deals with KPFM results on the cross section of the InP:Zn/GalnAs(P):Zn
sample, both in dark conditions and under illumination. To ensure the originality of this study with respect
to the one presented in the first section of Chapter 3, KP modeling was extensively included to offer a
comprehensive and quantitative analysis of the experimental findings.

The analysis of the surface potential profile identified the presence of space charge regions and, thus, the
formation of several junctions along the stack. The complexity of the analyzed structure combined with
the ambient operating conditions caused challenges in the identification of the real position of the
junctions in the Vcpp image. KPFM measurements are significantly affected by surface defects and other
surface inhomogeneities. In particular, numerical modelling and analysis indicated that surface defects
are responsible for a significant departure of the magnitude of the surface potential from the value in the
bulk material. Also, we showed that the observed potential profile along the cleaved surface of the n-
InP/InP:nid/p-InP:Zn heterojunction stack can be explained by large surface defect densities in the highly
doped n-InP and p-InP:Zn layers, with a much lower defect density in the InP:nid buffer layer providing a
guantitative interpretation of the experimental surface potential profiles.

In Chapter 4, the local probe characterization was extended to finalized solar cells. In particular, Chapter
4 delves into the core of our research, presenting and analyzing the outcomes of KPFM and c-AFM
measurements conducted on the cross-section of diverse photovoltaic technologies, along with the
challenges associated with such characterizations.

The first two sections of Chapter 4 present c-AFM and KPFM cross-sectional analysis performed on a p-
AlGaAs:Be/n-GalnP:Si heterojunction solar cell. C-AFM analysis was firstly performed on the unfinalized
multilayer structure applying either +1 or -1 V between the sample and the AFM tip. This technique
allowed the identification of the different region along the structure. Nonetheless, our experimental
findings demonstrated that it is not possible to consider the contact between the AFM tip and the sample
as an ohmic contact but it must be considered as a Schottky contact, in agreement with results from the
literature. In other terms, an electrostatic potential barrier will always form at the semiconductor surface
due to the contact with the AFM tip. For this reason, the polarity applied during c-AFM analysis becomes
a significant parameter since it can modulate the potential barrier in the semiconductor hindering or
facilitating the collection of charges which in turn it determines the local measured resistance.

However, the Schottky characteristics of the electrical contact introduce substantial complications to the
acquisition of quantitative results and data interpretation. The electrostatic potential barrier in the
semiconductor depends on a multitude of different parameters that comprise the physical properties of
a material, such as doping concentration, and also surface defects distributions (e.g., surface band-
bending) Additionally, even the experimental conditions play an active role in the form of the applied
polarity, applied forces and work function of the AFM tip. Furthermore, c-AFM measurements were also
performed in dark and under illumination on the finalized solar cell. Under illumination, c-AFM detected
a decrease of the resistance along the AlGaAs:Be absorber and n-type region of the device. Interestingly,
the resistance profile revealed the possibility of the presence of a space charge region at Gr
AlGaAs/absorber interface which may act as a barrier for carriers.

KPFM was performed under real device operating condition thanks to the use of a sourcemeter (Keithley
2400). The sample was analyzed in short-circuit and open-circuit conditions both in the dark and under
illumination conditions. Additionally, the surface potential was evaluated under forward and reverse
applied bias in dark conditions. Once more, it can be observed that surface defects play a role in
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diminishing the potential variance compared to the anticipated behavior based on the nominal doping
concentration of the constituent layers forming the structure. Additionally, it is shown experimentally that
the amount of applied external bias is not found in the Vcpp image; specifically, only the application of |1]
V could effectly change the surface potential distribution. Therefore, through modeling we have also
demonstrated that due to surface defects charge carriers could become trapped within the
semiconductor material, influencing the overall charge distribution, and leading to non-linear changes in
the space charge width with applied bias. Interestingly, we were able to point out that the application of
an external bias equal to the open-circuit voltage is able to produce a quasi-Fermi level splitting that is
comparable to the one induced as a consequence of the illumination.

The third section of Chapter 4 concerns the cross-section analysis of an n-cSi/p-ucSiOx Si heterojunction.
Specifically, we have used this sample in order to propose different solutions to a peculiar V-shaped
potential near the edge of the sample that had been encountered during cross-sectional KPFM analysis.
The presence of this V-shaped potential complicates the interpretation of the experimental Vcpp profile
since it adds uncertainty in the localization of the real edge of the cross-section. This peculiar Vcpp signal
could arise from interactions between the body of the tip and/or the cantilever and the sample surface.
For this reason, we have explored a new experimental configuration in which the whole cantilever is
located outside the sample. This new configuration allowed the elimination of the V-shaped potential
enabling a more straightforward identification of the edge of cross-section in the Vepp image. Additionally,
we have shown that the acquisition of additional signals during analysis, such as Mag, phase and Dmag
can also aid in a more precise identification of the real edge of the cross-section.

Finally, it is important to mention that the V-shaped potential is only responsible of complicating the
identification of the edge of the cross-section and thus by identifying the physical boundaries of the
sample it is still possible to exploit surface potential measurements even when the potential profile shows
a V-shape.

The fourth and final section of Chapter 4 deals with the characterization of a CZTGS solar cell using cross-
sectional KPFM offering experimental evidence of the unsatisfactory PV performance of this CZTGS device
under illumination. The poor PV performance was attributed to the highly sulfurized Mo back contact.
Specifically, in kesterite-based solar cell, the Mo acts as back contact and acts as collecting electrode for
holes. The increase of potential registered from the MoS; towards the Mo acts as barrier for the collection
of holes and additionally it may also induce electron accumulation at the Mo/MoS; interface promoting
recombination phenomena. These results provided compelling evidence of the charge extraction issues
related to a thick MoS; layer.

Finally, Chapter 5 addresses supplementary projects undertaken during the course of the PhD thesis. In
the first section of Chapter 5, SPV measurements were successfully correlated with the macro-Voc of the
p-AlGaAs:Be/n-GalnP:Si solar cell. Therefore, in the second section of Chapter 5, the applicability of KPFM
as an effective tool for the characterization of unfinalized solar devices was demonstrated. It is important
to mention that the Mo-detached CIS sample was not optimized and additionally, through c-AFM
measurements, we have demonstrated that the CIS layer presented high local resistivity values at the
surface due to the presence of an oxide layer at the surface. For these reasons, the I-V curve the was
collected by placing a metallic needle directly on the CIS surface revealed an open-circuit voltage of only
0.20 V under 1-Sun illumination and moreover the extremely low value of the current prevented us from
performing an EQE analysis, as the sample signal was hidden in the noise signal. This was a consequence
of the high resistivity of the CIS layer and the resulting poor carrier collection. Nonetheless, through SPV
analysis, the potential open-circuit voltage of an Mo-detached CIS solar cell was successfully determined
to be in the order of 0.55 V and thus KPFM allowed us to overcome these limitations and gain valuable
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insights into the real PV performance of the sample.

Finally, in the last section of Chapter 5, the KPFM technique was effectively employed to assess the
potential change of FTO and ITO resulting from the incorporation of SnO, and SnO2/NaF layers and of
Sn0O; and Sn0,/Al,0s layers, respectively. In both cases, the findings unambiguously demonstrated an
increase in surface potential, signifying a decrease in the work function (WF) induced by these additional
layers.

Perspectives

This thesis brings forth several perspectives, with a focal point being the potential enhancements to the
cleaving process. This enhancement aims to facilitate and improve the quality of local probe analysis.
Notably, Chapter 3 underscores the profound impact of surface defects on the electrical and physical
attributes of semiconductor surfaces. Consequently, the utilization of specialized equipment designed for
the cleaving procedure (such as Focused lon-Beam FIB) could yield outcomes that are more reliable and
reproducible. However, it is worth noting that the acquisition of such equipment comes with a significant
financial investment. In light of this, IPVF could explore collaboration agreements with laboratories
equipped with these resources.

This possibility could potentially streamline cross-sectional characterization at IPVF, even for samples that
are challenging to cleave, such as those fabricated on glass substrates. This advancement could enable an
in-depth analysis of perovskite materials, which stands as the ultimate objective of IPVF.

Additionally, implementing a controlled atmosphere at the sample level would enable control and
minimization of air effects. This addition is complex due to the open structure of the equipment and would
require the use of a sample holder cell from the manufacturer to apply an inert gas atmosphere. It would
facilitate electrical measurements by reducing band-bending due to the presence of gas compounds
adsorbed on the surface, extend the time window of characterization of those samples that deteriorate
in ambient environment, and also by decreasing oxidation effects during c-AFM measurements. In this
regard, scanning probe microscopy equipment are generally placed in a glove box to perform analysis in
a controlled atmosphere which can add significant difficulties in the positioning of the AFM probe and
samples. For this reason, it is worth noting that during these three years of PhD, Horiba started the
development of a custom cell that allows to perform local probe analysis under inert N; atmosphere. In
this respect, a prototype cell was provided only near to the end of the PhD project with which some tests
on simple silicon-based samples were performed. However, due to the early-stage development of the N,
cell, it revealed to be not fully operational yet. Nonetheless, once the N; cell will reach its final stage of
development, it will offer a new and advantageous experimental configuration for local probe analysis
under controlled atmosphere with a relative easier procedure with respect to the glove box.
Additionally, with reference to the experimental results presented in section 5.2, it will be crucial to
validate the proposed approaches for work function tuning of transparent conductive oxides by producing
perovskite-based finalized solar cell and evaluating their impact on the power conversion efficiency.
Ultimately, a substantially expanded utilization of modeling techniques will facilitate a more profound
comprehension of the outcomes derived from experimental investigations. For instance, one possibility
lies in the definition of precise surface states distributions within the energy gap of the studied materials.
As a consequence, it will then be feasible to obtain a more quantitative reproducibility of the experimental
results by modeling. Moreover, an exciting perspective consists in the possibility of the estimation of
surface states distributions from local resistance profiles acquired by c-AFM measurements. Specifically,
by evaluating the impact of surface states on the free charge carriers concentrations it would be possible
to calculate the expected resistivity profile and compare it with the experimental resistance profile.
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Ultimately, by dedicating significant efforts, it would be possible to achieve a comprehensive two-
dimensional (2D) representation of a cross-section of a solar cell during operation. This involves the ability
to thoroughly understand the alterations in potential profiles in response to applied bias or exposure to
light both within the bulk and at the surface in the presence of surface defects.
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APPENDIX A

In appendix A we provide more details concerning the physics of space charge layers at a semiconductor
surface. Note that the numbering of references follows the one of the corresponding chapter.
Due to the surface band-bending, the local potential of electrons and holes varies along the Z-axis. It is
thus suitable to define a position-dependent potential energy which depend on the variation of the Ei from
EF:

ep(z) = Er — E; (3)
Clearly, ¢ is equal to zero in flat band-bending. Additionally, we can define ¢ and ¢, as the ¢ values at
the surface and in bulk, respectively. Note that ¢,, is defined by the bulk doping concentration.
Having introduced these quantities, the local band deformation can be expressed as:

V(z) = ¢(2) —¢p (4)
The potential at the surface, where the band-bending is maximum, is given by:

Vs = ¢s —¢p (5)
Finally, it is also convenient to introduce dimensionless potentials u and v:

_ep eV 6
“Er VT ©

These same quantities are denoted as ug and v at the very surface.
Considering the fundamental relations for electrons and hole concentrations in non-degenerate semicon-
ductors, it is possible to define the spatially varying carrier concentrations in a space charge layer:
n(z) = n;e*®@ =nye’® (7)
p(2) = ne @ =pye~"® (8)
Note that, the form of the space charge layer and the band-bending can be calculated directly using the
fundamental Poisson’s equation:
2

d_V = _ @ 9)

dz? €€,
This equation directly relates the band curvature to the space charge density p(z).
The solution of the Poisson’s equation with appropriate boundary conditions gives a theoretical descrip-
tion of the space charge layers. However, this may not be an easy task since p(z) itself is a function of V(z).
For this reason, in the next sections are reported some theoretical cases in which is possible to obtain
approximate analytic solutions of the Poisson’s equation.

Depletion space-charge layer

As a first example, the case of semiconductors with strong depletion layers (|eVs|>>kT) is considered.
Again, an n-type semiconductor is treated (Figure 10); the p-type case is found by changing the corre-
sponding charge sign.

As described above, the positive Qsc in the depletion layer derives from the ionized bulk donors (Np and
N*p if ionized). Thanks to the |eVs|>>kT assumption, the free electrons density within the space charge
layer can be neglected.

At room temperature the shape of the fermi distribution is not perfectly a step function, but it results
blunted at the edges. In particular, the occupation of the bulk donor levels changes from nearly 1 to ap-
proximately O within an energy of around 4kT.



In the case of strong band-bending, the occupation variation responsible of the initial slope increasing (or
decreasing) of the energy bands in proximity of the surface occurs over a short distance with respect to
the thickness of the whole depletion layer.
As a consequence, the space charge density p itself can be approximated to a step function and the space
charge can be expressed as:
Qsc = eNjd ~ eNpd (10)

Since in the space charge region the donors are assumed to be entirely ionized. Under these assumptions,
Poisson’s equation becomes:

d*¢ d*v dE p(2) eNp

WA dz ey eey D
Integrating with respect to z is possible to obtain an expression of the electrical field E(z):

eNp
E(z)=—(2z—-d),0<z<d (12)
€€y

Integrating again, an expression of the potential ¢(z) is obtained:
eNp )
¢(z) = ¢y —?(z—d) ,0<z<d (13)
0
And the highest potential Vs, e.g., maximum band-bending, is given by:

V= — b eNpd?
s — W¥s b — €€,
The result for a hole depletion layer on a p-type material is equivalent but the sign must be inverted, and

Np substituted with Ny.

(14)

eN,d?
Vo= =y = —— (15)
Equations 14 and 15 underline that the band-bending and the spatial extension of the space charge layer
are proportional.
As a real example, a cleaved n-type (n=10'7 cm3) GaAs (110) surface presenting an upward bend-bending
of 0.7 eV is considered. Assuming a Nss of 1012 cm™?, it is possible to estimate the thickness of the space
charge is in the order of around 100 nm. It is worth to mention that relatively low surface-state densities

can induce a significant band-bending of about half the band-gap energy.

Additionally, typical strong depletion layers can extend up to several hundreds of nm inside the semicon-
ductor bulk. As a consequence, the presence of surface states can have a long-range impact on the elec-
tronic structure.

Weak space-charge layers

Another simple solution of Poisson’s equation can be obtained by considering the other limiting case of
weak space charge layers (either accumulation or depletion). In this case |eVs| is smaller than kT and the
potential ¢(z) is defined by mobile free charges (electrons or holes based on considered semiconductor).
Again, an n-type semiconductor with a weak accumulation layer is considered to perform the calculation.
Under these assumptions, the total space charge density p(z) is composed by the free electrons in the
conduction band n(z) and the density of ionized donors N (z):

p = —e[n(z) — Ny (2)] (16)
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_EcEf
The electron concentration is expressed as n = Nce( ) and the density of ionized donors is defined

by Fermi’s occupation statistics:

Ng:ND_ND

(17)

1+ exp [—ED k_TEF

Ep —E
~ Np exp [%] for Ep — Eg>>kT  (18)

The space charge density can be rewritten as:
Ec(z) — Ep Ep(z) — Ep
p=—€ [Ngff exp <—T _ND exp T (19)
This expression of the space charge density can be rewritten in terms of bulk conduction band minimum
and donor energy respectively:

EX —E E}—E
_ I C F - D F
p=—e lNeff eveXp <_ k—T> — NDe v exp <k—T>I (20)

It is worth recalling that v(z) represents the normalized band-bending.
The bulk electron concentration is equal to:

= N¢ B EBr) o
Np = Nerr €XP kT (21)

and to:

E
n, = Np exp <Dk—TF> (22)

Since in a bulk n-type semiconductor the donors are not completely ionized and therefore n;, depends
only one the ionized ones.
Substituting the lasts equation in the expression of the space charge density:
p=—en,(e"® — V@) ~ —2en,v(2) for |v|<<l (23)
(e.g., small band-bending).
Poisson’s equation becomes:
d’v v

Where Lpis the Debye length, and it is defined as:

Lo kTee, 2t
D — Zeznb ( )

The solution of the Poisson’s equation is in the form of an exponentially decaying band-bending:
eV(z)
v(z) =
(2) =—+
Note that deep in the bulk (z—><<) the potential v and the space charge density p are equal to zero.
Finally, the normalized band-bending at the surface (vg) is determined by the charge neutrality conditions:

—Q¢s = Q¢ = f p(z)dz = —Zenbvsf e Todz = —2enyvslp  (27)
0 0
It follows that due to the charge neutrality condition, the charge density in the surface states (Qss) entirely

defines the normalized band-bending at the surface v; when the bulk doping level (n) is known.

= vse_Z/LD (26)
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Here the take home message is that for weak band-bending, either due to accumulation or depletion
layers, the spatial extent of the space charge is determined by the Debye length, or, in other terms, by the
bulk carrier concentration n,,.

Space charge layers on degenerate semiconductors

Up to now, only non-degenerate semiconductors have been considered. The description of the space
charge layer in degenerate semiconductors in non-trivial since the Boltzmann approximation is no longer
valid and therefore the full Fermi distribution must be used.

A strongly degenerate n-type semiconductor is considered under the assumption of |eVS|>>kT and
| ey F|>>kT. This case is reported in Figure 1.

EA
A V%‘ /W %
i 4 ////il;{Fi///JE
i eV(z) 5

Ey

Figure 12: Band scheme of a depletion space-charge layer in a highly degenerate n-type semiconductor. Figure 1
was reproduced from [26].

In this case, it is possible to assume that the bulk free electron concentration n;, and the donor concen-

tration N, follows:
3

n, = Np < p2 (28)
As in the case of a free electron gas in a square potential but in this case applied to the bulk electron
concentration (n,) and to the donor concentration (Np).
The real concentration n(z) at a variable z distance from the surface can be expressed as:

(@)  [pr - VD] (29)

And therefore, the space charge density p(z) is:
%4
p(z) = —eNp[1 = (1= 7**] (30)
F

Once p(z) is defined, an approximate Poisson’s equation can be written as:
3

1- %)E (31)

F

d’v _1d dv.,  p(z) eNp " (
dz? 24V dz) T €ey €€

Since by the very definition, the electrical field is defined as the minus derivate of the potential with

respect to the position, one integration of the Poisson’s equation yields the electrical field in the space

charge layer:
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By imposing the boundary condition such that E2(V = 0) = 0, an expression of the space-charge field is

obtained:
5
_ [2eNp 2 2 V(2)\?2
E(z) = /eeo {V(Z)—gl/)F‘Fgll}F 1—<1—W> 1?2 (33)

And by defining the electrical field at the very surface as E; = E(z = 0), the space charge can be written
in the form of:

Qsc = eeols = \ZeNpees(V(2) — e + 2py [1—(1 vey: ]}1/2 34)

Finally, the spatial dependance of the potential V(z) and the space charge capacitance can be respectively
calculated by integrating again equation 33 and by differentiating Q¢ (Csc = dQy./dV;).

E? = [1-(1- ¢—)3/2] av (32)

Fermi level pinning
As mentioned above, the general case of a space-charge layer cannot be described in a closed mathemat-
ical form (if it solves a given problem in terms of functions and mathematical operations from a given
generally-accepted set).
However, it is convenient to rewrite the Poisson’s equation in terms of reduced potential v(z):

d?v e?

dz2 KTee, (np, —pp + Pre”" —mpe”) (35)

By defining an effective Debye length as:
_ kTee, (36)
e?(nppp)

And using equation 36, Poisson’s equation can be expressed as:
d?v 1 sinh(u, + v)

= - Iz [W — tanh(uy)] (37)

By multiplication of both side by Z(dv/dz) and integrating the equation with the boundary condition of

dv/dz at v=0, one obtains:

dv F(up,v)
=4 —-
dz L (38)

Where the + when v>0 and — when v<0, and

Fuy,v) = \/E[cosh(ub + v)
cosh(uy)
A further integration is necessary to calculate the band-bending in function of the z position v(z):
z Vo odv
L~ fvs +F(up, v) (40)
In order to formulate some important considerations, here below it is reported the results of a numerical
integration of equation 40 directly from [26].

— vtanh(uy) — 1]% (39)
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Figure 2: The shape of the normalized band bending v = % as a function of the normalized distance from the sur-

face z/L for various values of the bulk potential |u, |. Figure 13 was reproduced from [26].

In Figure 2, the normalized potential barrier |v| is plotted versus the distance from the surface z divided
by the effective Debye length L. Note that the bulk potential u;, (u, = Er — El-b/kT) is a parameter.

The accumulation layers curves with a |up>2 | will be similar to the intrinsic one (u;,=0). Conversely, deple-
tion and inversion layers characterized by high u; will extend much deeper into the semiconductor bulk.
The reason of this opposite behavior can be found in the different nature of the involved charges. In par-
ticular, in accumulation layers mobile charge carriers (either electrons or holes) are responsible of the
shape of the potential v(z). These free carriers can more easily form narrower space charge layers than
the spatially fixed ionized atoms (e.g., the charges responsible of v(z) in depletion or inversion layers).
Again, in order to further develop some important aspects, the absolute band-bending as a function of
the surface state density is reported below.
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Figure 3: Calculated absolute band bending |eVs| due to an acceptor surface-state level (As) and a donor level (Ds)
for n and p-type GaAs. |Vs| is plotted versus the surface state density Nss (lower scale) and related to the number
of surface states per surface atom (upper scale). Figure 14 was reproduced from [26].

In this example, acceptor-type and donor-type surface states are described by single energy levels sepa-
rated by Ess from the conduction band minimum and valence band maximum, respectively. Clearly, these
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surface states are responsible of the formation of depletion layers in n-type and p-type semiconductors,
respectively. The surface band-bending directly depends on the density of surface states.

From Figure 3, it is clear that the band-bending is quite small up to a surface-state density of 5 - 101! cm™2.
However, the band-bending begins to change very rapidly with increasing surface-state density (around
102 cm™).

The final saturation band-bending, which depends on the position Ess of the surface-state level, is ap-
proached at a surface state occupation of 5 - 102 cm™2.

Here the key point is that the band-bending stop increasing even though the density of states reaches
higher values (1 or 2 order of magnitude more).

This is because the surface states are now energetically located near the Fermi level Er and to an increase
of their density Nss corresponds only an infinitesimal increase in band bending |eVs| and a concurrent
discharging of states, to which corresponds a stabilization of the E. This effect is called pinning of the
Fermi level.

It follows that a narrow surface-state band with a relative low density (around 1012 cm™2) is able to induce
a surface band-bending which is already similar to the maximum achievable value for higher surface state
densities. In other terms, the band-bending reaches is maximum (saturates) when the E crosses the sur-
face state band and for sufficiently high surface state density the Er becomes pinned near the surface
state.

Furthermore, even a broad surface states density distribution that extends on the energy scale within the
energy gap can pin the Er. In this case, the neutrality level E,, separates acceptor-type and donor-type
surface states and if the surface state around E,, is high enough (around 102 as seen before) then the Ep
will be pinned near E,,.

An example of a depletion layer in a n-type semiconductor is reported in the Figure below:

Figure 4: Qualitative explanation of Er pinning on an n-type semiconductor surface. A broad band of surface states
(Nss), donor-like in the lower and acceptor-like in the upper energy range, has a neutrality level E,,. The Fermi energy
at the surface is fixed somewhat above E,, such that negatively charged surface acceptors (surface state charge Qss)
compensate the positive space charge Qsc arising from ionized bulk donors. Figure 15 was reproduced from [26].

As widely explained before, the Er has to cross the surface state distribution near the neutrality level E,,
in order to minimize the surface charge carried by the surface states (charge neutrality). The consequence
in an upward band-bending and the formation of a depletion layer, e.g., the positive charge carried by the
ionized bulk donors compensate the negative surface charged carried by surface states.
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In this case the E must cross the surface state distribution slightly above the neutrality level. If the surface
states density around E,, is high enough, Er will result pinned to E,,.
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Figure 5: Mobility and diffusivity in Si and GaAs at 300K as a function of impurity concentration.

APPENDIX C

Lu et al., [11] investigated n- and p-type GaAs epitaxial “staircase” structures with doping concentrations
ranged from 10*° to 10%*° cm= by Scanning Spreading Resistance Microscopy (SSRM) [12] applying opposite
polarities of +1 V and -1 V. Their findings are shown in Figure 5 which is directly reported from [11]. Note
that the results reported from Lu et al., cannot be quantitatively compared with our own experimental
results since higher forces were used (= tens of uN) and they employed another investigative approach
with a different scanning probe equipment. Nonetheless, their findings can be useful to for a qualitative
comparison with our experimental results and provide further discussion.

Lu et al., showed that for the case of the n-GaAs sample, only with the application of a bias of -1 V (Figure
5b) was possible to resolve the expected staircase profiles, whereas, for the +1 V case (Figure 5a), only
the layers with the higher doping were well-resolved. Interestingly, for the p-GaAs sample, similar results
were obtained but the bias dependence was reversed. Therefore, their experimental findings also provide
proof of rectifying behavior of the AFM tip/semiconductor contact.

Furthermore, when considering the n-GaAs sample at +1 V, the explanation of the reasonable resolution
of the staircase profile exclusively in the highly doped regions (Np = 108 and 19'° cm™3) can be traced to
the sharp band-bending induced by degenerately doped layers [5] which facilitates carrier field emission
through the thin energy barrier, which in turn produce a lower contact resistance. However, as the doping

concentration decreases (Np < 10'8) a decrease in tunneling current transmission is observed as the
surface energy barrier in the semiconductor widens. For the lower n-doped layers, the application of a
positive sample bias will increase this depletion layer thickness and the band-bending to the point where
large increases in the resistance are measured. Similar considerations hold for the p-GaAs, but the bias
dependence is reversed.
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Figure 5: Resistance profiles as measured by SSRM, and the dopant concentration profiles as measured by SIMS
obtained for n- and p-GaAs “staircase” structures under +1 V and -1V applied bias. Figure 5 was reproduced from
[11].
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Figure 6: Horizontal profiles acquired along the GaAs:Zn substrate and GaAs:Be layer. Note that the illumination
did not cause a decrease of the measured resistance in these highly doped p-type layers.
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