
Energie & Umwelt / Energy & Environment
Band / Volume 481
ISBN 978-3-95806-440-9

Energie & Umwelt / Energy & Environment
Band / Volume 481
ISBN 978-3-95806-440-9

Quantifying the Impact of Inhomogeneity, Transport and 
Recombination in Emerging Thin-Film Solar Cells
Pascal Kaienburg

481

En
er

gi
e 

& 
Um

w
el

t
En

er
gy

 &
 E

nv
ir

on
m

en
t

So
la

r C
el

l I
nh

om
og

en
ei

ty
, T

ra
ns

po
rt

 a
nd

 R
ec

om
bi

na
tio

n 
Pa

sc
al

 K
ai

en
bu

rg



Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 481





Forschungszentrum Jülich GmbH
Institut für Energie- und Klimaforschung
IEK-5 Photovoltaik

Quantifying the Impact of Inhomogeneity, 
Transport and Recombination in Emerging 
Thin-Film Solar Cells

Pascal Kaienburg

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 481

ISSN 1866-1793    ISBN 978-3-95806-440-9



Bibliografische Information der Deutschen Nationalbibliothek. 
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der 
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten 
sind im Internet über http://dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jülich GmbH
und Vertrieb: Zentralbibliothek, Verlag
 52425 Jülich
 Tel.:  +49 2461 61-5368
 Fax:  +49 2461 61-6103
 zb-publikation@fz-juelich.de
 www.fz-juelich.de/zb
 
Umschlaggestaltung: Grafische Medien, Forschungszentrum Jülich GmbH

Druck: Grafische Medien, Forschungszentrum Jülich GmbH

Copyright: Forschungszentrum Jülich 2019

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment, Band / Volume 481

D 464 (Diss. Duisburg, Univ., 2019)

ISSN 1866-1793  
978-3-95806-440-9 

Vollständig frei verfügbar über das Publikationsportal des Forschungszentrums Jülich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

 This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,  
 which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://creativecommons.org/licenses/by/4.0/


�Instead, at each level of complexity entirely new properties appear, and the

understanding of the new behaviors requires research which I think

is as fundamental in its nature as any other.�

-P.W. Anderson in 'More is di�erent', Science (1972)

�Ch-ch-ch-ch-changes! Turn and face the strange!�

-David Bowie

The cover art is based on two Scanning Electron Microscope images of an attempt to

fabricate a compact �lm of Bi2S3. The typical size of one '�ower' is 1�m. The pro-

cessing closely followed that of Sb2S3 �lms. The point cloud dividing the image was

produced from solar cell performance simulations and shows the typical sigmoidal

shape with low and high saturation regimes.

While the results of the simulations and the solar cells fabricated from Sb2S3

are published in international peer-reviewed journals and presented extensively in

this thesis, the Bi2S3 '�owers' are not part of this thesis' scienti�c content as the

structures are not feasible for solar cell applications. These - in many senses unsuc-

cessful - experiments nevertheless yielded the most visually appealing results of my

work. The cover art can be regarded as a tribute to those episodes of my doctoral

research that did not produce valuable data and thus to a rarely reported side of

scienti�c work.
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Abstract

Thin-�lm solar cells represent the most relevant technological extension of the pho-

tovoltaic energy conversion landscape, which is currently dominated by silicon tech-

nology. However, the very concept of thin-�lm solar cells brings inherent challenges.

Firstly, the deposition of thin-�lm solar cells with large aspect ratio introduces in-

evitable lateral inhomogeneity in the structure. Secondly, absorber �lms deposited

from the gas or liquid phase are of inferior electronic quality compared to monocrys-

talline silicon technology, meaning that charge carrier recombination is enhanced

and charge transport is slowed down. This thesis provides methodologies to iden-

tify and assess critical parameters for the two major challenges of inhomogeneous

absorber layers and absorber layers with low electronic quality. The presented con-

cepts introduce metrics that allow quantitatively evaluating and comparing di�erent

materials or systems with respect to the given phenomena. Thus, these concepts

will contribute to the continuous and structured technological progress of thin-�lm

solar cells.

Speci�cally, a methodology is presented to assess any detrimental impact of

inhomogeneity in the absorber �lm in the form of pinholes with regard to the solar

cell performance. Di�erent experimentally tested contact con�gurations turn out to

behave qualitatively similar but show major quantitative di�erences. With regard

to the electronic quality, a thorough analysis of the in�uencing factors on the �ll

factor is conducted and a material-based electronic quality factor is de�ned herein.

The electronic quality factor functions as a �gure of merit for the �ll factor that

re�ects the interplay of charge carrier transport and charge carrier recombination.

By providing a method to assess the electronic quality factor of thin-�lm absorbers

through basic characterization methods, the study o�ers a widely applicable tool

to evaluate di�erent materials or technologies in terms of charge carrier collection.

This approach is especially valuable for tracking the progress of organic solar cells,
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Abstract

where charge carrier collection is often de�cient and a large range of di�erent mate-

rial blends are explored. By incorporating experimental data into simulation-based

models, both of the discussed studies on inhomogeneity and electronic quality thus

contribute to tackling critical technological challenges for thin-�lm solar cells.

On the experimental side, I fabricated and characterized layers and solar cells

based on antimony sul�de (Sb2S3), whose band gap is almost optimal for a potential

application in a tandem solar cell with silicon. In this thesis, single-junction solar

cells are produced in a planar device architecture via solution-based spin-coating,

which achieve an e�ciency approaching 5% for optimized processing conditions.

Extensive optoelectronic material and solar cell characterization, as well as the ap-

plication of the before-mentioned conceptual work to the speci�c case of Sb2S3, yield

an unprecedented comprehensive analysis of the loss mechanisms in Sb2S3 solar cells.

The �ndings reported in this thesis are likely to apply to other literature reports on

Sb2S3 solar cells, meaning that this thesis provides a solid base for the advancement

of the technology based on the critical parameters and suitable characterization

methods identi�ed herein.
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Zusammenfassung

Dünnschichtsolarzellen sind die relevanteste Ergänzung zu bestehenden Photovol-

taiktechnologien, die derzeit durch herkömmliche Siliziumtechnologie dominiert wer-

den. Jedoch birgt das Konzept von Dünnschichtsolarzellen inhärente Herausforde-

rungen. Zum einen führt die Abscheidung von dünnen Schichten über groÿe Flächen,

also eine groÿe 'aspect ratio', unvermeidlich zu einer lateral inhomogenen Struktur.

Zum anderen weisen die aus der Gas- oder Flüssigphase abgeschiedenen Absor-

berschichten eine im Vergleich zur monokristallinen Siliziumtechnologie niedrigere

elektronische Güte auf, die sich in erhöhter Ladungsträgerrekombination und ver-

langsamtem Ladungsträgertransport niederschlägt. In dieser Dissertation werden

kritische Parameter identifziert und Methoden entwickelt, mithilfe derer die elektro-

nische Güte und der Ein�uss von Inhomogenität des Absorbers auf die Solarzellen-

leistung evaluiert werden können. Die vorgestellten Konzepte beinhalten Metriken,

die es ermöglichen, verschiedene Materialien oder Systeme im Hinblick auf die jewei-

ligen Phänomene quantitativ zu bewerten und zu vergleichen. Auf diesem Weg trägt

diese Arbeit zum kontinuierlichen und strukturierten technologischen Fortschritt von

Dünnschichtsolarzellen bei.

Im Einzelnen wird eine Methodik entwickelt, um die nachteiligen Auswirkun-

gen von lateral inhomogenen Absorberschichten auf die Solarzellene�zienz zu pro-

gnostizieren. Verschiedene experimentell untersuchte Kontaktkon�gurationen ver-

halten sich qualitativ ähnlich, zeigen jedoch groÿe quantitative Unterschiede. In

Bezug auf die elektronische Güte wird in dieser Arbeit eine umfassende Analyse des

Füllfaktors durchgeführt und ein materialbasierter elektronischer Qualitätsfaktor

de�niert, der das Zusammenspiel von Ladungsträgertransport und Ladungsträger-

rekombination widerspiegelt. Da diese Maÿzahl mithilfe vergleichsweise einfachen

und weit verbreiteten Charakterisierungsmethoden ermittelt werden kann, stellt der

elektronische Qualitätsfaktor ein vielseitig einsetzbares Instrument zur Evaluati-
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Zusammenfassung

on von Dünnschichtabsorbern hinsichtlich der Ladungsträgersammlung dar. Dieser

Ansatz ist besonders für organische Solarzellen wertvoll, welche zum einen in den

meisten Fällen unter ine�zienter Ladungsträgersammlung leiden und zum anderen

auf eine groÿe Vielfalt an organischen Absorbermaterialien zurückgreifen können.

Durch die komparative Evaluation verschiedener Materialien kann der Fortschritt

innerhalb der Technologie aufgeschlüsselt und verfolgt werden. Somit ziehen beide

Studien zur Inhomogenität und elektronischen Güte experimentelle Daten heran, um

mittels simulationsgestützter Modelle technologische Herausforderungen von Dünn-

schichtsolarzellen zu meistern.

Von experimenteller Seite wurden im Rahmen diese Arbeit Schichten und So-

larzellen auf Basis von Antimonsul�d (Sb2S3), dessen Bandlücke nahezu optimal

für eine Anwendung in siliziumbasierten Tandemsolarzellen ist, hergestellt und cha-

rakterisiert. Diese Arbeit beschäftigt sich mit 'single-junction' Sb2S3 Solarzellen in

einer planaren Schichtarchitektur und hergestellt mittels nasschemischer Rotations-

beschichtung, für die unter optimierten Prozessbedingungen ein Wirkungsgrad von

etwa 5% erreicht wird. Umfangreiche optoelektronische Material- und Solarzellen-

charakterisierung, sowie die Anwendung der konzeptionellen Evaluationsmethoden

auf den spezi�schen Fall von Sb2S3, münden in einer umfassenden Verlustanalyse

von Sb2S3 Solarzellen. Die Ergebnisse sind mit hoher Wahrscheinlichkeit auf ande-

re Literaturberichte über Sb2S3 Solarzellen übertragbar. Indem kritische Parameter,

sowie geeignete Charakterisierungsmethoden identi�ziert wurden, stellt diese Arbeit

eine solide Grundlage für die technologische Weiterentwicklung von Sb2S3 basierten

Dünnschichtsolarzellen dar.
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1. Introduction

The photovoltaic (PV) market has been subject to continuous growth as indicated

by global annual production and cumulative installed capacity [1]. The large market

volume, a widespread consensus among scientists and policy makers on the neces-

sity of renewable energies [2], as well as the diversi�cation of photovoltaic applica-

tions [3�6] has driven increased interest into alternatives to conventional crystalline

silicon (c-Si) technology, which is referred to as the �rst generation of solar cells [7].

The most explored pathway are thin-�lm solar cells which, instead of modifying

a silicon wafer, rely on the subsequent layer deposition of di�erent materials from

the gas or liquid phase. The established thin-�lm solar cell technologies based on

Cu(In,Ga)Se2 (CIGS) and CdTe absorbers had a market share of around 5% in

2017 [1] and while the modules do not reach the e�ciency of c-Si, they o�er lower

production costs [1]. This concept of low-cost second generation solar cells [7] is char-

acteristic for thin-�lm PV technology, which at the same time prompts the quest of

closing the e�ciency gap to c-Si while maintaining low costs. With this aim, many

emerging thin-�lm technologies based on di�erent absorber materials other than the

established CdTe and CIGS are investigated. The most successful examples in terms

of solar cell e�ciency are lead-based perovskites and polymer-based organic solar

cells, which have exceeded an e�ciency of 23% [8] and 14% [9], respectively. For

comparison, established technologies have reached e�ciencies above 26% for c-Si [10]

and 22% for CIGS [11] and CdTe [11]. Despite these promising achievements of per-

ovskites and organics, a successful introduction to the PV mass market remains

to be demonstrated and obstacles towards technological maturity, which include

long-term performance stability [12, 13] and up-scaled fabrication [14, 15], have to

be overcome. Additionally, the toxicity of lead-containing perovskites is considered

problematic [16,17] and organic solar cells are still aiming for e�ciencies well above

15% [18]. Consequently, many groups explore the potential of alternative absorber

5



1. Introduction

materials based on di�erent material classes such as oxides, sul�des, iodides and

lead-free perovskites [16,17,19�23]. In the context of emerging solar cell absorbers,

special attention should be directed towards high-band gap absorbers. While band

gaps between 1.1 eV and 1.4 eV are optimal for solar cells based on a single absorber

layer [24], tandem solar cells apply one high gap and one low gap absorber material

and thereby absorb a broader range of the solar spectrum. Therefore tandem solar

cells may exceed the e�ciency limit of single absorber cells [7, 25]. If c-Si is used

as a low band gap absorber, a large band gap absorber with Eg=1.73 eV would be

optimal [26]. Perovskites are considered a promising option [27] but - apart from the

challenges mentioned above - have a non-ideal band gap of Eg=1.55 eV for the best

performing devices. In conclusion, there are currently no well-performing, stable

and non-toxic high band gap solar cell absorbers.

The e�ciency that is actually attained by a certain technology depends on

many material and device properties apart from the band gap, which merely sets

an upper limit for the e�ciency. Therefore it is necessary to study the speci�cs of

each absorber technology. On top of any speci�c challenge, there are issues general

to all thin-�lm technologies, which can thus be regarded as intrinsic characteristics

of the thin-�lm approach. Two common challenges are lateral inhomogeneity and

a low electronic quality of the absorber. Inhomogeneity can be attributed to the

large aspect ratio of thin-�lm solar cells [28], which is on the order of 106: in in-

dustrial module fabrication, the layers are deposited across m2-sized areas but have

a thickness that ranges from only 10 nm to several �m. Whereas minimizing the

undesired variations across a layer is a matter of optimized processing conditions,

another (complementary) approach is to mitigate the negative impact of �uctuat-

ing physical properties on the device performance. In this context, contact layers

with suitable properties may partially compensate detrimental e�ects of an inho-

mogeneous absorber layer [28�30] by smoothing out �uctuating J-V characteristics

of di�erent absorber domains. The layer sequence and the material choice for each

layer o�er ways to tailor the properties of the layers adjacent to the absorber and

to improve the cell's robustness against inhomogeneity in the absorber. Regarding

the absorber material itself, the thin �lm deposited from the gas or liquid phase

is either amorphous or polycrystalline and generally has a lower electronic quality

than monocrystalline silicon, meaning that charge carriers move more slowly and

6



recombine faster. Therefore, the bulk of the absorber is more likely to limit the

solar cell performance than in the case of c-Si where the electronic quality of the

bulk absorber is high enough so that the interfaces to the adjacent layers become

limiting [31,32]. The electronic quality of the absorber acts in two ways on the solar

cell performance. First, the recombination rate determines the photovoltage a solar

cell can deliver - referring to a steady-state situation where no current is �owing

in or out of the device. Second, at the operating point of a solar cell, where pho-

togenerated charges need to be extracted e�ciently from the device, charge carrier

transport competes with charge carrier recombination. This means that in absorber

materials with low electronic quality, charges are more likely to recombine before

they have moved to the contacts, which results in a reduced power output.

Within the context of a speci�c absorber technology or a given contact con�g-

uration, stringent performance optimization supported by detailed study of speci�c

material and device properties are the key to technological progress. Microscopic

models of the involved physical phenomena as well as - often approximate - analytical

treatments of the impact on device performance supply the qualitative understand-

ing of the speci�c issues. In today's situation, where a large range of absorber ma-

terials and diverse contact con�gurations are being explored, there is an additional

need for comparative methods with which the diverse approaches can be evaluated

across di�erent materials and technologies. Such a comparative evaluation method

must be widely applicable and based on experimental input that is easy to obtain.

It should furthermore yield quantitative data that can be related to the device per-

formance. In the simplest case this would be a single number, referred to as a �gure

of merit (FOM). Finally, it must be based on a sound physical model that accounts

for the complexity of the real-world situation which most likely eradicates the op-

tion of a simpli�ed analytical treatment and might require the support by numerical

simulations instead. Apart from enabling a comparison across di�erent technologies,

such evaluation methods allow to monitor the progress of a speci�c technology with

respect to a certain criterion.

This thesis contributes conceptually to the prevalent challenges of inhomo-

geneity and low electronic quality in emerging thin-�lm solar cells by developing

comparative methods for contact and absorber materials. The contacts are evalu-

7



1. Introduction

ated in terms of robustness against pinholes in the absorber layer and the absorber

is evaluated in terms of charge carrier collection and �ll factor. Thereby, two design

criteria for thin-�lm solar cells are deduced and expressed in quantitative terms.

Furthermore, this thesis advances the state of technology for the high band gap

absorber antimony sul�de (Sb2S3) and an e�ciency of 5% is achieved with spin-

coated Sb2S3 solar cells in a planar con�guration. Finally, insight into performance

limitations is provided, along with routes for progress with a focus on the study of

inhomogeneity, recombination, charge collection and the associated electronic qual-

ity of Sb2S3. The experimental case study of Sb2S3 thus re�ects and makes use of

the conceptual work in this thesis.

Chapter 2 presents the background information that is necessary to follow this

thesis. First, important requirements of a solar cell absorber are discussed and dif-

ferent emerging and established technologies are compared in terms of performance,

whereby major challenges are identi�ed. Next, the working principle of thin-�lm

solar cells is depicted, which leads to a discussion of charge transport mechanisms

and the associated photocurrent, charge carrier collection e�ciency and �ll factor.

Then, the de�ning technological and physical characteristics of thin-�lm solar cells

are compiled and the inherent challenge of inhomogeneity in large-area thin-�lm de-

vices is introduced. Finally, the two most important material systems for this work

- organic polymer:small molecule blends and Sb2S3 - are presented in more detail.

Chapter 3 presents the experimental and computational methods applied in

this thesis. On the simulation side, one-dimensional drift-di�usion modeling of solar

cells receives special attention, since the method forms the basis for the studies of

charge collection, �ll factor and electronic quality in this work. The experimental

methods comprise the cell fabrication with a focus on the Sb2S3 absorber layer, as

well as an overview of the applied characterization methods.

Chapter 4 presents the methodology and results for the evaluation of contact

layer combinations with respect to the performance decrease caused by pinholes

in the absorber layer. The characteristic of the current across the interface at a

pinhole is recorded experimentally, which then allows to predict the impact on the

performance of an ideal solar cell by a simple equivalent circuit model. Di�erent

contact layer combinations, that are typically used in today's solution-processed
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solar cells � such as perovskites and Sb2S3 � show substantial di�erence in the

robustness against pinholes.

Chapter 5 presents the methodology and results for the evaluation of absorber

materials with respect to their electronic quality which largely governs the attainable

�ll factor of the solar cell. The study is a detailed investigation of charge carrier

collection in thin-�lm solar cells that goes beyond existing analytical approxima-

tions and instead applies drift-di�usion simulations to account for the complexity

of the investigated systems. The focus lies on the case of an homogeneous electric

�eld across the entire absorber but several deviations from the standard case are

considered. By varying the simulation input over a large parameter space, a com-

prehensive model is obtained that yields a good correlation between a herein de�ned

collection coe�cient and the �ll factor. While the study is of theoretical nature it

is clearly aimed at experimental applications. Only using basic solar cell charac-

terization of experimentally fabricated solar cells, the model allows to extract the

material-speci�c electronic quality factor, which is also de�ned within the model.

This �gure of merit (FOM) for the �ll factor allows to evaluate and compare di�erent

materials and track the progress of a certain material. Organic solar cells (OSCs)

serve as a prime example for the model, because OSCs represent an entire class of

materials with generally similar functionality but quantitatively varying transport

and recombination properties. Only by taking the electronic quality factor as a

second FOM in addition to the energy level matching in the device, the continuous

historical progress of OSC e�ciency can be rationalized. Furthermore the acquired

insights are transferred to the question whether congruent or complementary ab-

sorption bands of donor and acceptor materials in organic solar cells are favorable.

Finally, the absorption coe�cient is included into the analysis as a third crucial

material parameter in addition to mobility and lifetime and it is demonstrated how

the interplay of these parameters governs the solar cell e�ciency.

Chapter 6 presents the results of optimizing Sb2S3 solar cells together with

the technology's prospects and challenges. Among other emerging technologies �

especially when only considering high band gap absorbers suitable as a tandem

partner for c-Si � Sb2S3 has reached promising e�ciencies [20]. This work applies

a planar layer con�guration where the Sb2S3 is deposited via spin-coating. Two

9
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di�erent processing routes reported in literature [33,34] are optimized, which results

in an e�ciency of 5.0% which is among the highest of solution-processed, planar

Sb2S3 solar cells. Since the device physics of Sb2S3 solar cells is largely unknown,

the focus shifts to identifying the technology's limiting factors. The study is centered

around the eminent issues of losses in open-circuit voltage and �ll factor and provides

a coherent picture of the challenges that need to be tackled in the future.
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2. Background

This chapter introduces the de�nitions, terminology and established concepts that

this thesis builds on. To some extent the current state of relevant technology and

literature is reviewed. Chapter 2.1 introduces the key parameters that quantify so-

lar cell performance. Chapter 2.2 discusses the requirements for emerging solar cell

technologies and evaluates the progress of di�erent established and emerging tech-

nologies by comparing the reported record performances to their theoretical limit.

Chapter 2.3 discusses the working principle of thin-�lm solar cells with a focus on

p-i-n structures as well as charge transport mechanisms and the resulting charge car-

rier collection e�ciency. Characteristic technological and physical design principles

of thin-�lm solar cells are introduced and the inherent challenge of inhomogeneity in

large-area thin-�lm devices is highlighted. Finally, chapter 2.4 reviews the techno-

logical progress and (relevant) device physics of the two absorber technologies that

are central to this thesis - namely organic and Sb2S3 solar cells.

2.1. Key Characteristics of Solar Cells

The main purpose of a solar cell is to convert radiative power of the sunlight (or

any other light source) into electric power. The corresponding key parameter is the

power conversion e�ciency (PCE, �) which is de�ned as the ratio between incident

radiative power Psun and electric power Pel at the optimum working point (maximum

power point, MPP ) of the solar cell where power conversion is maximized

� =
Pel,MPP

Psun
: (2.1)
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2. Background

Figure 2.1.: Illuminated J �V characteristic de�ning a solar cell's key characteristics.
The area ratio of the rectangles yields the FF .

The e�ciency is typically evaluated at a de�ned incident power of Psun=1000Wm�2

given by the standard global AM1.5g spectrum. Note that Psun refers to a power

per unit area and that this notion of 'power' as an area-normalized quantity is used

in the following. At the MPP , the electric output power Pel =�J�V given by the

current density J and voltage V , is typically expressed in terms of the solar cell key

parameters short-circuit current-density Jsc, open-circuit voltage Voc and �ll factor

FF , which are illustrated in �g. 2.1. In this visual interpretation, the FF quanti�es

the degree in which one rectangle, spanned from the MPP to the current-density

and voltage axis, ��lls� another rectangle spanned by Jsc and Voc which rationalizes

the denomination ��ll factor�. In a more physical interpretation the FF re�ects the

voltage dependence of the current. It is de�ned as

FF =
JMPPVMPP

JscVoc
, (2.2)

which yields the typical expression for the e�ciency of a solar cell

� =
JscVocFF

Psun
. (2.3)
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2.2. Emerging Solar Cell Absorbers

2.2. Emerging Solar Cell Absorbers

Emerging thin-�lm solar cell technologies are the main research �eld of this the-

sis. A solar cell technology is typically centered around the absorber material or a

class of absorber materials. Section 2.2.1 therefore elaborates on the requirements

for high-e�ciency solar-to-electric power conversion with a focus on the absorber

material and its bulk properties. Section 2.2.2 then compares several established

and emerging solar cell technologies in terms of the Shockley-Queisser theory as

an e�ciency limit for solar cells based on a single absorber layer. Along with the

overview on relevant photovoltaic properties and progress of di�erent technologies,

this chapter points out where certain aspects are discussed in more detail and which

role they play in this thesis.

2.2.1. Requirements for Bulk Absorbers

A well-performing solar cell must ful�ll several requirements concerning the absorber

material, interfaces and device architecture. The following aspects mostly concern

properties of the absorber material and can be considered as a prerequisite for suc-

cessful solar cell operation.1

1. Suitable band gap

For a single absorber layer and quite general assumptions, Shockley and Queisser

calculated an upper limit for solar cell performance that only depends on the

band gap of the semiconducting absorber material [24]. The highest e�cien-

cies above � = 32% can be attained for band gaps between 1.1 eV and 1.4 eV.

Section 2.2.2 recaps the achievements of several established and emerging PV

absorber technologies in the context of the Shockley-Queisser limit. Tandem

solar cells comprise two absorber layers that typically di�er in band gap to

cover larger parts of the solar spectrum. Consequently the optimum band

gaps for the two absorbers di�ers from that of a single absorber solar cell as

will be discussed brie�y.

2. High absorptance

1The listed criteria re�ect certain aspects of discussions in standard textbooks [35, 36] as well as
refs. [37, 38].
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Photons with an energy higher than the band gap generate free electron-hole

pairs in the absorber layer that can contribute to the photocurrent of the solar

cell. A considerable photocurrent, which at V = 0 is called Jsc, is mandatory

for a decently performing solar cell and requires the absorption of as many

incoming photons as possible. Section 2.2.2 touches upon the ways to ensure a

high absorptance, which is the corresponding physical quantity de�ned as the

ratio of absorbed to incident photons. In the case of excitonic systems such

as organic solar cells, an absorbed photon creates an exciton that needs to

be separated in order to create free charge carriers, adding one more criterion

to the list of requirements for such solar cells. For many emerging solar cell

absorbers a high absorptance and photocurrent (at short-circuit) is not the

most critical issue as shown in section 2.2.2.

3. Low non-radiative recombination

Free charge carriers may recombine � implying a loss of energy � via several

pathways. Radiative recombination cannot be avoided since it is thermody-

namically coupled to absorption as stated by the principle of detailed bal-

ance [39] and Kirchho�'s law [40]. Any other recombination mechanism such

as Shockley-Read-Hall [41,42], non-radiative direct and surface recombination

needs to be suppressed as much as possible in order to minimize losses in the

number of free charge carriers. The study of the defect physics, recombina-

tion rates and recombination mechanisms with the goal of understanding and

reducing losses in the open-circuit voltage is a broad �eld [38] and a major

challenge for most solar cell technologies as will be shown in section 2.2.2.

Important factors for non-radiative recombination are the (number) density

and energetic position of electronic defects, the electron-phonon coupling and

the phonon energies [43�46]. In this thesis the topic of recombination at open-

circuit will be touched only sporadically in chapter 6. However, recombination

also sets the available time for charge carriers to be extracted from the solar

cell when it is not at open circuit. Thus, recombination directly a�ects the

collection of charge carriers � a topic that is central to this thesis.

4. E�cient charge carrier collection

In order to contribute to the photocurrent, the photogenerated free charge car-
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2.2. Emerging Solar Cell Absorbers

riers need to be extracted from the solar cell which is also referred to as collec-

tion at the contacts. During charge carrier extraction, charge transport to the

contacts competes with the recombination of charge carriers. This competition

is re�ected by drift and di�usive transport models and the underlying product

of the material properties charge carrier mobility and lifetime as explained in

section 2.3.4. In di�usion-dominated systems, ine�cient charge carrier col-

lection mostly a�ects the short-circuit current, whereas in drift-dominated

systems, charge carrier collection strongly depends on voltage, making the �ll

factor the most critical parameter. The latter case is found in many thin-�lm

solar cells and is investigated in detail in chapter 5.

The discussed optoelectronic material properties of the absorber can be understood

as a �rst order approach for high solar cell performance and thus a starting point

to evaluate emerging solar cell absorbers. For an actual solar cell the processing

conditions and tuning of material and �lm parameters such as crystal size are in-

disputably important. Unsuitable contact layers may reduce device performance as

well and critical aspects are e.g. extraction barriers or low built-in �elds resulting

from unfeasible energy alignment of the bulk absorber with the adjacent layers as

will be discussed in section 2.3.1. Nevertheless, the properties of the applied ab-

sorber material governs the upper limit of solar cell performance, sets the boundary

conditions for the design of the remaining layers and the overall stack architecture

and typically constitutes a major limitation during the initial stages of technological

development. For more mature and successful technologies the interfaces and con-

tacts gain importance and ultimately become limiting as in the case of crystalline

silicon technology [31,32].

2.2.2. Limits and Progress

The Shockley-Queisser (SQ) limit for a single absorber [24] is based on the following

assumptions

� the absorptance is a step-function meaning all incident photons with energy

E >Eg are absorbed

� every absorbed photon creates one free electron-hole pair that instantly ther-
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malizes to the (sharply de�ned) band edge

� all recombination pathways are suppressed except the radiative one, implying

a diode ideality factor of 1. The emissivity is given by the absorbtance as

required by detailed balance [39].

� the solar cell is at the same temperature as its surroundings

� the cell is illuminated by the sun. Here, the standard AM1.5g spectrum is

assumed.

In this ideal case a solar cell is fully parameterized by the band gap Eg of the

absorber. Analytic expressions for the full J �V characteristic together with the

Jsc, the saturation current density J0, Voc, FF and � can be derived as elaborated

in appendix A.2. The lines in �g. 2.2 indicate the SQ limit whereas the data points

represent experimentally achieved record results for established [10, 11, 47�49] and

emerging [8, 19,21,22,50�56] solar cell technologies. The latter class also comprises

organic polymer:small-molecule blends [9,57�59] and inorganic Sb2S3 [20,60], which

are displayed separately due to their central role in this thesis. Since the absorption

edge of any real solar cell is to some extent broadened and not an ideal step function

as assumed by SQ, a proper de�nition of Eg for the experimental data is required

in order to locate them in the SQ plot. For this purpose Eg is de�ned via the

in�ection point [61] of the external quantum e�ciency (EQE) which was shown to

allow the comparison across di�erent PV technologies in terms of the SQ limit. See

appendix A.1 for details. While the depicted absorber materials cover a wide range

of band gaps (criterion 1 in section 2.2.1), there is no established high band gap

absorber technology with Eg � 1:75eV that reaches high e�ciencies comparable to

the best performing technologies with band gaps in the optimum SQ range.

In order to compare the performance of various absorber technologies with

di�erent band gaps, the same data as in �g. 2.2 is displayed in �g. 2.3(a). Here,

the losses relative to the SQ limit � deconvoluted into Jsc and FF �Voc product

� are shown, as was done in ref. [63] with a reduced dataset. The indicated iso-

e�ciency lines relative to �SQ allow to evaluate the progress of a certain absorber

technology with regard to the theoretical SQ limit with more mature technologies

located in the top right corner. Additionally, major challenges in terms of the

solar cell's key parameters can be identi�ed. Most data points are located above the
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Figure 2.2.: Performance limit of a single junction solar cell in terms of (a) power con-
fersion e�ciency �, (b) open-circuit voltage Voc, (c) short-circuit current density Jsc and
(d) �ll factor FF with the band gap as the only free parameter according to Shockley-
Queisser (SQ) theory [24]. Data points represent today's best-performing devices from
various established [10, 11, 47�49] and emerging [8, 19, 21, 22, 50�56] absorber technologies
(see appendix B for values). Two di�erent device architectures are displayed for Sb2S3�
namely the extremely thin absorber [20] (ETA) and the planar con�guration [60]. The
four organic polymer:small-molecule blends marked [1] PTB7-Th:COi8DFIC:PCBM [9],
[2] PBDB-TF:IT-4F [57], [3] PBDTS-TDZ:ITIC [58] and [4] P�BT4T:PCBM [59] re�ect
the versatility of organic solar cells. The Eg is determined from the long-wavelength in-
�ection point of the EQE spectrum. The dash in (a) marks the limit of c-Si when Auger
recombination and other e�ects are considered [62].
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Figure 2.3.: (a) Solar cell performance relative to the SQ limit following Polman et
al. [63]. Solid iso-e�ciency lines relative to the SQ limit help to assert the overall progress
of a technology. Most technologies are located above the dashed diagonal, indicating that
Jsc losses, that can be partially overcome by optical light management, are less critical
than FF �Voc losses, indicating the crucial importance of the material's electronic quality.
(b) FF losses when the Voc dependence of the FF limit is accounted for as opposed to
�g. 2.2(d). The lines result from Green's analytical approximation [64]. The data points
and legend in (a) and (b) are identical to �g. 2.2.

dashed diagonal of equal loss in Jsc and FF �Voc and almost none are located below

the diagonal in the plot. Consequently, for the depicted technologies the Jsc and

therefore the absorptance (criterion 2 in section 2.2.1) is generally less critical than

the electronic quality (recombination and collection, criteria 3 and 4 in section 2.2.1).

If all photogenerated charge carriers are collected at the contacts, the Jsc is given

by the absorptance in the active layer which is characterized by the product of

absorption coe�cient and active layer thickness ��d [37]. A simple way to increase

the Jsc is therefore the use of thicker absorber layers which might however con�ict

with reduced carrier collection. The Jsc can then still be improved via e�cient light

management [65�69] which comprises improved incoupling of light and decreased

parasitic absorption, as well as light scattering � or more general � light trapping.

The latter concept enhances the e�ective optical path length through the absorber

layer � which is especially important for photons with energy close to the band gap

where � is low. Altogether, for most absorber materials, Jsc is less critical than

FF �Voc and can be further enhanced by light management in the device, which

is less dependent on the absorber material itself. The electronic quality encoded in
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FF �Voc (assuming no deteriorating impact of inhomogeneity and a feasible layer

stack) is clearly the major challenge for the established and emerging technologies

displayed in �g. 2.3(a).

Figure 2.3(b) further deconvolutes the critical parameters by comparing the

FF to the theoretical maximum FF [64] which is a function of the Voc and the

ideality factor nid as will be elaborated in section 2.3.4. Typically nid has values

between 1 and 2 and is determined by the mechanism that dominates recombination.

Many emerging technologies do not achieve FF s well above 60% and losses in FF

are clearly visible, even if the Voc value is accounted for and the worst case (in

terms of FF limit) of nid = 2 is assumed. Consequently charge carrier collection is

an important issue that can either be attributed to a low electronic quality of the

absorber or a �awed layer and device structure as will be discussed at various points

of this thesis.

2.2.3. The Case of Sb2S3

The emerging solar cell absorber antimony sul�de (Sb2S3) constitutes the major

focus of experimental work in this thesis. The highest reported e�ciency of 7.5% [20]

meets that of other little investigated materials included in �g. 2.2, such as the best

lead-free perovskites [52], Cu2O [19] and Sb2Se3 [23, 50] and outperforms bismuth-

halides [21, 70], SnS [22] and Bi2S3 [51, 71, 72]. However, it lacks behind more

thoroughly studied material systems such as lead-based perovskites [8], organic solar

cells [9, 57] or PbS [53]. As a little-investigated, but already well-performing high

gap solar cell absorber, Sb2S3 is predestined � once technological maturity is reached

� to be applied in tandem solar cells with crystalline silicon.

Single junction solar cells, discussed in the previous section, are the simplest

and most prominent application of photovoltaic absorber materials. Another com-

mon application are tandem solar cells, which may overcome the SQ limit for single

junctions by reducing the two major loss mechanisms of thermalization and below

band gap transmission. A tandem solar cell consists of two stacked single junctions,

with a low band gap (Eg,1) absorber as the bottom cell and a second, high band gap

(Eg,2) absorber as the top cell. Considering assumptions similar to the SQ limit,

19



2. Background

a tandem solar cell is fully parameterized by the band gaps of the two absorbers.

The resulting maximum e�ciencies are shown in �g. 2.4 for Eg,1 = 1:12eV of c-Si,

which is today's most established absorber technology and the natural choice for

a bottom cell.2 Note the sharp drop in tandem e�ciency for a shift away from

the optimum top cell band gap. Currently, perovskites receive the most attention

as tandem partner for c-Si [27], despite their toxic lead content, due to their ex-

perimentally demonstrated high performance as single junction up to 23% [8] and

two-terminal tandem solar cell [73] up to 25% [74]. However, the band gap of the

best-performing perovskite cell is at � 1:55eV, where the e�ciency limit in a tandem

application is reduced to � 30%. The best reported c-Si/perovskite tandem cells ap-

ply a perovskite with Eg � 1:6eV [73,74]. Higher band gaps are achieved by tuning

the perovskite composition3, but the �lms become less stable and phase segregation

as well as Voc-saturation becomes a major issue at Eg & 1:7eV [12, 75�77]. The

maximum performance, toxicity and stability concerns for perovskite tandem cells

motivates the study of less-explored high band gap absorbers for tandem application

with c-Si.

The reported band gap of Sb2S3 lies between 1.7-1.8 eV [79,80] - depending on

the analysis method as discussed in appendix A.1. The data obtained in this thesis

yields Eg = 1:78eV, which makes Sb2S3 a perfectly suited candidate for the top cell

in a tandem solar cell with c-Si. With reference to �g. 2.2, Sb2S3 is also the most

promising high band gap absorber, due to its superior performance in comparison to

other little-investigated materials. However, there is a need for further technological

progress, that is achieved best by studying, understanding and improving Sb2S3

single junctions.

2.3. Thin-Film Solar Cells

This chapter introduces some of the key physical concepts relevant for the remain-

der of this thesis. Section 2.3.1 introduces an exemplary layer stack for thin-�lm

2The band gap of the best performing CIGS absorbers is close to that of c-Si.
3The band gap is reduced by replacing some of the iodide anions of the standard
methylammonium-leadiodide (MAPI, MAPbI3) perovskite with bromide. Exchanging the MA
cation also leads to smaller variations of the band gap.
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Figure 2.4.: E�ciency limit for tandem solar cells based on a SQ-like approach similar
to ref. [78] with step function absorptance for top and bottom cell, as well as recycling of
photons emitted from the top cell in the bottom cell. The band gap of the bottom cell is
�xed at Eg,1 = 1:12eV to represent c-Si, whereas the top cell band gap Eg,2 is varied. The
narrow range of suitable band gaps Eg,2 for a c-Si tandem partner is matched by Sb2S3
with Eg,2 = 1:78eV.

solar cells along with each layer's basic functionality. The explanations focus on the

band diagram and the consequences for the dominating charge transport mechanism

whereby the working principle of p-i-n-like thin-�lm solar cells is demonstrated. Sec-

tion 2.3.2 then depicts the de�ning elements of thin-�lm solar cells from a technolog-

ical and a device physics point of view, where the latter one focuses on the electric

�eld distribution in the active layer and the associated transport mechanisms. By

comparing the essential features of thin-�lm solar cells to wafer-based crystalline

silicon (c-Si) solar cells, a classi�cation of solar cell technologies is obtained. On

the technological side, the deposition of thin �lms across large areas implies an in-

evitable inhomogeneity in the deposited �lms, which is discussed in section 2.3.3 and

motivates my work presented in chapter 4 on the impact of pinholes in the absorber

layer on solar cell performance. Regarding the device physics of thin-�lm solar cells,

the mechanism of charge transport and the resulting e�ciency of charge carrier col-

lection is of major importance as expressed by the classi�cation in section 2.3.2.

Section 2.3.4 presents existing models for the FF , photocurrent and charge carrier

collection e�ciency and thereby sets the framework for the simulation-based results

21



2. Background

on the determining factors of the FF in thin-�lm solar cells presented in chapter 5.

The focus of this chapter on charge carrier transport results from its implications for

the design and architecture of thin-�lm solar cells. Charge carrier recombination,

although crucial for the open-circuit voltage, is discussed mostly as a competing

mechanism to charge transport to the contacts, which is fundamental to the �ll

factor study in chapter 5. However, chapter 3.1 will brie�y cover di�erent recombi-

nation models and chapter 3.3 discusses voltage losses in the context of experimental

electroluminescence measurements.

2.3.1. Working Principle of p-i-n Solar Cells

Thin-�lm silicon solar cells are an early example for a solar cell technology based

on a p-i-n structure [81] and many of the developed models, simulation tools and

experimental techniques were later transferred to other p-i-n-like solar cells. The

idea is to induce a constant electric �eld across the entire absorber layer so that

charge transport is driven by an electric �eld which is advantageous whenever charge

carrier di�usion lengths are smaller than the anticipated device thickness [82] as will

be explained in more detail in section 2.3.2.

Figure 2.5(a) shows a simple layer stack of a typical thin-�lm solar cell4 that

consists of a glass substrate and a p-i-n-like structure sandwiched between a trans-

parent conductive oxide (TCO) front contact and a metal back contact. For reasons

explained below, the n-layer is also referred to as electron transport layer (ETL)

and the p-layer as hole transport layer (HTL). The i-layer forms the absorber layer,

also referred to as active layer.

One important function of the p- and n-layer is to create an electric �eld in the

absorber, the so-called built-in �eld, which results from the equilibration of Fermi

levels as illustrated in �g. 2.5(b) and (c). In the isolated state drawn in �g. 2.5(b),

the Fermi levels EF of the three materials di�er: the materials that later form the

p- and n-layers are doped p- and n-type, respectively, and the material that forms

the i-layer is intrinsic, meaning undoped with equal equilibrium electron and hole

concentration. When brought into contact, the equilibrium charge carrier concen-

4The schematic actually shows an n-i-p solar cell since the light entering through the glass, �rst
passes the n- layer.
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trations � especially in the i-layer � are altered5 so that the Fermi level aligns across

the whole device (which is by de�nition required for thermodynamic equilibrium) as

shown in �g. 2.5(c). As a consequence, the desired built-in electric �eld forms in the

i-layer, as indicated in �g. 2.5(c), which is characterized by the built-in voltage Vbi.

In general, the electric �eld in each point of the device is given by the gradient of the

conduction and valence band energies, Ec and Ev respectively, or by the gradient of

the vacuum energy Evac

F =
1

q

@Evac

@x
(2.4)

also drawn in �g. 2.5(b) and (c). Here, q is the elementary charge. The latter

de�nition is more precise since it excludes energetic o�sets between two materials

at a heterojunction.

Note that in the depicted example the p- and n-layer are indeed p- and

n-doped, respectively. Nevertheless, there are other mechanisms than doping that

can in�uence the Fermi level position in the layers which is in the end de�ned by the

solution of the Poisson equation. Especially when undoped materials are used as p-

or n-layer, the adjacent layers � such as a metal or a TCO � or a dipole layer at an

interface might determine the Fermi level in the p- and n-layer. In this generalized

sense, the terms p- or n-layer have to be understood in the context of a full device

as layers where electrons or holes, respectively, are the majority carriers rather than

strictly referring to the doping level of a material.

In the schematics in �g. 2.5(b) the conduction bands of the n- and i-material

as well as the valence band of the p- and i-material are not perfectly aligned. These

o�sets translate to the respective heterojunctions in the full device in �g. 2.5(c) and

should not become too large since they reduce the voltage across the i-layer which

can eventually limit the open-circuit voltage and impair charge-carrier collection.

On the other hand, a large band o�set between the valence band of n- and i-layer as

well as the conduction band of the p- and i-layer as indicated in �g. 2.5(b) and (c)

is bene�cial because it prevents the minority carriers from traveling to the �wrong�

contact, which e�ectively reduces surface recombination. With regard to minority

5The charge carrier concentrations depend exponentially on the energetic di�erence between the
Fermi level and the respective band as will be stated mathematically in chapter 3.1.
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carriers the p- and n-layers thus function as blocking layers, while they act as charge

transport layers for majority carriers (therefore the denomination as ETL and HTL).

Note that the notion of a minority and a majority carrier species in the active layer

is only valid close to the contacts since one carrier type is the minority at one contact

and the majority at the other contact while the carrier concentration in the middle

of the device is equal for both carrier types.6

Figures 2.5(d)-(f) show simulated band diagrams of the active layer without

the charge transport layers and the vacuum energy level. The schematic in �g. 2.5(c)

and the calculated band diagram in �g 2.5(d) show similar situations that depict a

truly intrinsic i-layer where there are no (net) active dopants and the Fermi level is

exactly in the middle of the band gap of the isolated material. The induced electric

�eld F is then constant across the entire active layer with thickness d and is given

by

F =
1

q

@Evac

@x
=
Vbi�V

d
; (2.5)

with the built-in voltage Vbi, also indicated in �g. 2.5(c), and the applied voltage V .

In the presence of active dopants, the electric �eld redistributes and a space-charge

region (SCR) is formed whose width is estimated by the Mott-Schottky analysis [83]

w =

s
2�0�r (Vbi�V )

qNA
; (2.6)

where �0 is the vacuum permittivity, �r the (material-speci�c) relative permittivity,

q the elementary charge and NA the density of � in this case acceptor � dopants.

The gray areas in �g. 2.5(d) and (e) indicate the SCR of the respective device. For

su�ciently low doping levels of the i-layer, the SCR extends over the entire active

layer (w= d), as e.g. in the case of an intrinsic absorber simulated in �g. 2.5(d), and

the active layer is referred to as fully depleted. For high enough doping levels the

space-charge region becomes smaller than the active layer, as is the case in �g. 2.5(e),

which increases the electric �eld strength in the SCR compared to eq. 2.5, while it

leaves a certain region � referred to as neutral zone � �eld-free, where the bands are

6This situation is fundamentally di�erent to wafer-based silicon technology where a minority
carrier species is de�ned for the largest part of the absorber.
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�at. Note that by applying eq. 2.6, a space-charge region wider than the absorber

may result (w> d) which is however not physically meaningful (the device is already

fully depleted at w= d) and must be regarded as an hypothetical width of the space

charge region. Apart form intentionally introducing dopants, doping can result

from intrinsic defects in a semiconductor material or through its interaction with

the atmosphere, e.g. during processing, as was shown for example for organic solar

cells [84].

So far, the band diagram in equilibrium was considered. Figure 2.5(f) shows

the band diagram of an intrinsic absorber under illumination at open-circuit. The

photogeneration of electron-hole pairs leads to the splitting of the Fermi level into

quasi-Fermi levels for electron EF,n and holes EF,p. A voltage applied in forward

direction counteracts the built-in voltage according to eq. 2.5 which leads to a redis-

tribution of charge carriers and thus a �attening of the bands. At Voc, no net current

�ows into or out of the solar cell, implying �at quasi-Fermi levels. At the MPP ,

the voltage is typically closer to Voc than to short-circuit (V = 0V), resulting in

�attened bands and reduced electric �eld compared to short-circuit. Nevertheless,

a gradient in the quasi-Fermi levels is present due to the current �ow out of the

device.

As a last aspect to the working principle of p-i-n-like and thin-�lm solar cells

in general, I will elaborate on the consequences of the band diagram for charge

transport. The presence or absence of an electric �eld at a certain point in the device

determines the transport mechanism of photogenerated charges at that point. An

electric �eld exerts a force on a free charge carrier that causes a directed motion along

the electric �eld, which is referred to as drift. In addition, a charge carrier moves

around randomly, implying that the motion is not directed and not initiated by a

force. Nevertheless, in the presence of a gradient in charge carrier concentration the

random movement leads to an e�ective displacement of the statistical ensemble of

charge carriers, which is referred to as di�usion. At short-circuit, di�usive movement

(or transport) of photogenerated charge carriers dominates in the neutral zone with

vanishing electric �eld, while drift transport dominates in the SCR in the presence of

an electrical �eld. In a competing process to transport, the photogenerated charge

carriers recombine after a certain time � . Consequently, charge carriers travel a
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certain (average) distance before they recombine � the drift length Ldr or di�usion

length Ldi� given by

Ldr = ��F and (2.7a)

Ldi� =
p
D� =

s
kbT

q
�� , (2.7b)

with the mobility �, lifetime � , electric �eld F , di�usion constant D, Boltzmann

constant kb and temperature T . These transport lengths, or similar quantities, are

central for the e�ciency of charge carrier collection at the contacts and thereby

impact the optimum design of solar cells from a device physics point of view, as will

be discussed at di�erent points in the following sections.

2.3.2. Design Concept of Thin-Film Solar Cells

Thin-�lm photovoltaics can be understood as an alternative fabrication and design

concept that contrasts wafer-based solar cells such as crystalline silicon. During

the typical fabrication of the latter one, wafers are converted into functional solar

cells by local treatments that modify material properties, such as the interdi�usion of

dopants. Only few process steps such as the metallization and anti-re�ection coating

are not based on a modi�cation of the wafer. Thin-�lm solar cell fabrication on the

other hand is based on subsequently depositing several layers to build a full solar cell.

The approach can be described as strictly additive in contrast to transformative as in

the case of wafer-based technologies. Thin-�lm solar cells typically comprise multiple

functional layers that ful�ll di�erent tasks, resulting in a more complex layer stack.

For example, a glass superstrate provides mechanical stability, a structured front

contact provides light trapping and the contact and charge transport layers generate

the built-in electrical �eld. For wafer-based cells all these functionalities are covered

by the (modi�ed) wafer itself [85]. Additional common features of thin-�lm PV

technologies include the polycrystalline or amorphous nature of the absorber layer in

contrast to the case of mono- or multi-crystalline silicon wafer technology. Enabled

by the additive approach, the materials used in the remaining functional layers
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di�er from the absorber material for many thin-�lm solar cells (apart from most

thin-�lm silicon devices). This results in non-epitactic growth and the formation of

heterojunctions in contrast to the homojunctions formed during the transformation

of a wafer.

The major motivation for thin-�lm solar cells is a cost reduction compared

to standard silicon technology which directly sets the challenge to obtain a high

e�ciency at low production and system costs. A potential cost advantage stems

from the reduced use of material and deposition via gas-phase-based vacuum or

wet-chemical solution processes that require lower process temperatures compared

to crystal growth processes needed for wafers. Additional advantages include a

reduced energy payback time due to low process temperatures and the possibility

to use �exible and light-weight substrates which opens up new applications and

potentially lowers systems costs [86]. Wafer-based solar cells measure a couple of

inches and are assembled into a solar module by soldering the bus bars of di�erent

cells in series. In the case of thin-�lm technology the various layers are deposited

across large areas of several square meters. After deposition, a layer is typically

patterned into multiple stripes via mechanical or laser scribing before the next layer

is deposited � leading to serially interconnected cell stripes in the �nal module. As

opposed to assemblage in the case of c-Si modules, thin-�lm module fabrication is

monolithic. Here, the alternating sequence of deposition and patterning might be

advantageous for solution processes, since gas-phase processing requires a vacuum

break between deposition and lasering.

All of the emerging solar cell absorbers introduced in chapter 2.2 are thin-�lm

technologies. In addition, there are industrially established thin-�lm technologies

such as CIGS, CdTe and thin-�lm silicon that together have a market share of

around 5% [1]. In an interesting technological development, the fabrication of silicon

heterojunction (SHJ) solar cells as a wafer-based technology integrates and adapts

the additive approach of thin-�lm fabrication.

Apart from technological aspects, the classi�cation into thin-�lm and wafer

PV can be understood from a device physics point of view that focuses on how pho-

togenerated charge carriers are transported to the extracting contacts [37,82], which

is crucial for the collection e�ciency of charge carriers. The prevailing mechanism
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Table 2.1.: Distinct features of wafer-based crystalline silicon (c-Si) and thin-�lm so-
lar cells. Details and precise values depend on the technology and might be subject to
technological advance.

(c-Si) wafer thin-�lm
layer growth crystal growth gas- or liquid phase

epitactic non-epitactic
process temperature high, > 1000 °C low, � 100 °C

crystallinity mono or multi poly or amorphous
absorber thickness > 100�m � 1�m

other layers �10 nm
cell size (diameter) � inches � m
cell fabrication (mostly) transformative additive

module fabrication assemblage monolithic
mechanical stability wafer glass, plastic
number of layers � 4 � 8
functionality incorp. in wafer distrib. to var. layers
junction types homo mostly hetero

electronic quality high lower
w=d � 1 > 1

main transport mech. di�usion drift, in cases partially di�usive
band gap indirect direct
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of charge transport is determined by the distribution of the electric �eld within the

active layer. As mentioned in section 2.3.1, in the presence of an electric �eld �

meaning in the space-charge region (SCR) � carrier transport is drift-dominated,

while in the absence of an electric �eld � meaning in the neutral zone � carriers

move via di�usion. The characteristic ratio w=d [82] between SCR width w and

absorber layer thickness d re�ects the size of the SCR and the neutral zone and

thereby which charge transport mechanism prevails for the largest (average) dis-

tance traveled by the charge carriers on their path to the contacts. Note that for

any well-working solar cell a built-in electric �eld is required or at least advanta-

geous [38, 83, 87]. Charge carriers (or more precisely for the case of w=d� 1: at

least one charge carrier species) thus always cross a region with electric �eld where

transport is drift-dominated. However in the case of w=d� 1, charge carriers move

via di�usion for the largest part of their way to the contacts. For the purpose of

classifying di�erent solar cell technologies according to their w=d ratio [82], a device

in equilibrium is considered so that V = 0V in eq. 2.6. Wafer-based silicon solar

cells represent an extreme case where w� d so that the largest part of the device

is �eld-free and transport is mostly di�usive. In the other extreme case of a fully

depleted device w = d and charge transport is governed by drift. Thin-�lm solar

cells comprise devices where w � dmeaning that w and d are roughly on the same

order of magnitude [82].7

The choice of absorber thickness d is mainly a result of the tradeo� between

high absorptance � preferring a thick absorber � and e�cient charge carrier collection

at short-circuit and the MPP � preferring a short distance from the position of free

carrier generation to the extracting contact. The absorption length L� =��1, where

� is the absorption coe�cient, can provide an estimate for an absorber thickness that

enables high absorptance in a simple Lambert-Beer picture. However, this estimate

bears imprecision since L� is wavelength dependent and increases with increasing

wavelength. In any case, L� should be evaluated at long wavelengths close to the

absorption edge. At the same time, the absorber layer must not be thicker than the

drift or di�usion length (d . Ldr;Ldi�) to enable e�cient charge carrier collection.

7The classi�cations according to technological aspects and device physics coincide for most ab-
sorber technologies except for dye-sensitized solar cells (DSSCs). From the technological point
of view, DSSCs belong to thin-�lms but regarding the electrical �eld distribution w� d for
DSSCs [82] (like for c-Si wafers).
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The polycrystalline or amorphous nature of thin-�lm solar cells comes along with

shorter drift and di�usion lengths compared to c-Si wafers. Apart from saving

material and processing time this is the main reason for the low thickness of thin-�lm

technology. A thin device directly sets the demand for a strongly absorbing material

to achieve L� . d. Semiconductors with an indirect band gap Eg,indir are thus

mostly unsuitable for thin-�lm solar cells, because of the slow rise of the absorption

coe�cient with energy. A direct band gap Eg,dir (or quasi-direct one where Eg,dir �
Eg,indir [88]) is favorable, which amorphous and molecular semiconductors always

ful�ll but often face bigger issues with charge carrier collection. Typical absorber

thicknesses for thin-�lm solar cells are between a few hundreds of nm (organics,

a-Si, perovskites, CdTe) and few �m (�c-Si, CIGS) and more or less provide full

absorptance. In summary, the absorber layer thickness d is a critical parameter

for solar cell performance and needs to ful�ll L� . d . Ldr;Ldi� where the latter

comparison depends on the dominant transport mechanism.

The characteristic technological and functional di�erences between wafer-based

silicon solar cells and thin-�lm technologies are again summarized in table 2.1.8

2.3.3. Inhomogeneity in Thin-Film Solar Cells

The de�ning elements of thin-�lm solar cell technology given in the proceeding sec-

tion 2.3.2 include a large aspect ratio of � 106 between the layer thickness and one

of the the lateral layer dimensions for the case of industrial module production.9

It has been argued that lateral inhomogeneity regarding structural and functional

properties is unavoidable in such structures and should therefore be regarded as

intrinsic to thin-�lm solar cell technology [28], which seems to hold true in prac-

tical cases. In an early stage of technology, which is characterized by small-scale

fabrication in research laboratories, new polycrystalline absorber materials tend to

su�er from inhomogeneous �lms and especially pinholes in the absorber layer [89].

Examples include emerging absorber technologies introduced in section 2.2.2 such

as Sb2S3 [90, 91], SnS [92] and lead-free perovskites [16, 93]. In the case of better

8The listed criteria are mostly based on refs. [82, 85].
9Given a �lm thickness between 10 nm (in case of interlayers) and up to 100-1000 nm (in case for
the absorber layer) and a module size on the order of m2. For cm2-sized cells on the lab scale
it is still � 104
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investigated lead-based perovskites, the complex mechanisms of �lm formation from

solution [94,95] can be controlled in certain optimized spin-coating processes which

yield compact, homogeneous and pinhole-free perovskite layers [96�100]. However,

up-scaled industrial fabrication requires deposition methods other than spin coat-

ing [101] and faces more processing constraints such as high yields, high throughput

and low solvent toxicity [102, 103]. As of today, pinholes in the absorber layer

remain a challenge in up-scaled perovskite fabrication [14, 102] as well as in the al-

ready established thin-�lm photovoltaic technologies CdTe [104�106], Cu(In,Ga)Se2

(CIGS) [107, 108] and thin-�lm silicon [107�109]. In a simpli�ed picture, di�erent

(lateral) domains of a solar cell � represented by diodes with di�erent characteristics

� are connected in parallel, meaning that domains with inferior photovoltaic proper-

ties may dominate the behaviour of the complete device. Inhomogeneity must thus

be regarded as being potentially critical to the performance of thin-�lm solar cells.10

Regarding the consequences of pinholes in the absorber layer, the choice of

contact layers plays a critical role since at a pinhole, the electron transport layer

(ETL) and hole transport layer (HTL) come in direct physical and electrical contact.

A pinhole thus represents a parasitic current path - parallel to the regular absorber

domains - which is commonly denoted as shunt. For the case of CIGS solar cells

it has been shown that incorporation of an layer of undoped zinc oxide (i-ZnO) as

part of the front contact reduces the detrimental impact on solar cell performance

caused by inhomogeneity across the absorber �lm [29] � including the worst case of a

pinhole. The i-ZnO is unfavorable when considered only in a one dimensional band

diagram, but its bene�t can be understood in terms of two-dimensional variations of

the electronic properties across the absorber �lm [29]. As demonstrated by a detailed

experimental study [111], the impact of shunts from pinholes in the CIGS absorber

is further reduced reliably by an additional layer of CdS deposited in a chemical

bath that ensures a more closed coating than the sputtered i-ZnO. The example

of CIGS shows that careful engineering of the contact layers also with respect to

inhomogeneity or shunts is mandatory to achieve a high solar cell performance.

For the case of perovskite, Sb2S3 and other solution-processed thin �lm solar

10Parts of this section (2.3.3) re�ect or are identical to my contributions to the �rst-author publi-
cation �How Contact Layers Control Shunting Losses from Pinholes in Thin-Film Solar Cells�.
Reprinted in part with permission from ref. [110]. © 2018 American Chemical Society.
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cell technologies, a large variety of electron and hole contact layer combinations is

applied which represents a powerful degree of freedom in the stack design. Cer-

tain interlayers were also reported to increase the robustness of perovskite solar

cells towards shunts [112,113]. This observation is understandable since the current

voltage characteristic of the ETL/HTL contact at a pinhole determines whether or

not the resulting shunt is detrimental for the solar cell [112, 114]. Consequently,

di�erent ETL/HTL combinations are expected to cause di�erent shunt characteris-

tics. However, although a detrimental impact of pinholes is widely recognized and

postulated [115�118], the electronic nature of pinholes is not well understood and

models that describe the impact of pinholes on the solar cell performance are miss-

ing. Additionally, neither a systematic evaluation of contact layers with respect to

their robustness against shunting from pinholes, nor a suitable method to do so has

been reported so far.

2.3.4. Fill Factor and Charge Collection

Apart from the technological particularities of thin-�lm solar cells leading to the

implications discussed in section 2.3.3, section 2.3.2 introduced a classi�cation of

solar cells according to the ratio w=d between absorber thickness and width of the

space-charge region, that focuses on the device physics. The associated distribution

of the electric �eld across the absorber layer largely a�ects the mechanism of charge

transport, which ultimately determines the e�ciency of charge carrier collection at

the contacts and the �ll factor FF of a solar cell as will be discussed in the following.

An idealized solar cell, that follows Shockley's diode equation and includes the

(at this point empirical) diode ideality factor nid and the saturation current density

J0, is described via

J =�Jsc+J0

�
exp

�
qV

nidkbT

�
�1

�
; (2.8)

which corresponds to the simple equivalent circuit in �g. 2.6 without the dashed

circuit elements that indicate parasitic resistances.

By installing this analytical relation between J and V , the solar cell's MPP -

and thereby the FF - is found from maximizing the electrical output power

33





2.3. Thin-Film Solar Cells

lytically. However, an ohmic shunt resistor cannot grasp, for example, the e�ect of

pinholes in the absorber which presents a signi�cant source for shunts in thin-�lm

solar cells as will be discussed in chapter 4.

So far, a low open-circuit voltage, an ideality factor larger than one and ohmic

series and parallel resistance have been identi�ed to decrease the �ll factor, which

can be expressed via analytical approximations. In general the discussed parameters

may depend on voltage. Even more important for many thin-�lm solar cells, the

superposition principle J = �Jsc+Jdark was assumed to be valid so far. In other

words the photocurrent (Jph) was assumed to be independent of voltage and thus

equal to the short-circuit current for all voltages Jph (V ) = Jsc. This assumption

does not hold true for many thin-�lm solar cells [122]. Since the FF re�ects the

voltage-dependency of the total solar cell current, a voltage-dependent photocurrent

will a�ect the FF . In the following, this voltage dependency is discussed together

with the closely related concept of charge carrier collection e�ciency.

Crandall derived an analytical approximation for the photocurrent of fully de-

pleted p-i-n-like solar cells where transport is drift-dominated [123]. The expression

is deduced from the continuity equations and assumes a constant electric �eld across

the absorber as well as negligible di�usive transport of charge carriers. Recombina-

tion follows Shockley-Read-Hall statistics which implies that surface recombination

is neglected and the collection of charge carriers is given by the properties of the bulk

absorber. Crandall's work refers to amorphous silicon as the archetype of p-i-n so-

lar cells but was later successfully applied to other material systems such as organic

solar cells [124]. Under the discussed assumptions the photocurrent is approximated

by

Jph (V ) = qG
�
Ldr,n+Ldr,p

� 
1� exp

 
� d

Ldr,n+Ldr,p

!!
; (2.11)

Ldr,n/p = �n/p�n/p
Vbi�V

d
;

where q is the elementary charge, G is the spatially averaged generation rate and

d is the thickness of the active layer and Ldr,n and Ldr,p are the characteristic
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drift lengths of electron and holes, respectively. The voltage dependence of the

photocurrent is contained in the dependence of the drift lengths on the electric �eld

in the absorber F = (Vbi�V )=d where Vbi is the built-in voltage across the active

layer and V is the applied voltage. A crucial factor for the drift length and therefore

the photocurrent is the material-speci�c mobility-lifetime (��)-product which can

vary over several orders of magnitude. Note that the calculation of the FF from

analytical solutions of the photocurrent still requires solving eq. 2.9 by numerical

means.

Next, the relationship between photocurrent and collection e�ciency is estab-

lished. Generally, the photocurrent of a solar cell can be expressed via the external

quantum e�ciency (EQE)

Jph (V ) = q
Z
1

0

EQE(�;V )�AM1.5d� (2.12)

where �AM1.5 is the solar spectrum and � is the wavelength of the incident light.

Equation 2.12 merely assumes a linear dependence of the photocurrent on light

intensity. The EQE can be further divided into an optical and an electrical term

EQE(�;V ) =
Z d

0

g (�;x)fc (x;V )dx (2.13)

where g (�;x) is the generation rate of free charge carriers as a result of absorption

and fc (x;V ) is the collection e�ciency that expresses the probability with which

a generated electron-hole pair is extracted at the contacts and contributes to the

photocurrent. So far it is assumed that g (�;x) is independent of voltage - meaning

that light absorption is independent of voltage. In the case of organic solar cells

(OSCs) this assumption also implies that exciton dissociation is independent of

voltage which certainly holds true for most high-performing OSCs where all geminate

recombination is negligible [125�128].

To reconcile eq. 2.11 with eq. 2.12 the spatially averaged collection e�ciency

�fc (V ) =
1

d

Z d

0

fc (x;V )dx=
Jph (V )

qGd
(2.14)

is de�ned in two ways. The notion of an average collection e�ciency in eq. 2.14
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provides a qualitative understanding of the collection process. However in terms of

EQE and Jph calculation, the averaging is only reasonable if either charge generation

g (�;x) or charge collection e�ciency fc (x;V ) are independent of position because

otherwise the convolution of both quantities and their dependence on position will

a�ect the EQE in eq. 2.13. For the discussed case of drift-dominated transport

the de�nitions are consistent if the drift collection e�ciency is spatially constant

fc,dr(x) = const: which was shown for representative numerical studies in the case of

OSCs [124]. The remaining integrals over g (�;x) then result in the spectrally and

spatially averaged generation rate G and the average collection e�ciency is given by

�f c,dr(V ) =

�
Ldr,n+Ldr,p

�
d

 
1� exp

 
� d

Ldr,n+Ldr,p

!!
: (2.15)

In the other extreme case of negligible electric �elds, transport is governed

solely by di�usion. The di�usion collection e�ciency fc,di� (x) may then vary with

position and is given by the spatial variation of excess charge carrier density �n as

stated by the Donolato theorem [129] fc,di� (x) = �n(x)=�n(0). For a device with

de�ned minority carrier species and negligible surface recombination, resulting e.g.

from a p-n junction with large base, the analytical solution gives

fc,di� (x) = exp
�
� x

Ldi�

�
; Ldi� =

p
D� =

s
kbT

q
�� (2.16)

with the di�usion constant D, mobility � and lifetime � of the minority carrier

species that de�ne the corresponding di�usion length Ldi�. From the �rst expression

in eq. 2.16 the average collection e�ciency can be calculated

�f c,di� =
Ldi�
d

 
1� exp

 
� d

Ldi�

!!
; (2.17)

which is equal to the last expression in eq. 2.16 under the assumption of a spatially

constant generation rate. Note that only the properties of the carrier species that

makes up the minority carriers is relevant for this case. In the drift case the sum of

both carrier types and thereby the longer drift length is relevant since no minority

or majority carrier species exists over the entire region of the active layer and charge

transport is ambipolar. There are more notable di�erences between the drift- and

37



2. Background

di�usion- dominated case even if eq. 2.15 and eq. 2.17 have the same form. There is

no voltage dependence in the di�usive case which implies that the FF is not a�ected

even if the collection e�ciency is generally low - implying a low Jsc. For both drift

and di�usive transport the (��)-product sets the characteristic length scale but for

drift it goes in linear and for di�usion it goes in with the square root.

From an experimental point of view, the voltage dependence of the photocur-

rent and the spectral dependence of the EQE [130] can be used to obtain information

on the charge transport mechanism in the tested solar cell [131]. Purely di�usive

transport does not result in a voltage dependency of the Jph and EQE as opposed

to the case of drift transport as is evident from eq. 2.15 and eq. 2.17. Furthermore,

the spectral information obtained from EQE encodes spatial information through

g (�;x), stemming from the wavelength-dependence of the absorption coe�cient: in

general, high energetic blue photons are absorbed within the �rst few nanometers

of the absorber while low energy red photons are absorbed weakly by the material

and thus lead to a more homogeneous generation pro�le. Note that the spatial

variation of the generation pro�le becomes more complex in the presence of inter-

ference e�ects from untextured thin-�lms [124]. For known g (�;x), obtained e.g.

from optical simulations, the position dependence of the charge carrier collection ef-

�ciency fc can be extracted from the EQE. For di�usive transport and incomplete

collection, fc heavily depends on the distance of the generated minority carrier to

the extracting contact and is thus position-dependent. For drift-transport fc (x) is

di�cult to compute analytically since recombination rates are not constant across

the absorber, but must be symmetric around the center of the absorber (for same

values of electron and hole mobility and lifetime) due to the homogeneous electric

�eld and symmetric bands. Furthermore, numerical simulations allow to compute

the collection e�ciency as has been done in ref. [124] resulting in a mostly position

independent fc (x) = const.

Real thin-�lm solar cells might not be governed purely by di�usive or drift

transport. In a partially depleted device, the neutral region is almost �eld-free while

the electric �eld is enhanced in the space-charge region. The size of the regions will

change with applied voltage [84]. Even in fully depleted devices, at voltages close

to Voc the bands become �at, the electric �eld is low and di�usion might become
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relevant. Finally, for su�ciently long drift or di�usion lengths of the bulk absorber,

recombination at the surface or interface will contribute to recombination. The

problem can again be solved analytically in the case of di�usive transport in a p-n

junction by replacing the bulk di�usion length with an e�ective di�usion length that

includes recombination processes at one surface. For drift transport the problem

is more complicated [132]. Many of the discussed scenarios are hard to describe

analytically and one-dimensional drift-di�usion simulations can give more insight.

The di�erent models for the �ll factor can be organized as follows: When

the superposition principle is valid, a simple 0D model illustrated by an equivalent

circuit can successfully describe the FF s behaviour. For a voltage-dependent pho-

tocurrent 1D models that are based on drift-di�usion equations need to be applied.

As described in section 2.3.3, 2D models are needed to describe the in�uence of

lateral inhomogeneity on the FF (although an e�ective parametrization might be

possible). This thesis studies e�ects of 1D-transport and 2D-inhomogeneity on the

�ll factor.

2.4. Focus Technologies

This chapter introduces the two solar cell technologies that are most central to this

thesis. Organic polymer:small molecule blends form an entire class of materials

that is in the focus of simulation-based studies on the competition between charge

transport and recombination in chapter 5. Section 2.4.1 presents the particularities

of organic solar cells and recapitulates the progress in e�ciency enabled by the large

variety of available material combinations. I focus on an existing �gure of merit

(FOM) for the solar cell performance to interpret these achievements and point out

literature reports that the FOM cannot capture, which leads up to my contribution

in chapter 5. The fabrication and characterization of the emerging absorber material

antimony sul�de (Sb2S3) in chapter 6 draws the main experimental e�orts of this

thesis. Section 2.4.1 reviews the state of reported research on Sb2S3 based solar

cells, which covers di�erent device architectures and deposition methods, certain

material properties, as well as technological progress and major challenges.

39



2. Background

Figure 2.7.: Historical progress in e�ciency of the best-performing polymer-based organic
solar cells [9,57,59,133�138]. Until roughly 2016 the indicated polymers were blended with
PCBM. Since then other small molecule acceptors delivered the highest e�ciencies.

2.4.1. Organic Solar Cells

Organic solar cells have experienced a continuous increase in e�ciency as depicted

in �g. 2.7 and the versatility in the design of organic materials11 makes organic

photovoltaics an interesting, interdisciplinary and broad �eld of research. Organic

solar cells comprise semiconducting polymers and small molecules which both have

a low dielectric constant of �r� 3:5 so that excitons form upon photon absorption, as

indicated in �g. 2.8(a), which subsequently need to be split into free charge carriers.

This is achieved by a so-called bulk heterojunction (BHJ), illustrated in �g. 2.8(b),

which combines two (or more [139]) suitable organic materials into a blend with

nanometer-sized domains. In a BHJ, the photogenerated exciton may di�use to the

heterointerface as shown in in �g. 2.8(a), where it is split into a free electron-hole

pair, driven by an increase in free energy. During the separation process the charge

carriers pass through a bound state at the interface that is referred to as charge

transfer state (CT state) before they reach the unbound charge seperated state (CS

state). The electron transfers to the (electron) acceptor material, typically a small

molecule indicated by the darker shade in �g. 2.8, and the hole transfers to the

11See appendix F for the full names of organic materials.
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HOMO - is captured by the so-called Scharber plot [145].13 Assuming PCBM as

acceptor material and a �xed EQE and FF , organic solar cell e�ciencies �Schwere

predicted by Scharber et al. from the polymer band gap and HOMO position. The

voltage loss was assumed to be given by the resulting LUMO o�set �ELUMO and

an additional empirically obtained loss of 0.3 V, which was later attributed to non-

radiative losses via the CT state [146, 147]. Since the predicted Scharber e�ciency

�Sch evaluates the energy alignment of the BHJ, I also refer to �Sch as energy level

matching. Figure 2.9 shows a generalized version of the Scharber plot which takes

the open-circuit voltage loss �V as an independent variable instead of deducing �V

from the polymer-PCBM energy alignment. Thereby acceptor materials other than

PCBM can be included in the analysis. Appendix A.4 describes the calculations in

detail and comments on the applied method to determine the band gap energy from

experimental data.

A breakthrough in OSC e�ciency was the discovery of e�cient blends that

apply small molecules other than PCBM. This discovery introduced another degree

of freedom in organic solar cell material development beyond the path of optimizing

the polymer's energy levels as indicated by Scharber. Such blends based on so-called

non-fullerene acceptors (NFAs) enabled the further increase in e�ciency up to almost

15% [9] as shown in �g. 2.7. Blends based on NFAs could further reduce voltage

losses, mainly by shifting the CT state energy closer to the absorption o�set of the

blend. Most experimental reports entered in the Scharber plot in �g. 2.9(a) have a

slightly higher band gap than the calculated optimum, which indicates that there

is room for improvement in the design of OSC materials with regard to the band

gap. This is supported by the fact that the record OSC [9] has a low band gap close

to 1.2 V, with similar band gaps for e�cient solar cells reported recently [148,149].

Altogether, the data in �g. 2.9(a) tends towards the optimum region predicted by

the Scharber analysis. The Scharber e�ciency �Sch is thus a valuable �gure of merit

for the design of organic solar cell materials, which is further supported by the

correlation shown in �g. 2.9(b) between Scharber e�ciency �Sch and actual e�ciency

� of selected noticeable experimental reports. However, there are several material

13The following considerations partially re�ect my contributions to the second-author publication
�Figures of Merit Guiding Research on Organic Solar Cells�. Reprinted in part with permission
from ref. [110]. © 2018 American Chemical Society
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blends, including the two best performing OSCs as-of-today, that achieve a similar

e�ciency but di�er signi�cantly in Scharber e�ciency as marked by the circles in

�g. 2.9(b). This discrepancy suggests that the Scharber analysis neglects at least one

other important performance aspect of OSC materials. The FF s of the experimental

data points in �g. 2.9(c) all lie between 60% and �75% but certain polymer:PCBM

based blends reach this FF at a much higher optimum thickness. One of them

is P�BT4T [59] which reaches a high e�ciency at comparably low energy level

matching as can be seen from �g. 2.9(c), which hints towards a di�erence in charge

carrier collection e�ciency between blends with high and low optimum thickness.

Part of the protocol for optimizing a given material blend is to �nd the op-

timum thickness d of the active layer. Most of the record OSCs, including all

NFA-based systems, reach optimum performance at �100 nm and few perform best

above 200 nm as can be seen in �g. 2.9(c). The discrete nature of this distribution

can be rationalized by optical interference in the �at layer stack that evokes max-

ima in the maximum attainable Jsc,max-thickness relation shown in �g. 2.9(d). The

curve is based on optical transfer matrix method simulations of the generation rate

in the active layer of a typical OSC layer stack, which translates to the Jsc in the

case of ideal carrier collection. The reason for a low optimum thickness is that the

FF sharply drops with increasing thickness for many OSCs [154�157], meaning that

charges are not collected e�ciently for a large active layer thickness. Here, another

important feature of OSC comes into play: compared to inorganic materials, or-

ganic materials generally have a lower mobility. Figure. 2.9(c) shows drift-di�usion

simulations of the �ll factor's thickness dependence for typical OSC parameters.

The mobility � is varied between the curves which causes large di�erences in FF

when comparing points with identical thickness and an overall qualitatively di�erent

thickness dependence. Note that not all light is absorbed at an active layer thickness

of d= 100nm. By setting the EQE and FF to constant values, the Scharber anal-

ysis neglects di�erences in charge carrier collection and optimum thickness between

di�erent material blends. However, certain blends that include the well-studied

benchmark polymer P3HT [134] and the best performing PCBM-based blends with

� � 10% [59, 137], have an optimum active layer thickness above 200 nm. This sets

the motivation for studying collection issues and the determining factors for the FF

of organic solar cells as a low-mobility system in chapter 5. In particular, mate-
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Figure 2.9.: Key aspects of organic solar cell material development. Data points are
extracted from selected noticeable literature reports [58, 139, 150�153], in addition to all
points shown in �g. 2.7 (see appendix B for values). (a) The colormap shows the Scharber
e�ciency �Sch based on EQE = 0:8 and FF = 70% that re�ects the energy level matching
of the BHJ, while the data points show the experimentally obtained e�ciency. Overall,
the two quantities show a good correlation in (b) but some material blends with almost
equal e�ciency, marked by the circles, show a signi�cant spread in �Sch. The dashed
line is drawn as a guide to the eye. (c) The degree in which the simulated FF drops
with thickness depends heavily in the mobility �. While the experimental data points
have similar FF s, they di�er in the optimum layer thickness hinting towards di�erent
material properties regarding charge carrier collection. The gap in optimum e�ciency
around d = 150nm stems from interference in the �at layer stack that causes minima in
the attainable short-circuit current shown in (d).
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rial parameters shall be identi�ed that set the solar cell's potential of reaching a

large FF at high optimum thicknesses required for full absorptance. The analysis,

together with Scharber's considerations, enables a comprehensive interpretation of

OSC evolution up to the present day. The study of charge collection furthermore

serves as guide for future development of OSCs beyond the reduction of voltage

losses as discussed by Scharber.

2.4.2. Sb2S3 Solar Cells

Antimony sul�de is a high band gap absorber, that is suitable for tandem solar cells

and that has demonstrated comparably high e�ciencies as discussed in chapter 2.2.

In this thesis, I work with spin-coated Sb2S3 solar cells in a planar con�guration,

which I will rationalize in the following.

Sb2S3 has �rst reached considerable attention as a photovoltaic absorber in

Extremely Thin Absorber (ETA) solar cells for which Sb2S3 holds the e�ciency

record of 7.5% [20]. The device architecture and working principle of ETA devices is

similar to that of dye-sensitized and quantum-dot sensitized solar cells [158]. A thin

Sb2S3 layer of around 10 nm [159] is deposited on a mesoporous TiO2 sca�old and

the pores are subsequently �lled with a solid-state hole transport material (HTM)

- typically a polymer or small molecule. The �rst Sb2S3 -based ETA solar cell was

reported in 2009 [80] with a power conversion e�ciency of � = 3:4%. The choice

of HTM has been one driving factor in the improvement of Sb2S3-ETA solar cells.

While the small molecules CuSCN [80] and spiro-OMeTAD [160] reached e�ciencies

below 4%, conjugated polymers yielded higher e�ciencies of � > 5% for P3HT [161]

and � > 6% for PCPDTBT [20,162].

In general, planar geometries reduce the interface area of the Sb2S3 and should

better prevent direct contact between the electron and hole transport layers com-

pared to the ETA con�guration. Both aspects should reduce recombination [163].

Indeed, despite lower e�ciencies, planar geometries have reached slightly higher

Vocs [164, 165] than the best performing ETA cells [20, 162] � especially when de-

vices are compared that apply the same Sb2S3 deposition method [161, 164] or the

same HTM [34, 60, 90, 160, 161] or both [20, 33, 91, 163, 164, 166]. Having a less
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simultaneous decrease in oxide phases such as Sb2O3. The resulting increase in Voc

and Jsc mark today's record e�ciency of � = 7:5% indicating that an oxide-free syn-

thesis route would be bene�cial.14 As a faster and simpler deposition method that

additionally excludes oxygen, several spin-coating routes have been reported more

recently [33,34,90,91,178]. As a common feature, an antimony- and sulfur-containing

complex is formed in a precursor solution. After spin-coating, the precursor is ther-

mally decomposed at intermediate temperatures around 200°C. Just as with CBD,

the resulting �lm is amorphous and needs to be crystallized at higher temperatures.

While an ETA cell prepared via spin-coating reached an e�ciency of � = 5:3% (and

� = 6:4% by mixing PCBM in the hole transporting polymer) [33], most reports

apply a planar p-i-n geometry [34, 90, 91, 178] and have reached e�ciencies up to

� = 4:3% [34] as of early 2018.

Given that the community working on Sb2S3 photovoltaics is comparably

small, it is likely that many of the discussed deposition routes and device archi-

tectures are far from their full potential. It is therefore advisable to consider certain

material properties relevant to PV performance, which supplies an understanding

of the device functionality, identi�es possible challenges and limitations to device

performance and can further elude on the feasibility of device structures. High

activation energies of dark conductivity at room temperature [179�182], Hall mea-

surements [168] and UPS studies [60,183] point towards the intrinsic nature of anti-

mony sul�de. Taken into account that Mott-Schottky analysis of capacitance-voltage

data might only give an upper limit for the doping concentration for lowly doped

�lms [83], several reports support this �nding [169, 170]. One study even showed

that excess antimony or sulfur concentrations lead to similarly high activation en-

ergies of conductivity between 0.5eV and 0.6 eV [179]. However, one report claims

activation energies below 0.2 eV [184]. There are no reports that prove successful

intentional doping of Sb2S3 by incorporating other atomic species which would allow

the tailoring of the electric �eld distribution in the Sb2S3 absorber. The most-likely

intrinsic nature of Sb2S3 implies that planar junctions are fully depleted, meaning

that a homogeneous electrical �eld is present in the absorber. This also holds true

14One study [177] on ETA Sb2S3 solar cells showed a short air exposure to be bene�cial � which
was attributed to reduced interface recombination � while longer exposure times deteriorate
the solar cell.
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for the mentioned structures that include one or two metal contacts instead of a

p-type or n-type semiconductor. For a depleted Sb2S3 absorber, charge transport

is drift-governed which is favorable over di�usion for low (��)-products [37, 82] as

described in section 2.3.4 and underlines the feasibility of a planar p-i-n geometry.

Altogether, even though Sb2S3 planar devices have not yet reached the ef-

�ciency of ETA devices, reported e�ciencies above 4-5% [34, 60, 164] for di�erent

deposition methods - including spin-coating - demonstrate the general feasibility of

planar structures. These literature results, together with the expected bene�t of

an oxide-free process route, rationalizes the approach of spin-coated, planar Sb2S3

solar cells taken in this thesis. Nevertheless, �g. 2.3(b) shows that the FF of planar

devices lags behind that of ETA devices and achieves only mediocre values com-

pared to other technologies. The Shockley-Queisser and Polman plots in �g. 2.2 and

�g. 2.3(a), respectively, show that the Jsc of Sb2S3 is less critical, but apart from

the FF , the Voc is strongly reduced compared to its theoretical potential. There is

little and not fully conclusive experimental research [20, 185] on the defect physics

of Sb2S3 that might explain the voltage loss. In summary, Sb2S3 has been proven a

promising high band gap solar cell absorber that requires further progress in technol-

ogy and especially understanding of the device physics by studying charge collection

and recombination to explain the losses in FF and Voc. An enhanced understanding

eventually allows to identify challenges, limitations and routes for progressing Sb2S3

technology.
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This chapter presents the simulation and experimental methods applied in this the-

sis. Chapter 3.1 covers the equations, assumptions and limitations of the drift-

di�usion model which can be regarded as the standard model for the physics of

solar cells and re�ects some of the aspects discussed in previous chapters. Chap-

ter 3.2 depicts the fabrication of Sb2S3 layers and solar cells. Chapter 3.3 introduces

the applied characterization methods. Data analysis and theoretical calculations in-

volved Matlab for the most part, which I will not describe here.

3.1. Drift-diffusion Simulations

Numerical drift-di�usion simulations enable the computation of current-voltage curves

and associated quantities from a set of parameters that describe the involved ma-

terials, layers and contacts, with modest computational e�ort.1 Drift-di�usion sim-

ulations were successfully applied to many di�erent thin-�lm solar cell technolo-

gies, including disordered systems such as amorphous silicon [186] and organic solar

cells [187]. Chapter 5 of this thesis is largely based on drift-di�usion simulations

in order to study the relation between transport, recombination and the �ll factor

in low-mobility solar cells. I furthermore make use of drift-di�usion simulations to

support and o�er interpretations for the experimental results on Sb2S3 in chapter 6

, with the construction of the device's band diagram being a simple example. In

section 3.1.1, I present the drift-di�usion model in mostly mathematical terms.2 In

section 3.1.2 I brie�y discuss models for the generation and recombination of free

charge carriers. The generation rate serves as input for the actual drift-di�usion

1The computation of one J �V characteristic in the context of chapter 5 takes less than 30 s on
a standard o�ce PC.

2The equations follow refs. [186,187].
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simulation and is computed from optical models, that are typically part of drift-

di�usion simulation software. Finally in section 3.1.3 I comment on some of the

assumptions and limitations of drift-di�usion simulations. At the same, the equa-

tions presented in this chapter represent the mathematical formulation of concepts,

such as recombination, mentioned at di�erent parts of this thesis. Drift-di�usion

simulations were performed with Advanced Semiconductor Analysis (ASA).

3.1.1. Mathematical Problem Description

The so-called �drift-di�usion� model is a semi-classical description of a semicon-

ductor device with the density of free charge carriers in the bands and the electric

potential as central quantities. The model is expressed by three coupled partial dif-

ferential equations, namely the Poisson equation and a continuity equation for each

of the two types of charge carriers. The model is usually considered in one dimen-

sion with x as the position along the cell stack. In the following, a homogeneous

material is considered meaning that the material parameters mobility �n,p and thus

the di�usion constant Dn,p, relative permittivity �r, band gap Eg, electron a�nity

� and e�ective density of states in the bands Nc,v are assumed to be independent

of position so that they can be moved before the spatial derivatives. The Poisson

equation governs the electrostatic potential ' in the device

@2'

@x2
=� %

�0�r
(3.1a)

with the net charge density % and the vacuum permittivity �0. The net charge density

is given by the sum of the carrier densities of free electrons n in the conduction band,

free holes p in the valence band, localized charges ploc and nloc trapped in defects

and band tails, and ionized (active) donors Nd and acceptors Na.

%= q (p�n+ploc�nloc+Nd�Na) .

The continuity equations for free charge carrier density of electrons n and holes p

directly follow from the law of charge conservation and are given by
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@n

@t
=G�R+

1

q

@Jn
@x

(3.1b)

@p

@t
=G�R� 1

q

@Jp
@x

. (3.1c)

Equations 3.2 connect generation rate G and recombination rate R of free charge

pairs with charge transport expressed by the respective charge currents Jn and

Jp. By applying semi-classical transport models such as the Boltzmann transport

equation, the current in the volume of the solar cell can be expressed via a drift and

a di�usive term as

Jn = qDn
@n

@x
+ qF�nn (3.2a)

Jp =�qDp
@p

@x
+ qF�pp (3.2b)

where Dnand Dp are the di�usion constants of the respective charge carriers, �n and

�p are the charge carrier mobilities and F = @'=@x is the electric �eld (for a spatially

uniform material and in the absence of heterojunctions as will be discussed below).

These relations leave the electrostatic potential and the free charge carrier densities

of electrons and holes as the only three independent variables in the drift-di�usion

model. To simplify eqs. 3.1 steady-state situations are considered where @n=@t = 0

which converts the set of partial di�erential equations into ordinary ones with x as

the only variable. The set of drift-di�usion equations is then given by

d2'

dx2
=� %

�0�r
(3.3a)

G�R =�Dn
d2n

dx2
��n

d

dx

 
d'

dx
n

!
(3.3b)

G�R =�Dp
d2p

dx2
+�p

d

dx

 
d'

dx
p

!
(3.3c)
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Suitable boundary conditions complete eqs. 3.3 so that a well-posed problem is ob-

tained. Since there are three second-order di�erential equations, six boundary condi-

tions are required. The boundaries are represented by the metallic contacts referred

to as anode and cathode. One common option are Schottky contacts where band

o�sets and surface recombination at both contacts de�ne the boundary conditions.

For the Poisson equation Dirichlet boundary conditions are applied by de�ning the

electrostatic potential at the anode (assumed at x = 0) and cathode (assumed at

x= d)

'(x= 0) = 'a (3.4a)

'(x= d) = 'c. (3.4b)

As boundary conditions for the continuity equations the currents at both contacts

are speci�ed via surface recombination velocities of both majority Smaj and minority

carriers Smin. In a bipolar device, electrons are the majority carriers at the anode

and holes are the majority carriers at the cathode. With this nomenclature the four

remaining boundary conditions are given by

Jn (x= 0) = qSn,maj (n(0)�n0 (0)) (3.5a)

Jp (x= 0) = qSp,min (p(0)�p0 (0)) (3.5b)

Jp (x= d) = qSp,maj (p(d)�p0 (d)) (3.5c)

Jn (x= d) = qSn,min (n(d)�n0 (d)) . (3.5d)

Here n0 and p0 refer to the equilibrium charge carrier concentrations so that the

di�erence in eqs. 3.5 refers to the excess charge carrier density of free carriers �n=

n�n0. Equating the current at the boundary and the current in the volume by

taking e.g. eq. 3.5a and eq. 3.2a shows that these boundary conditions for the

charge carriers are Robin-like.
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Relation to Band Diagram

While eqs. 3.3 with the boundary conditions in eqs. 3.4 and eqs. 3.5 represent a

full description of the mathematical problem it is helpful in terms of understanding

and �xing boundary conditions to relate the carrier densities to the device's band

diagram that was discussed in section 2.3.1. The occupation probability of the

fermionic (free) electron and hole quasi-particles can be approximated with Maxwell-

Boltzmann statistics so that the carrier density is given by

n=Nc exp

 
EF,n�Ec

kbT

!
(3.6a)

p=Nv exp

 
Ev�EF,p

kbT

!
(3.6b)

where Ec represents the conduction band, Ev the valence band, Nc,v the e�ective

density of states of the respective band and EF,n and EF,p the quasi-Fermi levels

for the respective charge carrier type that takes the role of the particle's chemical

potential. In equilibrium where EF,n = EF,p = Ef the equilibrium charge carrier

densities n0and p0follow the law of charge neutrality

n2i = n0p0 =NcNv exp
�
� Eg

kbT

�
(3.7)

where ni is the intrinsic carrier concentration and Eg is the band gap. In terms of

the band diagram the electrostatic potential 'a at the anode in eq. 3.4 describes

the o�set (or Schottky barrier) between the semiconductor conduction band and

the metal work function Ef so that the electron (majority) charge carrier density in

equilibrium is given by eq. 3.6 with EF�Ec = 'a and the hole (minority) carrier

density is de�ned by eq. 3.7. The situation at the cathode is analogous.

3.1.2. Generation and Recombination Models

In the following the terms in eqs. 3.3 describing generation G and recombination R

are discussed brie�y. When only the total amount of generated charges is relevant

the generation rate can be set constant across the absorber. If a target short-circuit
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current Jsc is known, e.g. from the experimental model system, the generation rate

can be estimated via G= Jsc=(qd). Lambert-Beer's law o�ers a simple physical pic-

ture of absorption and results in a generation rate G= �=hc�(1� exp(��z)) with the
photon �ux �, Planck constant h, speed of light c, photon wavelength �, absorption

coe�cient � and position in the absorber z. In thin-�lm solar cells with �at inter-

faces, re�ection at e.g. a metallic back contact leads to interference which alters the

generation pro�le. The transfer matrix method [187, 188] accounts for interference

and calculates for normal incidence and each wavelength the electric �eld traveling

in both directions along the layer stack from which the net electric �eld and thus

the absorption and generation at any point in the solar cell can be calculated. In

the TMM layers are speci�ed via their complex refractive index and thickness and

the re�ection and re�ection at an interface is given by the Fresnel coe�cients. Note

that the electronic processes described by the drift-di�usion equations do not in�u-

ence the generation rate as long as e.g. photon recycling is not considered. Because

of this missing feedback mechanism, it is relatively easy to decouple optical from

electronic e�ects in experimental data with the help of simulations - provided that

a su�ciently accurate optical model of the considered device exists.

For many thin-�lm solar cells, recombination via deep traps is the dominating

recombination mechanism. For organic solar cells also direct non-radiative band-to-

band recombination is relevant due to the large phonon energies [45, 46] found in

soft matter. Direct recombination is given by

Rdir = k�np, (3.8)

where k is the coe�cient of direct recombination and n and p the free charge carriers

in the bands. Note that inevitable radiative band-to-band recombination takes the

same form but the factor is di�erent and directly related to the absorption coe�cient.

Shockley-Read-Hall recombination of a single defect in steady-state is given by

Rsrh =Nt�n�p
np�n2i

n�n+p�p+ en+ ep
(3.9)

where Nt is the trap density, �n,p are the capture coe�cients of a trap and en,p

are the emission coe�cients. Equation 3.9 becomes largest when no re-emission of
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captured charge carrier happens so when en+ep is minimized which is the case for a

trap in the middle of the band gap (assuming �nNc = �pNv). For a deep trap where

emission from the defect is negligible, eq. 3.9 simpli�es to

Rsrh =
np

n�p+p�n
(3.10)

where the lifetimes are de�ned as�n,p = 1=(Nt�n,p). Sometimes the capture coef-

�cients �n,p = vth�n,p are expressed in terms of thermal velocity vth and capture

coe�cients �n,p. For equal electron and hole lifetimes �p = �n = � , eq. 3.10 has a

maximum at n= p. At this position of equal carrier concentration in the device the

recombination rate simpli�es to

Rsrh =
n

�
: (3.11)

Note that in both discussed bulk recombination processes an electron and hole are

annihilated simultaneously while for surface recombination in eq. 3.5 only one carrier

type recombines with the other carrier coming from the metal.

3.1.3. Physical Remarks

The focus of the �rst paragraph was to present a mathematically consistent formula-

tion of the problem rather than discussing the physical meaning of the assumptions

which will be done in the following. The one-dimensional approach neglects lateral

inhomogeneity which could result e.g. from a thickness variation of the layers with

the extreme case of holes in a layer as discussed in section 2.3.3 and chapter 4. An-

other manifestation of inhomogeneity is presence of domains with varying physical

material properties that could be related e.g. to di�erent crystal size or orientation.

However, if certain regions dominate the device behavior or if the variations can

be averaged to obtain e�ective parameters, the 1D approach is still valuable. For

anisotropic materials where a physical quantity is expressed as a matrix instead of

a scalar, the 1D approach requires to enter the matrix element in the direction of

charge transport into the drift-di�usion simulations. Organic bulk-heterojunction

solar cells where a blend of two materials that is highly heterogeneous on the nm-
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scale, can be successfully described as a single e�ective medium [187] and assigning

an e�ective �material� parametrization to the blend. In general the drift-di�usion

model allows to take an e�ective parametrization without precise knowledge of the

microscopic material or interface properties that are governed by quantum mechan-

ics. The idea of an e�ective parametrization also applies to including the dominating

elements of a physical system instead of capturing the entire system. One example

is to include the defect that dominates SRH recombination instead of including all

existing defect states. Many advanced characterization methods exist that help to

determine the input parameters of the simulations [187]. However, it can be di�-

cult to directly extract the material properties from experimental measurements as

the interpretation of a probed (macroscopic or averaged) quantity and its relation

to a (microscopic) parameter used in drift-di�usion simulations is sometimes not

straightforward [83,189,190].

Aside from the parametrization more assumptions go into eqs. 3.1. Any mag-

netic or thermoelectric e�ects are neglected. For modeling the current-voltage char-

acteristics as done in this thesis, the steady-state drift-di�usion equations 3.3 to-

gether with the boundary conditions in eqs. 3.4 and eqs. 3.5 are su�cient. The

time dependent formulation in eqs. 3.1 is relevant for example when transient mea-

surements are simulated [191]. As mentioned above, the presented drift-di�usion

equations apply to a homogeneous material with boundary conditions. When not

a single layer shall be simulated but a full device stack consisting of di�erent ma-

terials, the material properties are set for each layer and abruptly change at the

resulting heterojunctions. Because of energetic o�sets at the heterojunction and a

possible change of e�ective DOS the electric �eld in eq. 3.2a is not simply given by

the gradient of the electrostatic potential ' but includes several �loss� terms. The

electric �eld is then given by qF = �qd'=dx� d�=dx� kT=NcdNc=dx for electrons and

qF =�qd'=dx�d�=dx�dEg=dx�kT=NvdNv=dx. The gradients in electron a�nity � and

band gap Eg represent the energetic o�sets evident from the band diagram shown

in section 2.3.1. The presented drift-di�usion model can be extended to amorphous

systems that include localized charges in the band tails via multiple trapping models.

Quantum-mechanical features of a physical system such as tunnel contacts cannot

be directly included into drift-di�usion simulations.
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In summary, drift-di�usion simulations are a powerful tool to qualitatively

understand observed phenomena in thin-�lm solar cells and to quantitatively analyze

experimental data, given that the assumptions for the modeled system hold true and

that the limitations of drift-di�usion modeling are taken into account.

3.2. Fabrication

The experimental part of this thesis deals with the emerging solar cell absorber

antimony sul�de Sb2S3 and focuses on the optimization of the Sb2S3 itself and the

polymeric hole transport layer (HTL). Section 3.2.1 describes and motivates the

applied layer stack, section 3.2.2 introduces the two major Sb2S3 processing routes

of this thesis and section 3.2.3 describes the processing of the remaining layers that

make up the solar cell. Finally, section 3.2.4 comments on the utilized equipment

and general processing conditions. Detailed recipes can be found in appendix E.

3.2.1. Solar Cell Stack

The general cell stack that I used in this thesis is shown in �g. 3.1(a). As for many

wet-chemically processed solar cells, glass is used as the bottom-most layer that

provides the mechanical stability of the stack. All other layers are subsequently

deposited on top of the glass. Although this stack is actually a superstrate con�gu-

ration, the glass - sometimes together with the TCO - is referred to as substrate in

the following. FTO which functions as front contact, n-type TiO2 as electron trans-

port layer (ETL), Sb2S3 as absorber, a semiconducting polymer as hole transport

layer (HTL) and MoOx/Ag as metallic back contact follow on top of the glass. The

choice of materials and the n-i-p con�guration are motivated by the following: As

mentioned in section 2.4.2 there are no reports on controlled doping of Sb2S3 which

could allow to fabricate p- and n-type Sb2S3 and thereby a device based on homo-

junctions of the same material - an approach that a-Si solar cells followed. Instead

the charge transport layers need to be constructed from di�erent materials with en-

ergy levels that are suitable with respect to Sb2S3 in order to avoid large energetic

o�sets at the heterojunctions as discussed in section 2.3.1. For the HTL the large
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variety of semiconducting polymers known from organic solar cells o�er a range of

materials with di�erent HOMO levels whereby the likelihood of �nding a suitable

one is increased. Since most �-conjugated polymers cannot withstand a temperature

of 250 °C that is at least needed for the crystallization of Sb2S3 the HTL has to be

processed on top of the Sb2S3. This processing constraint together with the super-

strate arrangement demands the n-i-p con�guration. The di�erent polymeric HTLs

investigated in this thesis are always contacted with MoOx/Ag, which has been suc-

cessfully applied in many 'inverted' organic solar cells [139,192�194] where the same

(or similar) polymers are used. MoOx is a n-type semiconductor whose large work

function lies even below most polymer's HOMO so that a tunnel junction to the

polymeric HTL is formed [195] that allows e�cient charge extraction. The addi-

tional Ag layer o�ers good re�ectivity and lateral conductivity. On the other side of

the solar cell stack, a compact layer of anatase TiO2(c-TiO2) serves as n-type ETL

below the planar Sb2S3. While c-TiO2 is the most common choice [60,80,91,164], in

general other ETLs [196] � e.g. made from metal oxides with similar energy levels

such as ZnO and SnO2� could be applied as well as long as they can withstand the

crystallization temperature of Sb2S3. A variation of the ETL material is however

beyond the scope of this thesis, although di�erent processing routes for c-TiO2 were

explored. Given that anatase TiO2 only forms above 450 °C, the underlying TCO

needs to withstand this temperature. This request is ful�lled by �uorine-doped tin

oxide (SnO2:F, FTO) in contrast to ITO - another commonly applied TCO - whose

sheet resistance drastically increases at such elevated temperatures [197].

3.2.2. Sb2S3 Layers

As mentioned in the introduction the absorber layer is at the heart of the solar

cell. In this thesis two di�erent wet-chemical process routes [33, 34] were explored

to obtain a compact layer of Sb2S3. Both routes are based on a metal-organic

precursor that contains antimony and sulfur and that is dissolved in a polar solvent.

The precursor solution is spin-coated onto a substrate which is then transferred

to a hot plate where the precursor is thermally decomposed at a temperature of

180° C or 200 °C leaving an amorphous Sb2S3 �lm. Subsequently the sample is

transferred to a second hot plate where the �lm is crystallized at a temperature
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precursor complex is formed in ethanol. For this, 0.5 mmol of Sb2O3 is mixed with

1 ml of ethanol and 0.75 ml of CS2 before 1 ml of n-butylamine was added slowly and

dropwise to reduce heating e�ects that are caused by the exothermal reaction. After

spin-coating the precursor solution at 133 rps for 30 s the sample is annealed for

1 min at 200 °C to decompose the precursor after which the amorphous Sb2S3 layer is

crystallized on a di�erent hot plate for 2 min at 265 °C. Note that no slow-annealing

step is applied and that the annealing times are signi�cantly shorter than for the

Sb-TU process as will be further elaborated in chapter 6.1. For both processes,

the optimized crystallization temperature di�ers from the original reports [33, 34].

Apart from this, the Sb-BDC process closely follows the original report, while the

Sb-TU required further adjustments due to the transfer from a mesoporous TiO2

sca�old to a compact TiO2 layer as substrate.

3.2.3. Solar Cells

In the following, the processing sequence starting from the substrate till the metal

evaporation are presented. The cell geometry displayed in �g. 3.1 results from the

custom-ordered FTO patterning and the metal evaporation mask. The overlap of

the FTO stripes and the metal pads de�nes four pixels, each of which is a com-

plete solar cell with an active area of 4ï¾½mm�4ï¾½mm= 0:16cm2. The electrical

contact points, where electrical contact to the solar cells is made during sample

characterization, are indicated by �lled circles in �g. 3.1(b). To ensure a good elec-

trical contact between a samples holder's contact pins and the TCO front contact,

the metal is also evaporated directly onto the TCO. For this, the spin-coated layers

were removed in the corresponding region by scratching before metal evaporation

and a mask covering the edges of the substrates is used during spray-coating since

the hard TiO2 cannot be scratched o�.

Ready-made 2ï¾½cm� 2ï¾½cm glass substrates with patterned FTO were

purchased from Kintec (Hong Kong). The TEC7 with a speci�ed sheet resis-

tance of 7
/2 from the community's standard manufacturer TEC GlassTM from

PilkingtonTM served as FTO, whose mean square roughness was measured to be

28.5 nm. The substrates were cleaned in several iterations of soap, acetone and iso-

propanol baths, some of which were done in an ultrasonic bath, and then stored in
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isopropanol. When taken out of the storage in a laminar �ow box the substrates were

dry-blown with nitrogen to avoid any residues on the substrate. After additional

drying on a hot plate at 100 °C for 5 min, the samples were placed in an ELG100S

ozone chamber by Dienies technologies for at least 30 min. A compact layer of

TiO2 was obtained by spray-coating a 0.2 M solution of titanium diisopropoxide

bis(acetylacetonate) 75 wt% in ethanol on a hot plate at roughly 470 °C. To create

the spray nebula from a glass nozzle an Aldrich chromatography sprayer was used.

Spray-coating provides a conformal coating of the substrate as can be seen from

�g. 3.2 and the thickness can be adjusted by the number of spray cycles. After cool-

ing down to about 200 °C, samples were transferred to a glovebox where they were

further processed on the next day. The substrates were blown with a nitrogen gun

before each spin-coating step. The Sb2S3 precursor solution was typically prepared

a day before use and then �ltered with a 0.5 �m PTFE �lter on the day of use.

Sb2S3 layers were fabricated as described in section 3.2.2. Di�erent polymers were

used as HTM3, so that the exact processing condition for each polymer are given

in appendix E or at the corresponding position in the main text. Generally, poly-

mers require a non-polar solvent such as chlorobenzene (CB) or 1,2-dichlorobenzene

(DCB). All polymers in this work were stirred at temperatures between 60 °C and

110 °C and the stirring time varied from several hours to overnight. Aiming for

layer thicknesses between 30 nm and 50 nm, the typical solution concentration of

P3HT was 15 mg/ml and the coating was done at 6000 rpm while other polymers

were typically prepared at a lower concentration of 10 mg/ml or lower and spun at

slower speeds around 1500 rpm. Depending on the polymer, the solution was casted

in a hot or cooled-o� state. Spin times were typically about 2 min. Also the drying

procedure varied for the di�erent HTMs and some polymers were dried on a hot

plate between 80 °C and 130 °C for several minutes while other polymers were dried

in a petri dish for several hours. Finally 30 nm of MoOx was thermally evaporated

at a rate of 0.2 �A/s and 200 nm of Ag was thermally evaporated at a rate of 2 �A/s.

3See appendix F for the full names of organic materials.
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Figure 3.2.: (a) SEM and (b) AFM image of a FTO TEC7 substrate as-delivered. The
mean square roughness is 28.5 nm. (c) SEM image after spray-coating of a conformal
TiO2 layer, onto which Sb2S3 is spin-coated in the next step.

3.2.4. Processing Conditions and Equipment

Since many of the used chemicals and materials might or are known to be reactive to

oxygen or moisture, most of the processing was done in an MBRAUN glovebox under

N2-atmosphere with low O2 and H2O content with a base level of � 0.1 ppm. More

precisely, the TiO2 was spray-coated in a fumehood under ambient conditions after

which the samples were transferred into a glovebox. All consecutive steps, including

Sb2S3 deposition, HTL deposition and metal evaporation were performed inside

gloveboxes. Especially the annealing of Sb2S3 is sensitive to air [177]. Whenever it

was required, samples and vials were transferred between the gloveboxes in sealed

plastic bags and as quickly as possible. For the purpose of characterization samples

were mounted into inert-atmosphere providing sample holders inside the glovebox

whenever possible. When setups did not allow for such a sample holder, samples

were transferred and mounted as quickly as possible. To keep the water content in

the solutions to a minimum the vials that were used to weigh chemicals and prepare

solutions were heated in an oven and transferred to the glovebox in a hot state

to remove the atomically-thin layer of H2O that is present on surfaces exposed to

ambient atmosphere. Dried solvents with analytical (p.a.) quality were used and

chemicals were generally obtained in a high quality and mostly from Sigma-Aldrich

with information for the speci�c case given in the appendix. Chemicals were opened

and stored inside a glovebox.

Solid chemicals were measured with a ACJ 120-4M scale by Kern with a spec-

i�ed accuracy of 0.1 mg. The substances were handled with one-way plastic spatula
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or metal spatula that were exclusively used for the same material and cleaned before

and after each use. Micropipettes were generally used to measure liquids such as

solvents and solutions. Te�on stirring bars were re-used but only for the same type

of solution and after thorough cleaning with the appropriate solvents and storage

in an isopropanol/potassium hydroxide (KOH) bath. Substrates were handled with

plastic tweezers or with metal tweezers when hot plates at high temperatures were

involved. The samples were stored in a glass petri dish between processing steps

and the �nal cells were stored in plastic containers inside a glovebox and protected

from light until all characterization was done.

Weighing, solution preparation and �ltering was done in the glovebox where

the scale was located. The vials were then transferred to another glovebox where

the Sb2S3 was deposited and annealed. The Sb2S3 was spin-coated with a SCC-

200 by KLM. A custom-made Te�on chuck that allows spin-coating of di�erently

sized substrates. For spin-coating a substrate is placed onto a chuck with tweezers

and kept in position during rotation by vacuum. Then the solution is dispensed

with a pipette and the chuck accelerates until the desired rotation speed is reached

which is kept for the desired time. In as simple picture the liquid spreads due to

centrifugal forces and the �nal layer thickness results from an interplay between

those forces and the concentration and viscosity of the solution. Simultaneously

volatile solvents evaporate during rotation so that the mechanism of �lm formation

is quite complex and the �lm quality might depend on the detailed parameters of

spin-coating. The �rst annealing steps up to thermal decomposition of the precursor

�lm are done on a RCT basic hot plate by IKA that can heat up to 300 °C and was

tested to accurately meet the set temperature over almost the entire metallic hot

plate surface. It was made sure that the samples were placed outside the very center

of the hot plate which is slightly curved and could not properly ensure a direct and

homogeneous contact over the whole sample area. A second PC420D hot plate by

Corning that can provide temperatures up to 450 °C was used to crystallize the

Sb2S3. The ceramic surface of the hot plate showed temperature variations of more

than 10 °C even in the center area of the hot plate and objects that were placed on

the hot plate introduced heat sinks so that an aluminum plate was placed on the

hot plate which could provide a homogeneous temperature distribution and thereby

ensure controlled annealing conditions. Additionally, the set temperature Tset of
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this hot plate was found to deviate from the measured temperature T obtained

with a probe thermometer so that in all experiments a calibrated temperature that

followed the measured relation Tset = 1:11�T +14 °C was used. In a next step the

polymer was coated in yet another glovebox on a SPIN150i coater by SPS-Europe

which provided a smoother rotational movement which yielded better results for the

polymer coating but was uncritical for Sb2S3 coating. The annealing, if applicable,

was done on an IKA hot plate identical to the one described before. In a last

processing step the samples were transferred to the glovebox where the metal back

contact was thermally evaporated with a Mini SPECTROS by Lesker.

3.3. Characterization

The objectives of the experimental work on Sb2S3 in this thesis were to improve the

e�ciency of planar, spin-coated solar cells and to study the device physics to identify

limitations and prospects of Sb2S3 technology. The �rst objective of solar cell opti-

mization requires the identi�cation and variation of critical process parameters and

the corresponding monitoring of the progress in material and layer quality as well

as solar cell e�ciency. The second objective requires the quantitative determination

of parameters that are critical for solar cell performance as described in chapter 2.2.

For both objectives I made use of techniques to characterize the materials and layers,

described in section 3.3.1, as well as techniques that work with the full solar cell,

described in section 3.3.2.

3.3.1. Material and Layer Characterization

Morphology

Scanning electron microscopy (SEM) was regularly used to observe lateral inhomo-

geneity of the spin-coated Sb2S3 �lms. Especially the Sb-TU process yields layers

with holes where the coverage depends on the process parameters. SEM measure-

ments also allow the determination of the (lateral) crystal size. In SEM measure-

ments an electron beam is produced by an electron gun which emits electrons and

accelerates them with an electric �eld that is characterized by the applied voltage
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which is on the order of many kVs. The electron beam is directed and focused with

magnetic lenses at a specimen where it interacts in di�erent ways with the probed

material. This leads to the emission of electrons and photons from the material,

with an energy that depends on the kind of interaction, that can then be observed

with a suitable detector. My measurements were typically based on secondary elec-

trons which are produced when an incoming electron knocks out an electron from

an atom's core shell which is then able to leave the sample and be captured by a sec-

ondary electron detector. An image is created by scanning the electron beam across

the sample. The penetration depth of the electron beam as well as the escape depth

of the secondary electrons are small so that the measurement is surface sensitive and

the emission strength strongly depends on the angle between surface and incident

beam. Consequently, sharp features like edges cause strong signals. Compared to

optical microscopy, SEM can achieve a better lateral resolution due to the short

wavelength of the electrons and a larger focus depth due to the smaller aperture.

SEM measurements are carried out in vacuum and require a conductive substrate

which conducts the extra electrons induced by the electron beam to ground in order

to prevent charging of the specimen which would clause a blurring of the image.

SEM measurements were performed on a Zeiss (Leo) Gemini 1550 with Schottky

�eld-emission cathode and an in-lens detector. The lateral resolution was approxi-

mately 1 nm at 20 kV and the measurement was performed under a vacuum base

pressure of 10�6 mbar.

Atomic Force Microscopy (AFM) provided additional information on the height

pro�le of the deposited Sb2S3 �lms, since SEM measurements are not truly height

sensitive but rather re�ect di�erences in height. AFM measurements were carried

out in non-contact mode where the cantilever oscillates around a �xed distance from

the specimen in the attractive regime of the tip-specimen interaction. More details

can be found in ref. [199]. The measurements were carried out in air by Pascal

Foucart on a NANOStation 300 AFM by Surface Imaging Systems (S. I. S.).

Pro�lometer measurements were used to determine the thickness of the Sb2S3

and polymer layers. The layer thickness is a basic information that is needed to

interpret other measurements and is for example used to extract an absorption

coe�cient from UV-Vis measurements. Because the layer thickness was regularly
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determined, it also served as an indicator for the stability and reproducibility of a

certain deposition process. The measurement is similar to an AFM measurement in

contact mode but the tip has a comparably large radius of 12.5 �m and only one

linescan is performed. To obtain meaningful thickness data �at glass substrates were

used. After deposition the layer was scratched and measured at di�erent positions

to obtain an averaged layer thickness. Since di�erent substrates were used for cell

fabrication the values of the measured thickness may di�er from the actual value

in the solar cell stack, but changes between di�erent fabrication days or recipes are

re�ected well in the measurement. A Veeco Dektak 6M Pro�lometer was used.

Chemical Composition and Energy Levels

X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy were used to

identify the deposited absorber as Sb2S3 by comparing the peaks in the recorded

spectra to literature data or standard spectra from databases. Raman peaks broaden

with decreasing crystal size which makes Raman measurements a suitable method

to di�er between the amorphous and crystalline state of Sb2S3. The Raman setup

consists of a cooled CCD-sensor, a grating monochromator and a 532 nm solid state

laser (Coherent Saphire), which is used for excitation. The spectral resolution is

about 1:1cm�1 wavenumbers. A detailed description of Raman spectroscopy and the

setup used, can be found in ref. [200]. XPS was additionally used to observe trends

in stoichiometry for varying processing conditions and to detect impurity phases.

The XPS setup also allowed UPS measurements, which were used to determine the

valence band edge and Fermi level of Sb2S3.

XPS and UPS measurements were performed and mostly analyzed by Ben-

jamin Klingebiel. The measurement system required the use of relatively thin

glass/ITO substrates. The XPS/UPS system is a MULTIPROBE MXPS system

from Scienta Omicron (3� 10�11mbar base pressure) with an ARGUS hemispher-

ical electron spectrometer. The XPS measurements apply an XM1000 AlK� x-ray

source at 300 W. All spectra are collected in constant Analyzer-Energy (CAE) mode

with a path energy (PE) of 150 eV for the survey spectrum and 10 eV for the high-

resolution spectra. The source analyzer angle is 90° and the takeo� angle of the

electrons with respect to the surface normal is 21°. The energy resolution for XPS
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measurements as estimated by the full-width at half-maximum (FWHM) of the

Au 4f peak was approximately 0.6 eV. Intensities were determined by measuring the

peak area, after subtracting a Shirley-type background and �tting the experimental

curve to a combination of Lorentzian and Gaussian lines with a �xed proportion of

30:70. Fitting was done with the help of the XPST Plugin (M. Schmid, Philipps

University Marburg) in Igor Pro (Wavemetrics). The light source for UPS measure-

ment is a HIS13 HeI gas discharge VUV source from FOCUS GmbH (main line HeI�

21.22 eV). Spectra are collected with at a path energy of 2 eV, a digital resolution of

0.01 eV and a sample bias of 9 V at a takeo� angle of 0°. The binding energy scale

is referenced to the Fermi edge of a freshly evaporated gold sample measured under

identical conditions. Work functions and valence band positions were determined

from the spectra by measuring the position of the cut-o� at high (or low) binding

energies using linear �ts of the background and the steep edge.

Photothermal De�ection Spectroscopy (PDS) & UV-Vis Photospectrometry

By combining PDS and UV-Vis measurements di�erent regimes of the absorption

coe�cient were were measured. While UV-Vis measurements provide reliable ab-

solute values of the absorption coe�cient in the regime of strong absorption, PDS

measurements cover a large dynamic range [201, 202] towards the regime of weak

absorption with the drawback of a larger uncertainty of the absolute value. The

absolute value of the absorption coe�cient above the band gap � a fundamental

quantity for thin-�lm solar cells as described in section 2.3 � was determined via

UV-Vis measurements. The value of the absorption coe�cient and especially the

value of the band gap were used to identify the deposited material as Sb2S3 and to

distinguish between its amorphous and crystalline state. The band edge itself is the

overlapping regime of UV-Vis and PDS measurements and was investigated with

both methods. From the slope of the optical band edge the Urbach energy Eu was

calculated according to

Eu =

 
d ln(�)

dE

!
�1

;
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with the absorption coe�cient �, the layer thickness d and the energy E. Assum-

ing that all energetic states that constitute the band tails are optically active and

contribute equally to absorption, the Urbach energy is equal to the sum of the char-

acteristic energies of the valence and conduction band tail, which characterize the

exponentially decaying density of states of the corresponding bands, and is thus a

measure for the energetic disorder of the material [202�205]. Finally, the weak sub-

bandgap absorption measured via PDS allowed the study of detection of (optically

active) defects in the band gap [202�205] which may act as recombination centers

in a solar cell.

In UV-Vis measurements the transmittance T and re�ectance R of a thin

layer is measured with a photospectrometer over a large wavelength range from the

UV over the visible towards the infrared range. The absorption coe�cient is then

calculated for a known layer thickness via

� = 1=d ln(T=(1�R)) :

The resulting absorption coe�cient is free of interference but is only reasonable when

T 6=0, meaning when the absorptance has not saturated. UV-Vis measurements were

performed with a Lambda 950 photospectrometer from PerkinElmer equipped with

an integrating sphere in a typical range from 300 nm to 1000 nm.

PDS measures the absorptance of a thin �lm which is deposited on a smooth

substrate and placed in a cuvette. The cuvette is �lled with the liquid CCl4 or FC75

whose refractive index is highly temperature sensitive. A monochromatic beam of

light is directed perpendicularly at the sample which absorbs the incoming photons

- according to its absorption coe�cient - which causes a heating of the sample.

The change in refractive index of the liquid caused by the heat transfer from the

sample is detected via the change in de�ection of a laser beam that runs parallel

to the sample surface. Eventually the measurement signal is proportional to the

absorptance of the thin �lm. A more detailed explanation of the method can be

found elsewhere [200, 202, 205]. Oliver Thimm performed the PDS measurements

and basic data analysis. For the scaling of the absorptance, the transmission signal as

well as two data points with equal re�ectance but signi�cantly di�erent absorptance

is required. If the re�ection is not measured but only the transmission, the fact can
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be used that the re�ectance is equal at the in�ection points of the transmittance

signal. In order to �nally obtain the absorption coe�cient from the absorptance the

thickness and refractive index is needed. Again, the analysis in terms of absorption

coe�cient is only sensible when T 6=0. Regarding the setup, a Xenon lamp combined

with a monochromator provide the monochromatic light. Because of the low signal

intensity, lock-in technique is used to improve the signal-to-noise ratio. The phase

of the lock-in signal re�ects the time delay between excitation and detection signal

and thus provides information on the depth where heat is generated in the �lm and

thus where the light is absorbed. This is especially valuable to distinguish between

absorption in the thin �lm and in the substrate. For energies well below the band

gap, the substrate absorption becomes comparable to the absorption in the �lm.

Corning glass was used as substrate for PDS measurements since the FTO used in

the solar cells shows, like any other conductive substrate, free carrier absorption at

low energies from conductive substrates dominates the subbandgap absorption of

the material that shall be observed.

Constant Photocurrent Measurement (CPM)

CPMwas used to determine the mobility-lifetime product of Sb2S3 which governs the

photocurrent as described in section 2.3.4 and is thus an essential material parameter

for solar cell absorbers. Furthermore, the absorption coe�cient and thereby the band

tails were studied with CPM. CPM is based on the co-planar measurement of the

wavelength-dependent photocurrent Iph which is given by Ohm's law

Iph = �ph
V

l
wd;

with the photoconductivity �ph, the length w of the metal contacts and the thickness

d of the sample that give the cross-section of the semiconductor, and the applied

voltage V and the distance l between the contacts. The photoconductivity is given

by

�ph = q(Dn�n+Dp�p)
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with the mobilities �n,p and the equally large excess charge carrier densitiesDn=Dp

that result from the optical generation of electron-hole pairs. Since the photocon-

ductivity is a di�erential quantity, lock-in detection is applied and the incident light

is chopped - similar to EQE and PDS measurements. The excess charge carrier

density is related to the generation rate G via

�n=G� .

The minority carrier lifetime � may in general depend on the splitting of the Fermi

levels and thus Dn. To ensure a constant excess charge carrier density the photocur-

rent is kept constant which in turn requires to adapt the incident monochromatic

photon �ux �(E) since the absorption coe�cient depends on the wavelength - es-

pecially in the region of the band gap. The generation rate is given by

G=
a(E)

d
(1�R)�,

where the spectrum of the absorptance a(E) is obtained from PDS measurements of

the same sample and the scaling of the saturation regime is given by the re�ection R.

Putting all of the above equations together the mobility-lifetime product is obtained

(�n+�p)� =
Iphl

qwV

1

(1�R)�(E)a(E)
. (3.12)

CPM measurements require a non-conductive substrate such as glass. Here, I used

the same substrates as for PDS to allow the measurement of the absorptance which

is needed to obtain the mobility-lifetime product. The setup was operated by Oliver

Thimm.

3.3.2. Solar Cell Characterization

Current-voltage (J-V )

Illuminated current-voltage measurements were used to determine the solar cell ef-

�ciency and the associated performance parameters Jsc, Voc and FF . Dark J -V

and illumination dependent measurements were used to study recombination. Two
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setups with di�erent light source were used. A calibrated class AAA solar simulator

that closely matches the AM1.5g spectrum was used to accurately measure devices.

A second setup with white LEDs as light source is located in a glovebox next to the

metal evaporator and was used to initially screen all fabricated solar cells. Thereby,

samples could be selected for further characterization or accurate illuminated J -V

measurements at the solar simulator. The LED setup also allowed to compare sam-

ples within a series. Figure 3.3(a) shows the spectra of the LED, the solar simulator

and the AM1.5g. The solar simulator matches the norm spectrum well while the

LED setup shows large deviations, especially in the UV and IR region. By adjust-

ing the LED current and thereby the light intensity, the Jsc measured at the LED

setup is matched to the Jsc measured at the solar simulator. This calibration of

the short-circuit current needs to be adjusted for di�erent absorber materials or

more generally for a varying absorptance. The LED setup's advantage of a variable

light intensity allows the measurement of illumination-dependent Jsc and Voc and

is shown to be linear in �g. 3.3(b). The class AAA solar simulator is based on a

WACOM-WXS-140S-Super-L2 system with a combined xenon/ halogen lamp and

a Series 2420 SourceMeter by Keithley Instruments. The LED solar simulator is

equipped with a white light LED (Cree XLamp CXA3050, 2700 K, 100 W) and a

2450 Keithley source measure unit.

External Quantum Ef�ciency (EQE)

External quantum e�ciency (EQE) measurements were used to accurately deter-

mine the Jsc of a solar cell according to eq. 2.12 in section 2.3. EQE was also

used to gain position dependent information on the charge carrier collection e�-

ciency following eq. 2.13 which expresses that the spectrally resolved measurement

of the photocurrent depends on optical and electronic e�ects. EQE measurements

were performed inside the sample holder described in chapter 3.2. The glass cover

introduces an additional re�ection that is corrected for via

EQEcorrected =
�
1+Rglass

�
EQEmeasured:
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Figure 3.3.: (a) Spectra of the LED used for illuminated J -V measurements show no
spectral shift, but a general mismatch with the AM1.5g norm spectrum. The class AAA
solar simulator matches the AM1.5g very well. (b) Illumination intensity is linear with
the LED's operating current.

The re�ection of the glass cover was measured with UV-VIS. Details of the working

principle of EQE can be found [122, 206]. The used setup consists of a xenon light

source (Osram XPO150W), a Bentham monochromator (TMC300) with a spectral

range of 300-1100 nm and a HMS500 Lock in ampli�er. The photocurrent was

calibrated with a calibrated silicon photodiode (Gigahertz-Optik SSO-PD100-04) as

a reference. The chopper frequency was set to 72 Hz and the wavelength step size

to 10 nm.

Fourier Transform Photocurrent Spectroscopy (FTPS)

FTPS measurements were used to study the band edge and sub-bandgap states of the

fabricated solar cells. In FTPS, the photocurrent is probed with a dynamic range

that is signi�cantly large than in the described EQE measurements. A detailed

description of the method can be found in ref. [202]. FTPS measurements were

carried out with a FTIR spectrometer (Bruker Vertex 80v), that is equipped with

a halogen lamp. A low noise current ampli�er (Femto DLPCA-200) ampli�ed the

photocurrent generated upon modulated illumination of the solar cell via the FTIR.

The output voltage of the current ampli�er was feedback to the external detector

port of the FTIR and the FTIR's software collected the photocurrent spectrum.
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A scan speed/ mirror speed of 2.5 kHz and a resolution of 12 cm-1 was used. To

increase the dynamic range of the measurement, di�erent edge �lters were used to

measure the FTPS spectrum at lower energies. By cutting o� stronger signals at

higher energies, the ampli�cation can be increased and a better signal-to-noise ratio

reached in the relevant regime. The di�erent spectra are later stitched together.

Electroluminescence (EL)

Electroluminescence was used to distinguish open-circuit voltage losses into radiative

and non-radiative contributions [207]. In EL measurements the solar cell is operated

as an LED, meaning that a current is driven into the solar cell and the light emission

is measured. A detailed description of the method can be found in ref. [208]. The

reciprocity theorem [207] connects the EL emission (�EL) to the quantum e�ciency

(Qe) of a solar cell via

�EL (E)/Qe (E)�bb (E) (3.13)

with the black body spectrum �bb. Thereby, EL measurements allow to determine

the quantum e�ciency over a wide dynamic range. The proportionality factor is

obtained by scaling the Qe to the corresponding EQE measurement. The scaled

Qe may then serve to calculate the before mentioned voltage losses as depicted in

appendix A.3 and carried out for Sb2S3 solar cells in chapter 6.2.

The EL spectra were detected, as the Raman spectra, via a spectrometer (An-

dor Shamrock 303) with an Andor Si (deep depletion) CCD camera (iDus Series).

For the electroluminescence measurements a constant current through the devices

was applied being supplied by an external current/voltage source (Keithley SMU

2400). Photoluminescence measurements were performed on layers of Sb2S3 to ob-

tain information on electronic defects. The same setup as for Raman measurements

is used and the measurement principle is similar to EL, but instead of applying a

voltage to the solar cell, a 532 nm laser excites charge carriers in the �lm. Low

temperature measurements were carried out in a Linkam cryostate. Raman and PL

measurements in this thesis were performed by Markus Hï¾½lsbeck.
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in Thin-Film Solar Cells

Pinholes in the absorber layer are a common form of inhomogeneity in thin-�lm

solar cells. While keeping the undesired variations to a minimum is a matter of

optimized processing conditions, another (complementary) approach is to mitigate

the negative impact of �uctuating physical properties on the device performance.

Throughout this chapter, the existence of pinholes in the absorber layer is regarded

as a given feature of real-world thin-�lm solar cells. Furthermore, the physical na-

ture of pinholes is acknowledged which give way to a direct physical and electrical

contact between the semiconducting electron and hole transport layers (ETL and

HTL, respectively). Experimentally obtained current-voltage characteristics of the

semiconductor heterojunction at a pinhole show a diode-like and thus clearly non-

linear characteristic. Chapter 4.1 illustrates how non-linear shunting a�ects the

current-voltage characteristic of a solar cell and compares it to the qualitatively

di�erent behavior of a linear shunt. The experimental data is used to predict the

impact of pinholes on solar cell performance with numerical simulations and sim-

ple equivalent circuits. Chapter 4.2 outlines the methodology that is then used in

chapter 4.3 to investigate di�erent ETL/HTL combinations that are commonly used

as contact layer materials for emerging solar cell absorbers such as perovskites and

Sb2S3. In this context, ETL/HTL combinations are identi�ed that reduce the im-

pact of shunting from pinholes. Furthermore, I discuss the critical parameters and

scenarios for which pinholes have a severe impact on �ll factor and open-circuit volt-

age. Chapter 4.4 compares the predicted impact of pinholes for di�erent ETL/HTL

combinations with experimental results on complete solar cells based on perovskite

and Sb2S3 absorbers that apply the same ETL/HTL combinations. This leads to

the discussion in chapter 4.5 in how far the e�ect of pinholes can be distinguished
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from other e�ects when only considering the solar cell J-V characteristic. Here,

further options to improve the contacts' tolerance against pinholes are mentioned

and the transfer of the methodology to related problems is discussed. Altogether,

this study highlights the importance of optimizing contact layers also with respect to

real-world solar cells that contain pinholes instead of only considering the unharmed

absorber domains.1

4.1. Qualitative Phenomenon

This section considers the physical and electrical situation at a pinhole and illustrates

the consequence of such inhomogeneity in the absorber layer on the current density-

voltage (J -V ) characteristic of a solar cell. Figures 4.1(a) and (b) show scanning

electron microscope (SEM) images of two absorber layers that were deposited via

spin coating from solution and su�er from incomplete substrate coverage. Lead-

based perovskites [12, 96, 209] in �g. 4.1(a) are prominent candidates for highly

e�cient thin �lm solar cells and Sb2S3 [210] in �g. 4.1(b) serves as an example for

a less-optimized absorber technology that is also investigated experimentally in this

thesis. Both �lms contain pinholes with sizes in the range of 10-100 nm.

The layer sequence at a pinhole and at the regular domains with absorber is

illustrated in �g. 4.1(c) for a typical solar cell. The regular cell stack consists of

a hole transport layer (HTL), an absorber and an electron transport layer (ETL)

that are sandwiched between a metal and a TCO electrode. Given that the mate-

rial deposited on top of the absorber in�ltrates the pinholes, these pinholes become

domains where the ETL and HTL are in direct physical contact. The pinhole do-

mains thus form parasitic current paths - indicated by the arrow in �g. 4.1(c). The

schematic energy level diagram of the ETL/HTL interface in �g. 4.1(d) reveals the

nature of this shunt: the two (doped or undoped) semiconductors that function as

electron and hole transport material form a (type-II) heterojunction � meaning that

1Large parts of the text and �gures in this chapter (4) closely follow or are identical to my
contributions to the �rst-author publication �How Contact Layers Control Shunting Losses
from Pinholes in Thin-Film Solar Cells�. Reprinted in part with permission from ref. [110].
© 2018 American Chemical Society. Some of the ETL/HTL diodes as well as the perovskite
containing samples were prepared and measured by others. The PVMOS calculations were
performed by Paula Hartnagel and Bart E. Pieters.
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both the conduction and valence band of the ETL are energetically below those of

the HTL � which is expected to result in a diode-like, and thus clearly non-linear,

current-voltage J -V characteristic.

Regarding the in�uence on the solar cell J -V characteristic, textbooks typ-

ically discuss shunts in terms of an Ohmic resistor [35, 36, 122, 211] which allows

the development of simple models and approximations, concerning e.g. the �ll fac-

tor [64,119]. An Ohmic shunt is sometimes also used to describe pinholes in thin-�lm

solar cells [212] with layer stacks similar to the one depicted in �g. 4.1(c) although

the shunt characteristic should be clearly non-linear as discussed before. The non-

linearity of shunts has been discussed in di�erent contexts [213�219] but not with

a focus on pinholes in the absorber and their impact on solar cell performance.

In the following the qualitative di�erence between the in�uences of linear (Ohmic)

versus non-linear (non-Ohmic, diode-like) shunts is illustrated. The top panels of

�g. 4.1(e) depict the J-V characteristics of an Ohmic and non-Ohmic shunt. To

illustrate the shunts' impacts on an ideal solar cell as depicted in the bottom panels,

the current of a simple equivalent circuit is calculated. the circuit is de�ned by the

parallel connection of the shunt current Jsh, the current of an ideal diode Jd,id and

a photocurrent Jsc resulting in

J (V ) =�Jsc+Jd,id+Jsh =�Jsc+J0

�
exp

�
qV

nidkbT

�
�1

�
+Jsh: (4.1)

Here, q is the elementary charge, kb is the Boltzmann constant, T is the temperature,

nid is the diode ideality factor, J0 is the saturation current density and V is the

externally applied voltage. The parameter values for the ideal diode are given in the

�gure caption and all series resistances are neglected in this simple model. According

to eq. 4.1, the shunt current from a pinhole can be interpreted as an additional

recombination current, as is suggested by the arrow in �g. 4.1(d). The Ohmic shunt

in �g. 4.1(e) introduces a characteristic slope at Jsc and reduces the �ll factor FF .

Only for very large shunts (small Ohmic shunt resistance) the Voc is slightly a�ected

but at the same time the FF has decreased more dramatically to almost 25%.

Compared to the Ohmic case, the diode-like (exponential) shunt in �g. 4.1(e) has a

substantially di�erent impact on the ideal solar cell. The current at low voltages is
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not a�ected at all and the decrease in �ll factor di�ers qualitatively from the Ohmic

case. Even more strikingly, there is a decrease in Voc whereas the value of the FF

is still decent. This behaviour can be rationalized from the exponential drop in

resistance of a diode-like shunt.

In summary, Ohmic and non-Ohmic shunts might � in general - reduce the

maximum power point to the same degree. However, while an Ohmic shunt reduces

the total current at lower voltage; the non-Ohmic shunt becomes radically more

harmful towards higher voltage. Consequently, the key to a qualitative understand-

ing of the in�uence of pinholes on the J-V characteristic of a solar cell is to consider

the non-linear nature of the diode-like shunt source in some detail. Going one step

further, a quantitative model is developed to analyze potential di�erences between

ETL/HTL combinations.

4.2. Methodology

To evaluate di�erences in shunt behavior between various ETL/HTL combinations,

the respective current-density-voltage (J-V ) characteristic at the pinholes must be

known. Therefore, devices from ETL/HTL combinations in a stack without ab-

sorber layer were produced as displayed in the inset of �g. 4.2(a). For the n-i-p

case, the stack is thus TCO/ETL/HTL/metal. Such structures, which I refer to as

ETL/HTL diodes, are thought to mimic the pinhole domains in a full solar cell. The

devices turned out to be imperfect diodes that cannot be easily parameterized, so

that the full J -V characteristic of the ETL/HTL diode obtained from measurements

was used for further processing. The dark J -V characteristic of the ETL/HTL diode

displayed by the black circles in �g 4.2(a) basically represents the shunt characteris-

tics at a pinhole. However, for large voltages this experimental J-V characteristic is

dominated by the series resistance of the TCO (RETL/HTL) stemming from the lat-

eral charge transport across the TCO, so that the measured current of the ETL/HTL

diode underestimates the current through a pinhole. Consequently, RETL/HTL has

to be removed in order to obtain the J-V characteristic of the pinholes themselves.

By �tting the experimental data the pinhole's J-V characteristic shown in red in

�g 4.2(a) is obtained. The �tting is done with the open-source [220] numerical device
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As a standard parametrization of the ideal solar cell a photocurrent of Jsh=20mAcm�2,

an ideal diode with ideality factor nid = 1 and a saturation current density J0 that

yields an open-circuit voltage of Voc,id = 1:2V are chosen.

To �nally obtain the J-V characteristic of a full solar cell, the series resistance

of the TCO has to be added to the J -V characteristic of the parallel circuit. This

can be done via modeling the distributed series resistance of the TCO with PVMOS

or by replacing it by an e�ective Ohmic series resistance RTCO as indicated in the

equivalent circuit in �g. 4.2(b). For the considered TCO sheet resistance and cell

geometry displayed in �g. 3.1, RTCO � 17
 when ITO is used and RTCO � 14


when FTO is used. This e�ective series resistance can be either estimated by a

simple calculation or by �tting it to the results obtained from PVMOS as described

in the Supporting Information of ref. [222]. The resulting J -V characteristic of the

equivalent circuit is displayed in �g. 4.2(c) for a pinhole area fraction of 5% and

an ETL/HTL diode based on PEDOT/PCBM. The deviations from the ideal solar

cell characteristic indicate the detrimental impact of the shunt from pinholes on the

device performance. The impact on FF and Voc is similar to the illustration in

�g. 4.1(e).

Although an inhomogeneous device can always be described by a single ef-

fective J -V characteristic, a validation is needed that the simple zero-dimensional

equivalent circuit proposed in �g. 4.2(b) approximates this e�ective J -V characteris-

tic well. More complex simulations of a pinhole-containing solar cell were performed

with PVMOS. Thereby the actual lateral inhomogeneity of the solar cell consisting

of randomly distributed nanoscopic pinholes within domains of an ideal absorber

were modeled. Details of the model employed in PVMOS, the results and the com-

parison to the parallel circuit model can be found in the Supporting Information

of ref. [222]. Deviations between the parallel circuit model and the full solar cell

amount to less than 2% for all investigated ETL/HTL combinations and pinhole ar-

eas. Consequently this study continues with the simple parallel circuit model which

also facilitates the qualitative understanding of the pinhole's impact.
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4.3. Prediction of Pinhole Impact

In the following, di�erent contact layer combinations are compared, that are typ-

ically used in today's solution-processed thin-�lm solar cells. The experimental

dark J-V data of the corresponding ETL/HTL diodes is shown in �g. 4.3(a) af-

ter the TCO's series resistance has been removed. All J-V characteristics are

indeed non-linear and resemble a diode rather than an Ohmic resistor. Despite

the qualitative similarity, di�erent ETL/HTL combinations di�er substantially in

quantitative terms. Common layer stacks used with perovskites in an n-i-p con-

�guration are mesoporous titanium dioxide with Spiro-OMeTAD (mp-TiO2/spiro)

and compact TiO2 with Spiro-OMeTAD (c-TiO2/spiro), whereas the p-i-n con�g-

uration is typically based on a combination of Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS, short: PEDOT)with phenyl-C60-butyric acid

methyl ester (PEDOT/PCBM). Other new absorber materials like Sb2S3 that are

embedded in an n-i-p stack make use of the versatility of conjugated polymers to

choose an appropriate hole transport material. Here compact TiO2 with Poly(3-

hexylthiophene) (c-TiO2/P3HT) and compact TiO2 with KP115 (c-TiO2/KP115) is

investigated. Figure 4.3(a) shows that certain interlayer combinations like TiO2/P3HT

reach high current densities at much lower voltages than other combinations such

as mp-TiO2/spiro.

The di�erence in shunt characteristic directly translates into solar cell perfor-

mance as shown by the calculated illuminated J-V curves at a pinhole area fraction

of � = 5% in �g. 4.3(b). While the J -V characteristic of the mp-TiO2/spiro con-

�guration is almost identical to that of the ideal solar cell, all other ETL/HTL

combinations show a reduced �ll factor FF . In the extreme case of c-TiO2/P3HT

not only the FF decreases but also the open-circuit voltage Voc drops by several hun-

dreds of meV. I qualitatively refer to the degree to which an ETL/HTL combination

prevents a pinhole-induced decline in performance as its ability to block shunts. In

this sense mp-TiO2/spiro would be a good shunt blocker and c-TiO2/P3HT would

be a bad one.

The shunt impact on FF , Voc, and e�ciency � is further analyzed for vary-

ing pinhole area fractions in �g. 4.3(c). As expected, the performance drops with

increasing pinhole area fraction. Solar cells based on ETL/HTL combinations with
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Figure 4.3.: Results for �ve commonly used contact layer combinations: (a) Experimental
J-V characteristics of ETL/HTL combinations without absorber after correcting for the
TCO's series resistance. (b) Resulting simulated light J-V curves of a full solar cell with a
pinhole area fraction of � = 5%. The dashed line represents an ideal solar cell that covers
95% of the cell area and, just like the other curves, takes RTCO into account. (c) Fill
factor FF , open-circuit voltage Voc, and e�ciency h for di�erent cumulative pinhole area
fractions. The perfect shunt blocker indicated in the bottom panel describes an ideal
ETL/HTL combination where the solar cell only su�ers from the decrease in active cell
area and additional shunt losses are avoided.
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good shunt blocking properties are a�ected less than those that conduct high shunt

currents at the pinholes. With the exception of c-TiO2/P3HT all ETL/HTL combi-

nations mostly su�er from a decline in FF rather than Voc. A slight impact on Voc

can be identi�ed for c-TiO2/KP115 and PEDOT/PCBM at pinhole area fractions

>5%. For the case of the bad shunt blocker c-TiO2/P3HT the FF drops sharply at

very small pinhole area fractions whereas the Voc is barely a�ected. However, for

pinhole area fractions larger than 1% the FF almost saturates around 60% whereas

the Voc declines heavily. The strong impact of pinholes on the Voc also explains the

qualitatively di�erent behaviour of the FF for c-TiO2/P3HT. For pinhole area frac-

tions below 1% the shunt current is not large enough to decrease the Voc and only

a�ects the maximum power point (MPP ) and thus the FF . Towards larger pinhole

area fractions the Voc is a�ected in addition to the MPP . The FF is composed

by the ratio of the voltage at MPP and the Voc via FF = (JMPPVMPP)=(JscVoc),

which yields the irregular shape of the FF in the transition regime from a decrease

only in VMPP to a regime with decrease also in Voc. The MPP itself behaves more

regular as can be seen from the monotonous decrease in e�ciency that is propor-

tional to the power at the MPP . Between the di�erent ETL/HTL combinations,

the resulting e�ciency varies over several (absolute) per cent for a given pinhole

area fraction. With increasing pinhole area fraction there is always a decrease in

e�ciency mediated by the short-circuit current and caused by the decreased active

cell area. The dashed line in �g. 4.3(c) represents this obvious loss, which can also

be regarded as the upper limit of a perfectly shunt-blocking ETL/HTL combination.

The mp-TiO2/spiro stack comes very close to this ideal case even for large pinhole

area fractions. It can be concluded that with increasing pinhole area fraction or

decreasing shunt blocking capability, the FF is a�ected �rst but eventually the Voc

becomes limiting to device performance.

It is important to note that this behaviour directly results from the speci�c J-V

characteristic of the pinhole, which is not linear, but not a single exponential either.

If the pinhole was an ideal diode described by an exponential function, the current

of the parallel circuit would be given by the sum of two exponentials according to

eq. 4.2. If the exponential pinhole current was then dominant, it would determine

the total current according to its ideal diode properties, formally taking the role of

the recombination current. This means it would decrease the Voc but yield the FF

84



4.3. Prediction of Pinhole Impact

of an ideal diode. However, the data of the ETL/HTL diodes show that the pinhole

characteristic is not a simple exponential and the impact on the FF is stronger than

on the Voc which can be rationalized by the fact that the current density through

the pinholes is much higher than the current density through the absorber domains.

This is illustrate by considering the situation where the current through the pinholes

fully compensates the current through the absorber domains. According to eq. 4.2

this requires the shunt current to be a factor of (1-�)/� larger than the current

through the absorber domains which is a factor of 19 for � = 5%. At such high

currents, non-exponential terms seem to dominate the pinhole J-V characteristic

with one possible cause being the series resistance of the ETL and HTL.

As stated above, the impact of a shunt is determined by the ratio between

the current through the pinhole and the current through the absorber layer of the

solar cell. Therefore not only the shunt characteristic and the pinhole area fraction

a�ects the shunt impact but also the electrical properties of the absorber domains �

in this case the parametrization of the ideal diode. As a consequence of their non-

linear shunt characteristic, pinholes have a stronger in�uence at higher voltages. In

�g. 4.3(a) the Voc,id of the ideal diode was varied while the pinhole area fraction

was �xed at 5%. With increasing Voc,id of the ideal diode the Voc of the device

with pinholes increases almost proportionally for four of the �ve tested ETL/HTL

combinations. Only c-TiO2/P3HT deviates and even saturates at a certain voltage

that depends on the pinhole area fraction which then leads to a saturated e�ciency

as well. The initial increase of the FF for the discussed ETL/HTL combinations

with increasing Voc,id can be simply attributed to the larger Voc [64,119]. At a certain

Voc,id the detrimental impact of the shunt becomes large enough to a�ect the FF

which then reaches a maximum and decreases for higher Voc,id which in some cases

also leads to a saturation of the e�ciency. This means that by limiting the Voc as for

c-TiO2/P3HT or the FF as for c-TiO2/KP115 and PEDOT/PCBM, the presence of

pinholes can � depending on the ETL/HTL's shunt blocking quality and the pinhole

area fraction - set a �rm upper limit for the solar cell e�ciency even if the intact

absorber domains are further improved. Moreover, the issue of pinholes becomes

more critical for solar cells that reach high open-circuit voltages in the absence of

pinholes. Exactly these materials are of special interest for photovoltaic research and

industrial application which underlines the practical relevance of pinholes and the
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Figure 4.4.: (a) For higher V oc,id of the absorber domains, pinholes become more critical
to device performance due to signi�cantly higher shunt currents at higher voltages. (b) An
additional series resistance �Rs of the ETL/HTL combination suppresses the shunt cur-
rent through the pinhole and can be bene�cial for the device performance. The trade-o�
with the increased overall series resistance leads to an optimum performance at �nite �Rs

in some cases.

need for charge transport layer combinations that e�ectively suppress the resulting

shunts.

There are few parameters to tune and improve the shunt blocking proper-

ties for a given ETL/HTL material combination because the ETL/HTL interface

largely determines the shunt characteristic. One available option is to increase the

series resistance of the ETL/HTL stack, for example by simply increasing the layer

thickness or introducing an additional resistive layer as in the case of CIGS solar

cells [29,111]. An increased series resistance restricts the exponential shunt current

at high voltages. However the same series resistance will act on the intact absorber

domains. The described e�ect is illustrated by adding an Ohmic series resistance

�Rs to the pinhole's J-V characteristic as well as to the ideal diode that represents

the absorber domains of the solar cell. The trade-o� between better shunt blocking
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and increased overall series resistance can be clearly seen in FF and e�ciency for

c-TiO2/KP115 and PEDOT/PCBM in �g. 4.3(b) where a maximum in e�ciency is

reached for a �nite additional series resistance. For c-TiO2/P3HT a higher series

resistance also improves the Voc. Altogether, more resistive electron and hole trans-

port layers can improve the e�ciency of certain ETL/HTL combinations but the

optimized e�ciency still stays behind that of mp-TiO2/spiro or c-TiO2/spiro. Here,

no bene�t of an additional series resistance is observed because these ETL/HTL

combinations are already good shunt blockers. A similar e�ect of bene�cial �nite

series resistance was pointed out by Rau et al. [30] for inhomogeneous diode prop-

erties where an optimum series resistance was found that � depending on the degree

of �uctuations � balances the bene�ts of smoothing electronic �uctuations and the

decrease in FF caused by the additional series resistance.

4.4. Comparison of Devices with and without

Absorber

Experimental J-V characteristics of full solar cells based on the pinhole-bearing spin-

coated absorber layers Sb2S3 shown in �g. 4.5(b) and perovskite shown in �g. 4.5(d)

support the proposed impact of non linear shunts. Both cases apply an n-i-p layer

stack where the hole transport layer HTL is varied which changes the shunt char-

acteristic at the pinholes. The underlying ETL is not varied so that di�erences in

the �lm formation of the absorber can be dismissed. Figure 4.5(a) and (c) show

the experimental J-V -curves of the stacks without absorber and �g. 4.5(b) and (d)

show the illuminated J-V characteristic of the full cell.

Antimony sul�de Sb2S3 is employed in �g. 4.5(b) according to the Sb-TU

process described in chapter 3.2 as an example of a relatively unexplored absorber

material, which is discussed more extensively in chapter 6. It can be seen from

�g. 4.5(a) that the interlayer combination c-TiO2/P3HT causes worse shunts than

c-TiO2/KP115. The Voc of the corresponding c-TiO2/Sb2S3/P3HT solar cell is

signi�cantly lower compared to c-TiO2/Sb2S3/KP115. This behaviour is expected

from the model developed in this chapter and can be attributed to the higher shunt

currents of c-TiO2/P3HT at open circuit. The pinholes thus represent a signi�cant
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Figure 4.5.: Experimental current density vs. voltage (J-V ) characteristics of (a),(c)
di�erent ETL/HTL diodes in the dark and (b),(d) full solar cells under illumination based
on (a),(b) Sb2S3 and (c),(d) perovskite absorbers. In both cases the interlayer com-
bination with higher shunt currents shows a decrease in Voc and FF . For perovskite
(d) other e�ects seem to be superimposed on the shunt deterioration. The solar cell pa-
rameters in (b) are Jsc = 9:9mAcm�2, FF = 51%, Voc = 0:578V for c-TiO2/Sb2S3/P3HT
and Jsc = 9:7mAcm�2, FF = 53%, Voc = 0:641V for c-TiO2/Sb2S3/KP115. Data in
(d) yields Jsc = 16:8mAcm�2, FF = 47%, Voc = 0:977V for mp-TiO2/perovskite/P3HT
and Jsc = 19:0mAcm�2, FF = 67%, Voc = 1:09V for mp-TiO2/perovskite/spiro.
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limitation of the Voc and the solar cell performance in the case of the c-TiO2/P3HT

contact layer combination. Again, the drop in Voc in conjunction with a still appre-

ciable FF cannot be explained by an Ohmic shunt but only by a non-linear one.

A more quantitative estimation of the pinhole-related losses for Sb2S3 solar cells is

presented in �g. 6.8.

As a second example, lead-based perovskite is applied in a solar cell with the

interlayer combinations mp-TiO2/spiro and mp-TiO2/P3HT in �g. 4.5(c) and (d).

The mp-TiO2/P3HT diode in �g. 4.5(c) conducts much larger currents around the

Voc and MPP than the mp-TiO2/spiro. The strong suppression of shunts in the case

of the mp-TiO2/perovskite/spiro allows a solar cell with decent performance while

Voc and FF are reduced in the case of mp-TiO2/ perovskite/P3HT. However, the

Jsc also decreases which cannot be explained within the framework described in this

work. By applying P3HT instead of spiro-OMeTAD more properties of the solar

cell seem to change than just the shunt currents at the pinholes.

4.5. Discussion

Generally, it is di�cult to experimentally distinguish between shunting and other

e�ects that are superimposed on the J-V characteristic. As an obvious example,

when one interlayer is exchanged by another not only the interface at the pinhole

which dictates the shunt characteristic is altered, but also the band diagram of the

pinhole free absorber domains. When the underlying interlayer is exchanged, the

growth conditions and resulting properties of the absorber may change as well [223].

Neglecting this in�uence on absorber layer formation and taking a broader perspec-

tive, the capability of a certain charge transport layer combination to suppress shunt

currents at a pinhole can be regarded as a contact property. Other contact properties

include optical aspects such as parasitic absorption and light management [63,68] as

well as selectivity - comprising surface recombination of minority carriers and series

resistance of majority carriers [224] � and built in electric �eld. While the optical

contact properties mostly a�ect the cell's J sc, selectivity and built-in �eld directly

a�ect Voc and FF [83, 224] (as will be discussed in chapter 5). These properties

mainly depend on one of the contacts - namely its geometric dimensions, the choice
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of material (including details of processing) and the interface it forms with the ab-

sorber layer which for example determines trap densities. In contrast, the non-linear

shunting behavior results from the combination of both contacts and the interface

they form. In the �nal illuminated J-V characteristic, all of the mentioned contact

characteristics are superimposed so that the impact of shunting cannot be clearly

identi�ed experimentally. Nevertheless, the shunt blocking properties are crucial for

the quality of the contact with regard to solar cell performance in the presence of

pinholes in the absorber layer.

Di�erent concepts to circumvent pinholes or moderate their impact on device

performance have been proposed or established. The resistive shunt mitigation

discussed in �g. 4.4 appears as a general concept for optimizing the e�ciency of real

world thin-�lm solar cells [28,30,225]. In the case of CdTe, pinholes are avoided by

simply depositing an absorber layer that is much thicker than is required for e�cient

photon absorption [104, 105] which could generally reduce charge carrier collection

e�ciency (see i.e. chapter 5) and increase fabrication time and costs. Given that the

absorber �lm contains pinholes, these could be passivated via selectively depositing

a highly resistive polymer as is done for CdTe [226,227] � a route that has also been

explored for perovskites [112]. However, such extra e�ort and tradeo� can be spared

if a shunt-blocking ETL/HTL is used as shown in this work and has been argued

recently for CdTe [106].

The presented methodology can be applied straightforward to other thin-�lm

technologies like CdTe and CIGS that typically use di�erent contact layer materials

than the ones discussed here. Additionally, pinholes may not only appear in the

absorber layer of a thin-�lm solar cell but also in any of the other layers including

the directly adjacent ETL and HTL. Then, a more re�ned contact con�guration

consisting of a sequence of di�erent layers, maybe deposited via di�erent methods,

might prevent a deterioration from pinholes as was shown in the systematic study

[111] on CIGS solar cells mentioned in the introduction. Finally, the methodology

and general �ndings should also be applicable to other (opto-) electronic devices

with large aspect ratios such as photodetectors based on thin �lms [228�230].
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4.6. Chapter conclusion

Pinholes in the absorber layer are a common feature of real-world thin-�lm solar

cells. The physical contact between electron and hole transport layer at the pinhole

leads to non-linear shunting that can decrease the solar cell's �ll factor and even dras-

tically reduce its open-circuit voltage. This study provides an easy-to-apply parallel

equivalent circuit model that predicts the impact of an experimentally obtainable

shunt characteristic on the solar cell performance. Di�erent charge transport layer

combinations result in substantially di�erent shunt currents which are re�ected in

the degree of performance deterioration � with certain advantageous combinations

having a vanishing impact on the solar cell.

For today's novel thin-�lm solar cells that apply a large variety of contact lay-

ers, criteria to evaluate the quality of a contact are needed. This study demonstrates

that the current characteristic at pinholes, which is determined by the contact layer

con�guration, may dictate the solar cell performance. This �nding highlights the

importance of not only optimizing the contacts with regard to the absorber layer,

but to pay equal attention to the contacts' behaviour at pinholes. In other words, it

may be that the optimum contact con�guration of a pinhole-free thin-�lm solar cell

di�ers from the optimum contact con�guration of a real-world, imperfect thin-�lm

solar cell that contains pinholes. Especially when aiming at up-scaled production

of perovskite solar cells, a high tolerance of the contact layer combination against

shunting from pinholes is likely to increase fabrication yields and reduce process re-

quirements for the absorber �lm deposition which will eventually reduce production

costs.
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Solar Cells

The �ll factor FF is one of the three quantities that determine the solar cell ef-

�ciency. For many technologies it is far from its theoretical maximum as evident

from �g. 2.2. Especially organic solar cells often apply thin absorber layers of about

100 nm as shown in �g. 2.9(c). At such low absorber thickness, absorption is incom-

plete (especially close to the band edge), but increasing the absorber thickness often

causes ine�cient charge carrier collection and a sharp drop in FF [154�156, 231].

Broadly speaking, the FF is determined by the competition of charge carrier extrac-

tion and recombination, but a detailed understanding the FF of thin-�lm solar cells

remains challenging due its complex dependence on a multitude of parameters. By

means of drift-di�usion simulations, I thoroughly analyze the FF of typical thin-�lm

absorbers in chapter 5.1 with a focus on low-mobility systems such as organic solar

cells and demonstrate its good correlation to a collection coe�cient de�ned in this

thesis. I systematically discuss the e�ect of di�erent recombination mechanisms,

space-charge regions and contact properties. Based on these �ndings the thickness

dependence of the �ll factor for di�erent experimental studies from literature can

be interpreted. The presented model provides a facile method to extract the ab-

sorber materials's electronic quality factor Q de�ned herein, which is of particular

importance for the FF . Speci�cally, Q serves as a �gure of merit for the FF and

thus quanti�es an absorber material's prospects in terms of charge carrier collec-

tion. Chapter 5.2 extends the FF analysis of the previous chapter and includes

the absorption coe�cient as a third material property, next to mobility and lifetime

(or recombination coe�cient), that, for a given band gap, determines the solar cell

e�ciency. Di�erent regimes depending on the value of mobility and surface recombi-

nation velocity are found. Within a regime, a good correlation between the solar cell
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e�ciency and the speci�c �gure of merit is found, making the proposed expressions

the ultimate FOMs for the e�ciency of p-i-n-like thin-�lm solar cells. Chapter 5.3.1

applies the developed models to organic solar cells, which constitute one of the most

promising material classes for future thin-�lm solar cells. A meta-study of literature

reports on noticeable and high-performing OSCs in terms of the electronic qual-

ity factor together with the Scharber e�ciency o�ers a consistent interpretation of

the development of high e�ciency OSCs over the past 15 to 20 years. In a future

perspective, OSCs based on non-fullerene acceptors (NFAs) that often show well-

matched energy levels and high Scharber e�ciency can overcome current e�ciency

limits if the electronic quality of the blends is improved. Next, the interplay be-

tween electronic quality and absorption of an organic material blend is studied in

terms of the e�ciency. For the promising class of NFA-based blends, either com-

plementary or congruent absorption bands of the donor and acceptor molecules are

advantageous, depending on the value of the electronic quality factor. Finally, the

e�ciency increase for enhanced absorption strength of organic absorbers is assessed

as an alternative approach to overcome e�ciency limits of today's organic solar cells.

5.1. Fill Factor and Electronic Quality

There is a general understanding of the in�uencing factors on the FF , such as mo-

bility, lifetime, built-in voltage and active layer thickness. Basic models for the

collection of charge carriers, such as Crandall's expression for the photocurrent pre-

sented in section 2.3.4 exist as well. However, there is a lack of analytical expressions

that directly relate the FF to these quantities. Apart from the mathematical chal-

lenge of solving implicit equations of the optimization problem in eq. 2.9, the charge

carrier dynamics in thin-�lm solar cells are complex and thus hard to grasp with

simple analytical derivations. A slightly di�erent approach is to demonstrate the

correlation between the �ll factor and quantities that I term collection coe�cients,

which contain the above mentioned material and device parameters. The goal is

then to �nd an expression for the collection coe�cient that correlates well with the

�ll factor, which provides a clear and quantitative understanding of the FF . At the

same time, the boundaries of the model must be de�ned and further insight is gained

94



5.1. Fill Factor and Electronic Quality

from the FF behavior in cases where the model's assumptions are violated. A com-

prehensive understanding of the FF and a precise model for the relation between

the FF and a collection coe�cient allows to deduce quantitative information from

the FF about the collection coe�cient and its constituting quantities that include

the mobility � and lifetime � . This approach is highly practical and bene�cial for

experimentalists because the FF can be determined from relatively simple J-V mea-

surements under illumination, whereas measurements of � and � require far more

sophisticated equipment and/or analysis [85]. As discussed on the basis of eq. 2.11

in section 2.3.4, the (��)-product is of special importance for charge collection and

is widely associated with the, mostly not properly de�ned, electronic quality of a

semiconductor.

The model presented in this chapter follows this rationale and in section 5.1.3

provides, based on numerical drift-di�usion simulations, an optimized collection co-

e�cient that closely correlates with the FF . The method is described in detail in

section 5.1.1. Two limiting cases of non-radiative direct band-to-band and trap-

assisted Shockley-Read-Hall (SRH) recombination are considered. Both mechanism

have been observed previously in organic solar cells [232�234], while inorganic solar

cells mostly su�er from SRH recombination. Surface recombination only becomes

relevant for good bulk properties and acts on the FF mostly via the solar cell's Voc

which sets the maximum attainable �ll factor [64]. An additional dependence of the

�ll factor on the surface recombination velocity is described in section 5.1.5. The

parametrization of most simulations refers to organic solar cells, but section 5.1.7

shows that the results are very similar for inorganic materials that have higher di-

electric constants and typically higher mobilities. The model mathematically de�nes

an electronic quality factor Q in section 5.1.4, composed of mobility and lifetime or

recombination coe�cient, that can be extracted from illuminated J-V curves for

known thickness of the active layer. The Q extracted from the optimized model is

signi�cantly more precise than the analytical estimates based on previous literature

reports [123, 124, 235] presented in section 5.1.2. The electronic quality factor is a

valuable tool for the optimization of a technology that is experimentally accessible

to a large community. The model is valid for fully depleted absorber layers and equal

electron and hole mobilities so that transport is largely drift-dominated. A violation

of the model's assumptions, namely the presence of a space charge region discussed
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in section 5.1.6 or a FF limitation by the contacts discussed in section 5.1.5, shows

characteristic signatures in the thickness dependence of the FF . The applicability

of the model can thus be tested experimentally within the framework of the model

itself, by preparing a series of devices with varying active layer thickness. At the

same time the experimental observation of such signature provides a �rst indication

for suboptimal device properties that can then be further investigated with more

speci�c characterization methods.1

5.1.1. Method

In an approach similar to Bartesaghi et al. [235] this study is based on drift-di�usion

simulations carried out over a wide range of parameter values. Huge datasets of 104

points are created and the behavior of the ensemble is analyzed. For each device

simulation, the value of each parameter is chosen at random within its respective

range speci�ed in tab. 5.1, which in the �rst section re�ects typical values of organic

solar cells. In an e�ective-medium approach, spatially independent properties are

assigned to the photoactive material blend which is thus described as a homogeneous

medium. The energy di�erence between acceptor lowest unoccupied molecular or-

bital LUMO and donor highest occupied molecular orbital HOMO is taken as the

e�ective band gap [125�127, 187, 237�239]. By condensing microstructural e�ects

into device parameters � such as mobility � and direct recombination coe�cient k �

e�ective-medium simulations were successfully performed in many studies [125�128].

The free-charge-carrier generation rate G is assumed to be constant across the en-

tire active layer. To prevent unrealistically high short-circuit currents for thick

devices, the generation rate is adjusted for di�erent active layer thicknesses and

interference caused by �at interfaces is taken into account by simulations based

on the transfer matrix method [188, 240] as shown in �g. 5.1(a). Regarding the

application to organic solar cells, voltage-dependent geminate recombination (re-

combination of excitons) is negligible for many of today's OSCs [135, 241�247] and

is not considered here. Note that geminate recombination, which is independent

of the applied electric �eld, merely reduces the generation rate of free carriers G

1Large parts of the text and �gures in this chapter (5.1) closely follow or are identical to my
�rst-author publication �How to extract information on electronic quality of organic solar cell
absorbers from �ll factor and thickness� [236]. © 2016 American Physical Society
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Figure 5.1.: (a) Thickness dependent generation as used throughout chapter 5.1 and
resulting short-circuit current in the case of complete carrier collection (100% internal
quantum e�ciency). The calculation is done with the transfer matrix method [188, 240]
for a representative cell stack of glass, 110 nm of ITO, 25 nm of PEDOT:PSS, varied
thickness of P3HT:PC61BM blend, 7 nm of calcium and 200 nm of aluminum for normal
incidence of AM1.5G illumination. Because interference is considered, maximums in the
attainable short-circuit current appear slightly below 100 nm and slightly above 200 nm
active layer thickness. (b) Band diagram at the MPP with indicated standard contact
properties.

which does not a�ect the extraction and recombination dynamics of free carriers

as long as charge-carrier concentrations are not changed drastically. The analysis

is carried out for both direct (bimolecular, band-to-band or free-to-free) and trap-

assisted (monomolecular, Shockley-Read-Hall, SRH) free-charge-carrier recombina-

tion models. The range of the direct recombination coe�cient k or Shockley-Read-

Hall lifetime � is taken from comprehensive studies of various polymer:fullerene

blends [248�250]. Direct recombination in organic bulk-heterojunctions is often

described to follow Langevin kinetics, where the mobility determines the recom-

bination coe�cient [235, 244]. For many polymer blends a mostly empirical and

blend-speci�c Langevin-reduction factor is required to reproduce experimentally de-

termined recombination coe�cients [235,244,251] whereby the Langevin expression

becomes merely an upper limit for direct recombination. For the presented model,

the coe�cient of direct recombination is randomly chosen from a wide parameter

range which automatically covers the case of reduced Langevin recombination. The

properties of interlayers and metallic contacts are implemented via energetic barriers

at the contacts, surface recombination velocities and an external series resistance.
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The analysis starts by looking at undoped devices with balanced mobilities in

sections 5.1.2 and 5.1.3 � implying the absence of space-charge regions so that the

active layer is fully depleted. There is no external contribution to the series resistance

from the metallic contacts.2 Vanishing Schottky barriers ' to the contacts and high

and equal minority surface recombination velocities of S = 107 cm/s are assumed.

Deviations from this standard case are denoted in the text. Note that in the whole

discussion there is no preferential cell orientation related to the direction of light

incidence on the device. Because of the spatially homogeneous generation rate, this

also holds true in presence of a space-charge region at one of the contacts.

5.1.2. Analytical Estimates

Two analytical expressions for a collection coe�cient have been derived in literature

for the case of fully depleted absorber layers and di�erent recombination mechanisms

� namely trap-assisted Shockley-Read-Hall [123,124] and direct band-to-band [235].

In the following, I will recap and relate the expressions for the simple case of equal

electron and hole mobilities and, if applicable lifetimes, and evaluate their correla-

tion to the �ll factor based on drift-di�usion simulations following the method in

section 5.1.1.

Crandall's model for the photocurrent [123] in systems dominated by Shockley-

Read-Hall recombination, such as amorphous silicon, is given in eq. 2.11. The con-

stant lifetime approximation is applied to achieve an analytical treatment, meaning

that the recombination rate is characterized by a single lifetime � as in eq. 3.11

(Rsrh = n=�). The characteristic quantity of the associated charge carrier collection

e�ciency in drift-dominated systems in eq. 2.15 is the ratio of drift length Ldr over

active layer thickness d [124]

Ldr
d

= ��
Vbi�V

d2
; (5.1)

which naturally depends on the the electric �eld F = (Vbi�V )=d and thus on the

applied voltage V . Equation 5.1 should be evaluated for the electric �eld present

2Note that in low-mobility systems such as organic solar cells the active layer contributes to the
overall series resistance.
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at the MPP (V = VMPP). However, to determine the VMPP from material and

device properties is actually a similar problem as determining the FF . This is the

major drawback in the attempt to analytically derive a collection coe�cient that

correlates with the FF . Eventually, the most feasible option is to set V = 0 in

eq. 5.1, meaning that charge collection is evaluated at short-circuit, and hoping for

a similar behavior at the MPP . However, the driving electric �eld is signi�cantly

weaker at the MPP (see �g. 5.1(b), the VMPP is actually closer to Voc than V = 0)

and the recombination pro�le di�ers from short-circuit. In order to obtain a model

compatible with experimental work that can also be applied to reported data from

literature, the built-in voltage in eq. 5.1 is replaced with the open-circuit voltage

Voc yielding an collection coe�cient

q
�SRH = ��

Voc
d2

; (5.2a)

where the squareroot is written simply for the sake of obtaining similar exponents

as in the expression for direct recombination discussed in the following.

The same problem of properly parameterizing the system at theMPP is faced

for the case of direct recombination (Rdir = k�np, eq. 3.8), which is often assumed

to be the dominant recombination mechanism in organic solar cells. Bartesaghi et

al. [235] therefore also refer to a system at Jsc. The authors take a similar approach

and calculate the ratio between the time that charge carriers are free before they

recombine trec and the time that charge carriers need to be extracted tex which yields

the collection coe�cient3

�dir =
trec
tex

=
�2

k

V 2
oc

d3Jsc
: (5.2b)

Again, eq. 5.2b applies experimentally accessible quantities as opposed to the orig-

inal expression in ref. [235] given in eq. C.1b in appendix C, which applies the

homogeneous generation rate G and internal voltage Vint. See appendix C on the

details of the substitutions, which are also used by Bartesaghi et al. in order to

compare their experimental data to the simulation. Equation 5.2b can be deduced

from eq. 5.2a by identifying ��1 = kp according to the corresponding recombination

3Bartesaghi et al. actually take the corresponding rates which are the inverse of the times con-
sidered here, resulting in the reciprocal expression to eq. 5.2b.
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rates Rsrh = ��1n and R = k�np and using the expression for the charge carrier

density p in ref. [235]. For this, recombination is assumed strongest close to the

contacts where the minority carrier density p is obtained from considering charge

transport to the contact, actually neglecting recombination as mentioned also in

ref. [235].

Figure 5.2 shows the correlation between the �ll factor FF and the collection

coe�cients for SRH (�g. 5.2, eq. 5.2a) and direct (�g. 5.2(b), eq. 5.2b) recombination.

The coordinates of each data point are obtained through extraction of FF , Voc and

Jsc from the computed J-V curves while mobility �, recombination coe�cient k,

lifetime � and thickness d are inputs to the simulations. Although the overall trend

of large collection coe�cients leading to large �ll factors is evident for both cases,

the data is considerably scattered in the linear and the saturation regime of the

distribution. The scatter makes it di�cult to quantitatively relate the measured

FF with e.g. the mobility-lifetime product of the absorber material. In other

terms, any value of such material properties extracted with the help of a model that

produces signi�cant scatter has a large error bar. As can be seen from �g. C.1 in

appendix C, this scatter does not originate from the introduction of Voc instead of

built-in voltage Vbi or internal voltage Vint � and Jsc instead of generation rate G

in the case of direct recombination � to the collection coe�cients as de�ned from

Crandall [123] and by Bartesaghi [235] and written in eq. C.1. For the case of

imbalanced charge transport depicted in �g. 5.2(c) � also shown in the publication

of Bartesaghi et al. and discussed later in section 5.1.6 � the scatter becomes much

stronger.

5.1.3. Optimized FF Model

To obtain a collection coe�cient with reduced scatter, a normalized �ll factor FFn

is introduced and the exponents in eq. 5.2b are varied to �nd the relative weight of

the constituting quantities and attain an optimized collection coe�cient dir. The

normalization of the �ll factor accounts for the dependence of the maximum �ll

factor FFmax on the open-circuit voltage Voc as described in section 2.3.4. Several

analytical functions which describe the solution of the problem exactly or approxi-

mately with varying accuracy were discussed by Green [119,121]. Following Green's
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Figure 5.2.: Correlation between the FF and analytically derived collection coe�cients
for (a) Shockley-Read-Hall (red) and (b) direct recombination (green) that re�ect the com-
petition between charge-carrier extraction and recombination in fully depleted thin-�lm
solar cells. Each of the 104 data points in (a) and (b) corresponds to a device simula-
tion for balanced mobilities �e = �h with input parameters chosen at random from the
intervals given in tab. 5.1 that represent typical values for organic solar cells. (c) contains
the data of (b) and two additional point clouds with imbalanced mobilities �e = 10�h and
�e = 100�h. The mobility in eq. 5.2b splits into two terms �2 ! �e�h as proposed by
Bartesaghi et al. [235], which results in the enhanced scatter observed in that publication.

earlier work [119], we choose the simple relation

FFmax =
a·Voc
Voc+ b

(5.3)

and set the lower limit of possible �ll factors to

FFmin = 25% ; (5.4)

corresponding to a non-rectifying device with linear J-V curve. Subsequently, the

�ll factor is normalized via

FFn = 2·
FF �FFmin

FFmax�FFmin
�1 (5.5)

which maps the FF onto the range (-1, 1). The constants a and b in eq. 5.3, along

with the optimized exponents of the collection coe�cient dir are found by �tting

the data pairs of normalized �ll factor FFn-dir to the �t function
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5.1. Fill Factor and Electronic Quality

Figure 5.3.: Correlation between the FF and optimized collection coe�cients for
(a) Shockley-Read-Hall and (b) direct recombination. The improved models, based on
a normalized �ll factor FFn (eq. 5.5) and optimized relative weights (eqs. 5.7) of the
quantities that constitute the collection coe�cients, show less scatter than the analytical
counterparts in �g. 5.2. (c) The error (eq. 5.10) of extracting the here-de�ned electronic
quality factor Q (eq. 5.8) via the proposed models for direct recombination through eq. 5.9,
quanti�es the enhanced precision of the optimized over the analytical model over several
intervals of FFn.

FFn,�t (dir) = tanh(�dir ln(dir=0,dir)) ; (5.6)

where �dir and 0,dir are �t parameters as well. The function ful�lls the requirements

of a monotonous and bounded function that produces the S-shapes discernible in

�g. 5.2 and shares the range (-1, 1) of FFn. The optimized collection coe�cient is

found to be

dir =
�2

k0.8
·

V 2
oc

d3:5J0:5
sc

: (5.7a)

Comparing �g. 5.3(b) and 5.2(b) shows that the introduction of the normalized

�ll factor FFn reduces the scatter at high FF s close to FFmax where the FF is

restricted only by the fundamental dependence on Voc in eq. (5.3). The optimized

exponents of the collection coe�cient dir substantially narrow the linear part of

the distribution. Note that the density of points that deviate the most from the

�t function [red curve in �g. (5.3)(b)] is much lower than the point density along

the curve. The improved precision of the optimized collection coe�cient will be

quanti�ed in the next section.

For the case of trap-assisted Shockley-Read-Hall (SRH) recombination, where
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5. Charge Collection in Thin-Film Solar Cells

the lifetime � replaces the direct recombination coe�cient, the optimization proce-

dure yields

SRH = �2�1:6·
V 2
oc

d4:3
(5.7b)

and gives similarly good results displayed in �g. 5.3(a) as the collection coe�cient

for direct recombination. The �t parameters a, b, 0 and � are given in tab. (5.2)

for both recombination models. Equations (5.7) use the units given in tab. (5.1),

except for the device thickness d which needs to be entered in cm. Voc is in V, Jsc in

mAcm-2 and FF in %. Note that both collection coe�cients are not dimensionless.

Results di�er for exceptionally strong or weak recombination shown in �g. C.2 in

appendix C, which is however uncommon for organic solar cells. Although the

models for direct and trap-assisted recombination represent limiting cases, they

produce similar results. The obtained expressions for both recombination types

show minor deviations from the theoretical models in eqs. (5.2a) and (5.2b). In

particular, the exponents of the quantities that describe recombination are slightly

lower than in the analytical expressions (�2=k for direct recombination and (��)2

for Shockley-Read-Hall recombination). The deviations can be understood from

the di�erences between the approaches: while the analytical models describe the

e�ciency of charge carrier collection and are then merely plotted against the FF ,

the collection coe�cients found herein are optimized to precisely predict the FF .

Lower recombination improves charge collection at the maximum power point and

at the same time increases Voc. Thereby, the numerator and the denominator of

the �ll factor de�nition FF = (VMPPJMPP=(VocJsc))are increased, which leads to

a decreased weight of the recombination parameter. For direct recombination, the

thickness dependence is almost the same in eq. (5.7a) and eq. (5.2b). The splitting

from Jsc �! J0:5
sc d0:5 can be explained by an additional thickness dependence of Jsc

due to incomplete collection at short-circuit. It also turned out that the weight

distribution between Jsc and d is not very critical for the �tting and optimized

result. Since SRH recombination is linear with excess charge-carrier concentration,

it is (nearly) independent of the generation rate and thus the Jsc, which translates

to the collection coe�cient SRH being independent of Jsc. The weights of the

constituting quantities in eqs. (5.7) were optimized relative to the weight of the
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5.1. Fill Factor and Electronic Quality

Table 5.2.: Fit parameter values for direct and Shockley-Read Hall recombination (top)
displayed in �g. 5.3 and for varying �r (bottom) for the case of SHR recombination and
an extended mobility range discussed in section 5.1.7 and displayed in �g. 5.7.

case section a b � 0 [0]
standard 5.1.3-5.1.6
Direct 0.92 0.09 0.29 2�1017 mA�0:5s�1:2cm�0:9

SRH 0.92 0.09 0.19 1:3�104 s�0:4cm�0:3

�r varied, SRH 5.1.7
�r = 3:5 0.94 0.095 0.18 1:5�104 s�0:4cm�0:3

�r = 10 0.93 0.090 0.18 1:0�104 s�0:4cm�0:3

�r = 30 0.91 0.085 0.19 6:2�103 s�0:4cm�0:3

�r = 100 0.89 0.079 0.19 3:6�103 s�0:4cm�0:3

mobility whose exponent was �xed at two. The �tting procedure yielded stable

results up to the given digit and was particularly sensitive to the weight of the

recombination coe�cient.

5.1.4. Electronic Quality Factor and Model Precision

A crucial factor in the collection coe�cient in eq. (5.7a) is the ratio of mobility �

and recombination coe�cient k � both properties of the material blend composing

the active layer � which de�nes an electronic quality factor

Qdir =
�2

k0.8
: (5.8a)

In the case of trap-assisted recombination the electronic quality factor is de�ned by

QSRH = �2�1:6 : (5.8b)

Substituting the collection coe�cient from eq. (5.8a) into the �t function FFn,�t in

eq. (5.6), setting FFn,�t = FFn and solving for Qdir, allows to accurately estimate

the electronic quality factor

Qdir,�t = 0,dir
d3:5J0:5

sc

V 2
oc

exp

 
arctanh(FFn)

�dir

!
(5.9)
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from basic device characterization by applying the presented �tted model. Only the

measurement of the active layer thickness d and the current-voltage curve, which

provides Voc, Jsc and FF , is required to obtain Qdir. This is remarkable because

mobility and recombination coe�cient are di�cult to obtain individually in exper-

iments and values vary for di�erent methods [252�254]. On top of this, there is a

discussion on the correct interpretation of lifetimes and recombination coe�cients

obtained from transient measurements of the full device [189]. The probed quan-

tities result from di�erent processes in the solar cell and especially transport and

recombination phenomena are superimposed in certain experiments [189, 190]. Al-

together, the macroscopically probed quantities might not re�ect the microscopic

de�ned material properties that also form the basis of the drift-di�usion model and

the corresponding simulations.

By comparing the actual value of Qdir de�ned by eq. (5.8a) to the electronic

quality factor Qdir,�t predicted from the model, the model's uncertainty is evaluated

via

�Q,dir =

���Qdir�Qdir,�t

���
Qdir

: (5.10)

Qdir is recalled from the simulation input (parametrization) and Qdir,�t is obtained

from the simulation output (J-V curve) via eq. (5.9). A di�erent electronic quality

factor Q�,dir = �2=k is de�ned by the collection coe�cient of Bartesaghi et al. in

eq. (5.2b). Following the previous procedure of introducing a normalized �ll factor

and �t function as displayed in �g. C.1(c), the model's estimated electronic quality

factor Q�,dir,�t and its error �Q,�,dir is evaluated and compared to the model devel-

oped in this thesis. The two regions with lowest and highest FFn in �g. (5.2)(c) are

di�cult to interpret in terms of electronic quality as indicated by the large error of

the estimated quality factor for both models. Even large changes in mobility and

lifetime only lead to moderate changes in FF if the FF is nearly ideal or if it is

already close to 25 % which results in the �at regions for the lowest and highest

collection coe�cients in �g. (5.2)(a). However, the exact value of Q for an absorber

that reaches the highest FFn for reasonably thick layers is of minor importance for

photovoltaic performance, since charge collection is in any case highly e�cient. At

intermediate FF s the enhanced precision of the collection coe�cient dir is obvious.
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In this linear regime, changes in mobility and recombination constant (or lifetime)

directly translate into changes in FFn which allows the precise extraction of the

electronic quality factor Qdir.

5.1.5. Contacts

Figure 5.4(a) compares the presented model with two literature reports based on

PTPD3T:PC71BM [255] and DT-PDPP2T-TT:PC71BM [241] blends, which reached

high FF s at thicknesses around the second absorption maximum. In both studies

the thickness of the active layer was varied which enables the veri�cation of the

FFn-d relation proposed by the presented model. One data point is used to extract

Qdir which is then assumed to be constant for all thicknesses of the series. Both series

agree well with the model except for the highest values of dir which correspond to

the devices with the lowest absorber thickness. This behavior is typical because

at high FF and dir the external series resistance becomes a limiting factor of the

FF as discussed below. Additionally, shunts may a�ect the FF at low active layer

thickness. Consequently, the FF stays short of its potential if purely judged by the

e�ciency of charge collection. Further experimental evidence for the validity of the

proposed model is given by several thickness series reported in literature displayed

in �g. C.6 in appendix C.

For e�cient transport in the bulk active layer indicated by a high FFn and

large collection coe�cient, imperfect contacts become limiting to the FF . More

speci�cally, the highest obtainable �ll factor decreases. In this context the term

`contact' does not exclusively refer to the metallic connection to the external circuit

but also includes the interlayers. For example, in terms of device modeling, the high

charge selectivity of a good electron-blocking HTL can be represented by a high

surface recombination velocity for holes (majority carriers, Smaj) and a low surface

recombination velocity for electrons (minority carriers, Smin) instead of including

an additional layer in the simulated stack. Interlayers whose energy levels are well

matched to the active layer translate to a low Schottky barrier ' used in simulations.

A Schottky barrier between active layer and contacts reduces the built-in voltage

which impedes the extraction of charge carriers and deteriorates the �ll factor [256].

Finally, since interlayers are non-ideal conductors they will also contribute to the
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5. Charge Collection in Thin-Film Solar Cells

Figure 5.4.: (a) Literature data on solar cells with varying active layer thickness made
from two high-Q polymer blends [241,255] are in good agreement with the optimized model.
Thin devices reach the highest FF values but stay below the model's prediction which
can be explained by external series resistances that lower the maximum obtainable FF as
shown in (b). The mobility is varied along one curve to cover a large range of collection
coe�cients. For a known external resistance the data can be corrected by eq. 5.11 to
obtain the zero-resistance curve as shown for Rs = 5
cm2.

external series resistance Rs in addition to the TCO at the front contact and thereby

reduce the �ll factor. Figure 5.4(b) shows the normalized �ll factor FFn for a set

of curves with varying external series resistance.4 While the linear regime is barely

in�uenced, the curves saturate at lower levels for increasing series resistance. The

discussed parameter series on the behavior of the FF discussed here and in the

following, are exemplary for a large ensemble of devices and re�ect the trends evident

from the point clouds displayed in �g. C.3 in appendix C for the case of an external

series resistance. It is noteworthy that the curve without any external resistance

(Rs = 0
cm2) can be recovered for a known resistance by adapting the maximum

�ll factor de�nition from eq. 5.3 to [64]

FFmax,Rs = FFmax

�
1� RsJsc

Voc

�
: (5.11)

as is done for the dashed line in �g. 5.4(b).

4Note that low-mobility organic material blends or generally intrinsic absorber layers contribute
to the overall series resistance in addition to any external series resistance
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It is well known that higher values of the open-circuit voltage Voc can be

achieved in di�erent types of solar cells by reducing the surface recombination ve-

locity of minority charge carriers [257], which is the base of many improvements in

c-Si technology [32]. Higher Vocs then allow higher FF s as captured by eq. 5.3. In

the following the impact of the surface recombination velocity of minority carriers

Smin =: S is analyzed under the assumption that the majority carriers are injected

and extracted fast enough [256]. Just as for the external series resistance, e�ects

related to surface recombination become visible only if the bulk properties are good,

referring to high values of the collection coe�cient dir and normalized �ll factor

FFn.

Figure 5.5(a) shows no signi�cant deviation from the FFn-dir relation for a

variation of S between 105 and 10�1 cm/s in the low-mobility case (pink and blue

diamonds), because poor bulk properties limit the FF . For a high mobility (green

diamonds) and associated high Qdir, low surface recombination values lead to an

FFn above the model's predictions, which are based on a high S, although the FF

normalization already accounts for the Voc dependence. The general validity of the

FF normalization is con�rmed by a variation of the band gap Eg (brown circles),

which exclusively acts on the Voc and nicely follows the predicted FFn. Figure 5.5(b)

shows the FF -Voc relation for the high mobility case and varying S or Eg. The Voc

changes with both varied parameters and the Eg range is actually chosen in such a

way that the Eg and S variation cover a similar Voc range. The di�erence in the

FF -Voc relation indicates that the FF dependence on S goes beyond the expected

indirect in�uence via the Voc. While the low-S device is almost at the theoretical

FF limit in the Green [64] approximation, the FF deviates signi�cantly from its

maximum towards higher S.

Figure 5.5(c) depicts the simulated J -V curves of two high-dir devices with

di�erent surface recombination velocities S. For the larger S, there is an expected

reduction in Voc. In addition, there is a clear voltage dependence of the current at

low voltages which � to my knowledge � has not been covered in literature yet and

can be assigned to the surface recombination current. For an illuminated device the

total current is constituted by a generation current Jgen, a recombination current

coming from the bulk J recbulk and one coming from the surfaces J recsurf:
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J = Jgen+J recbulk+J recsurf (5.12)

For the fully symmetric device with equal surface recombination velocities of elec-

trons and holes at the respective contact Sn = Sp = S, both surfaces contribute in

the same way so that the recombination current from the surfaces is given by

J recsurf = qSn·n(0)+ qSp·p(d) = 2qS·n(0) (5.13)

where the minority charge-carrier densities at the corresponding contact are denoted

by n(0) and p(d). For the illuminated device in �g. 5.5(d), there is an almost �at

regime of the surface current at low voltages and a steeper regime around Voc. The

latter one is responsible for the change in open-circuit voltage Voc with S. The in-

verse slope of log (J recsurf) vs. V is proportional to the diode's ideality factor. Around

Voc the ideality factor of the surface current is 1 and therefore equal to the bulk

ideality factor for the case of direct recombination so that bulk and surface current

have the same voltage dependence. Consequently, a change in S does not imme-

diately a�ect the FF via the high voltage regime. However, S contributes to the

diode saturation current J0 = Jbulk0 +J surf0 and thereby a�ects Voc. This mechanism

of an indirect in�uence on the FF via Voc is covered by the �ll factor normalization

in eq. 5.3 and cannot explain the deviation from the presented model observed in

�g. 5.5(b). The additional dependence of the �ll factor FF on the surface recom-

bination velocity S originates from the low voltage regime where a slight voltage

dependence is observed � which implies a large ideality factor � that is known to

be detrimental for the FF [64]. However, this high-ideality contribution is only

relevant for large S because only then the surface recombination current exceeds

values of at least 10�2mAcm�2 as can be seen from the logarithmic depiction of

the surface recombination current in �g. 5.5(d). Only then the contribution of J recsurf

to the total recombination current (�g. 5.5(c) shows J recbulk � 12mAcm�2) is signi�-

cant. The voltage dependence visible in the drift-di�usion simulations in �g. 5.5(d)

stems, according to eq. 5.13, from the minority charge carrier density at the contact

n(0) that is determined by the charge carrier dynamics which cannot be explained

in simpli�ed terms. The order of magnitude of J recsurf is strongly in�uenced by the

value of S, evident from eq. 5.13 as well. For large S, the surface recombination
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current reproduces the entire J-V curve well as can be seen from the dashed line in

�g. 5.5(c), while in the favorable case of low S no signi�cant contribution from the

surface recombination current can be observed. This leads to an enhancement of

the FF from 81% for high surface recombination velocities to 85% for low surface

recombination velocities which has not been recognized by Bartesaghi et al. who

report no di�erence of the FF for in�nite and low (S = 10�2 cms�1) surface recom-

bination velocity. Di�erences in FF are partly discarded by the large scatter at high

FF s in that study.

5.1.6. Space-charge Region

A fully depleted active layer with homogeneous electric �eld is advantageous for a

wide range of electronic qualities or (��)-products [82]. A space-charge region along

with the corresponding neutral region depicted in the band diagram in �g. 2.5(e)

form in the presence of intentional or unintentional doping or large concentra-

tions of injected or photogenerated electrons and holes with asymmetric mobili-

ties [84, 124, 258�263]. Transport of the minority carriers through the �at-band re-

gion degrades the solar cell performance when di�usion lengths are not su�ciently

long, mainly because of a reduction in short-circuit current Jsc [84,124,259�261,264].

For the case of organic bulk heterojunction solar cells, the electric �eld in is often

assumed to be constant, which is reasonable apart from band bending at the con-

tacts. Both unintentional doping and asymmetric mobilities have been reported

for OSCs [84, 124, 258�263] with a detrimental impact on device performance since

the low mobilities of the active layer blends lead to short di�usion length. Devices

based on polymers with improved electronic properties recently achieved high �ll

factors even for thick active layers [137,231,241,242,255,265�267]. This underlines

the growing importance of space-charge e�ects because the width of the active layer

and the space-charge region can be of the same order even for moderate doping

levels or asymmetries in charge-carrier mobility.

Doping of a device (for OSCs typically unintentional p-type doping [84, 268�

270]) leads to a space-charge region whose width decreases with increasing doping

concentration. The impact on the �ll factor can be seen from �g. 5.6 showing sim-

ulations of a typical OSC with a doping level of Nd = 5�1016 cm�3 for thicknesses
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Figure 5.5.: In�uence of surface recombination velocity S on the FF . (a) Variation
of S between 105 and 10�1 cm/s for di�erent mobilities. Data points with low S and
high collection coe�cient dir exceed the FFn predicted by the model that is based on a
high S. For lower dir no deviation from the model is observed since bulk recombination
dominates over surface recombination. The Eg series agrees well with the model, which
indicates the validity of the FFn normalization. (b) The FF -Voc relation di�ers between
simulation series where S or Eg is varied, indicating that S a�ects the FF beyond the
indirect in�uence of S on Voc. Towards high S, the deviation from the maximum FF [64]
increases. (c) Solid lines show the simulated J-V characteristic of a device with high dir
for a high (blue) and an intermediate (red) S. Apart from the expected drop in Voc, a
decrease in FF for the high-S case stems from the slight voltage dependence of the current
at low voltages that is attributed to surface recombination current density J recsurf depicted
in (d). The voltage dependence of J recsurf (made better visible by the dashed line which
marks J recsurf at V = 0V) originates from the minority charge carrier density at the contact
n(0) according to eq. 5.13. The equation also indicates that the value of J recsurf scales with
S. Only for large enough S, J recsurf contributes signi�cantly (J recsurf & 10�2mAcm�2) to the
total current density J displayed in (c). Consequently, J recsurf�Jsc indicated by the dashed
lines in (c) reproduces the entire J-V curve for high S. For intermediate S, the J recsurf

contribution to J is negligible and the J-V curve is determined by the bulk recombination
current, which explains the di�erent voltage dependence and FF .
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between 50 nm (highest dir) and 750 nm (lowest dir). The main di�erence between

the model curve describing undoped devices and the simulated thickness series of a

doped device, is the saturation of the normalized �ll factor FFn above the model

curve for thick, doped devices. In this regime, low mobilities and/or high recombi-

nation coe�cients are predominant which implies short di�usion lengths and that

only carriers from a narrow collection zone can di�use to the space-charge region

where they get separated. This process is independent of the applied voltage as

soon as the space-charge region and the collection zone are smaller than the device

thickness for all voltages. Thus, the presence of space-charge leads to an overall

poor carrier collection for systems with short di�usion length, causing a low Jsc and

decreased e�ciency. However, the collection in the neutral zone does not depend

on the applied voltage so that the FF decreases less for increasing thickness and

decreasing collection coe�cient dir. The same behavior is observed for the the

point clouds in �g. C.4 and �g. C.5 in appendix C, which comprise simulations of

di�erent doping levels and asymmetry ratios of the mobilities, with the latter one

being discussed below. The precise saturation level of the FFn depends on the dop-

ing level or asymmetry ratio and can explain the elevated FF of the 1000 nm thick

device based on the polymer blend PBnDT-FTAZ:PC61BM [242] in �g. 5.6(a).5 Fig-

ure 5.6(b) shows that high doping concentrations Nd = 1017 cm�3 change the slope

of the FFn- relation. Here a wide  range is covered by a varying the mobility

between � = 10�6 cm2 (Vs)�1 and 10�2 cm2 (Vs)�1 while the thickness is �xed at

200 nm. The observed FFn- relation is similar to experimental literature data of

a PBnDT-HTAZ:PC61BM active layer blend with varying thickness [242].

A space-charge region causing a similar saturation of the FF at large thickness

and low dir also results from unbalanced mobilities [124, 258, 264] as displayed in

�g. 5.6(a). Di�erences in the mobilities cause an accumulation of charge at the

contact that extracts the slow carrier species. The resulting SCR acts in the same

way on the device performance as discussed above. In organic bulk heterojunctions,

electrons are transported to the contacts via the acceptor material and holes via the

donor material. In addition, the blend morphology strongly a�ects the transport

paths and amount of usable transport channels. Thus, di�erences in the mobilities

5The decrease in FF of the thinnest device with largest dir is expected to be due to a reduced
shunt resistance
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between both phases of several orders of magnitude are quite common. Optimized

fabrication steps such as annealing help to accomplish a material blend with more

balanced mobilities [254,262,271]. Note that electron and hole mobilities also di�er

by 1-2 orders of magnitude for the inorganic semiconductor a-Si:H [272].

In the presence of asymmetric mobilities, the mobility in the di�erent collection

coe�cients introduced in section 5.1.2 splits into two separate factors. The analytical

treatment by Bartesaghi et al. [235] predicts equal weight of both charge carriers in

the collection coe�cient �2! �e�h. An e�ective mobility as the geometric average

with equal weight of both charge-carrier species has also been proposed elsewhere

[271]. However, several studies suggest a dominant in�uence of the slower charge-

carrier species for transport in organic solar cells [232,258,273,274]. This poses the

question of the exact weight distribution between the slow and fast charge carrier

species in the collection coe�cient dir. The simulations shown in C.5 in appendix C

demonstrate that putting a strong weight on the mobility of the slow carriers

�2! �1:6slow�
0:4
fast (5.14)

yields the best overlap between data clouds with di�erent asymmetry ratios. The

data suggests a dominant but not exclusive contribution of the slower charge-carrier

species to charge transport. The dominant role of the slow carrier species for trans-

port agrees with the before mentioned publications [232, 258, 273, 274] and explains

the enhanced scatter for equal weight of both charge carrier mobilities as proposed

by Bartesaghi et al. in �g. 5.2(c) and their publication.

As a �nal remark, by observing the discussed signatures, evidence for the

presence of a space charge region can be obtained from the experimental fabrication

of thickness series. Space-charge e�ects will �rst manifest themselves in a drop in Jsc

with increasing thickness. By increasing the active layer thickness further beyond the

optimum e�ciency, a deviation from the predicted FF enables �rst deductions on

the presence of space charge by easy means which can then be further characterized

by the suns-Jsc method or voltage-dependent capacitance measurements [84, 275,

276].
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Figure 5.6.: The presence of a space-charge region caused by doping Nd or asymmetric
charge-carrier mobilities � leads to ine�cient carrier collection at Jsc and a drop in PCE.
(a) The FF increases at low dir because charge-carrier collection becomes independent of
voltage. The reported [242] FF of the polymer FTAZ is similarly enhanced for the thickest
device at 1000 nm. Along the simulated curves, the active layer thickness d is increased
from 50 nm to 750 nm while � is kept constant at � = 10�4 cm2 (Vs)�1 for the doped
device and �h = 10�5 cm2 (Vs)�1 for the device with imbalanced mobility. (b) For very
high doping levels the slope of FFn vs. dir changes, which can explain the reported [242]
FF behavior of the polymer HTAZ with thickness up to 750 nm. The simulated device
has a thickness of 250 nm while the mobility is varied between 10�6 and10�2 cm2 (Vs)�1

to cover a large dir range.
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5.1.7. Transfer to Inorganic Absorbers

The presented model is developed from a parameter space that is typical for organic

solar cells. Taking a broader perspective, the study outlines a methodology based on

drift-di�usion simulations which allows the de�nition of a charge carrier collection

coe�cient with a unique relation to the (normalized) �ll factor of a thin-�lm solar

cell. Applying this relation, the electronic quality factor can be extracted from

experimental studies and basic solar cell characterization. The electronic quality

factor serves as a FOM to evaluate the absorber material's PV potential in terms

of charge carrier collection. It can also be used to comparatively evaluate di�erent

absorber technologies and to track and quantify the progress within a technology

or a class of materials. Organic solar cells serve as a prime example to demonstrate

the relevance of the model, because versatile organic donor:acceptor blends cover

a range of transport and recombination properties. Consequently, the analysis was

primarily conducted for this highly relevant case of polymer-based organic solar

cells. However, the methodology can be transferred to other thin-�lm absorber

materials that are embedded in a p-i-n like geometry where a mostly homogeneous

electrical �eld prevails in the photoactive layer. This includes most of the emerging

inorganic PV technologies in �g. 2.2, where collection issues are evident from non-

ideal �ll factor values. When transferring the methodology to other technologies, the

higher dielectric constant of inorganic materials might yield quantitative di�erences

in the resulting model parameters. Therefore, the standard case of an undoped

active layer with balanced mobilities is simulated in �g. 5.7 for di�erent dielectric

constants ranging from �r = 3:5 representing organic blends up to �r = 100. High

mobilities up to 1cm2/(Vs) are included in the simulations which are uncommon for

organic blends but not so much for inorganic absorber materials. Shockley-Read-

Hall recombination is assumed, which typically limits inorganic solar cell absorbers

because of the lower phonon energies compared to OSCs, which makes direct band-

to-band transitions unlikely [45, 46].

The data in the left column of �g. 5.7 shows the point clouds and the �t for

the original parametrization of collection coe�cient dir, normalized �ll factor FFn

and �t function resulting from the parametrization that re�ects organic solar cells.

The extended � range leads to slight deviations from the �t function for the largest
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SRH even for the same �r = 3:5 used before indicating that the parameter values

of the FFmax in eq. 5.3 should be adjusted. More importantly, with increasing �r

in �gs. 5.7(a,c,e,g), the upper saturation level of FFn changes. At the same time

the point cloud collectively shifts to lower SRH. Consequently each simulated point

cloud was �tted individually with the results plotted in �g. 5.7(b,d,f,h) and the

parameters given in table 5.2. A monotonous trend in the parametrization of the

FFmax and the in�ection point 0,SRH of the �t function is observed. Only �tting

the listed parameters turned out to produce the same �t quality as also �tting the

exponents of the collection coe�cient. The obtained �ts in �g. 5.7(b,d,f,h) are of

similar quality, but at higher �r the scatter increases in both saturation regimes at

high and low FFn. Regarding the extraction of QSRH from J-V measurements as

described in section 5.1.4, the scatter in the saturation regimes is of little relevance

because Q-extraction is anyways imprecise in those regimes as was shown in �g. 5.10.

While the original �t deduced for �r = 3:5 re�ects the point cloud well for �r = 10,

the adapted �t parameter values should be used to extract QSRH for higher values

of �r = 30 and �r = 100. If the original �t was used, the same FFn would translate to

higher SRH and the extracted QSRH would overestimate the actual value. However,

the value of the dielectric constant �r does not qualitatively a�ect charge carrier

collection. The major importance of a low value of �r lies in the high exciton binding

energy, which introduces the need of a BHJ to split up photogenerated excitons in the

case of OSCs. In addition, �r in�uences the electrostatics of the device as expressed

by the Poisson equation in eq. 3.1a, which governs the band diagram of a device and

thereby the mechanism of charge carrier collection.

In conclusion, higher �r values typical for inorganic absorbers, require a slight

adaptation of the �t function and the FF normalization, while the collection coe�-

cient is independent of �r. The signatures of doped active layers and an external se-

ries resistance should agree qualitatively with the analysis in section 5.1.5 and 5.1.6,

although quantitative di�erences are expected, for example because the width of

the space-charge region changes with �r . Preparing thickness series then provides

insight into whether the charge collection a device is limited by an unfavorable ar-

chitecture rather than the absorber material itself. Simple J-V measurements serve

as an indicator for a potentially problematic aspect in the stack design, which can

initiate a re�ned characterization of the contacts or a potential SCR. The presented
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Figure 5.7.: Simulation results for SRH recombination with an extended mobility range
up to and di�erent dielectric constants �r. The input parametrization better re�ects in-
organic absorbers than the previously applied ones that focused on organic materials.
(a,c,e,g) use the coe�cients from the �t in �g. 5.3(a) and show a slight mismatch between
model and point cloud with increasing �r. (b,d,f,h) By adapting the coe�cients for the �ll
factor normalization and the �t function as listed in table 5.2, good �ts are regained. No
change in the expression for the collection coe�cient is required.
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model and proposed applications of thickness series and quanti�cation of electronic

quality help to improve and monitor the progress of emerging absorber technologies

for thin-�lm solar cells. Especially materials and organic blends that are rather

new to the �eld of photovoltaics and that have not been characterized in depth are

of special interest. For these materials, the intriguing approach of concluding on

microscopic material parameters (�� -product or �=k-coe�cient) from simple J-V

measurements provides information that would otherwise require signi�cantly more

experimental e�orts and circumvents the uncertainty in the interpretation of re�ned

experiments [83, 189, 190] as well as relating the obtained values quantitatively to

the microscopic material parameters or to the device performance.

5.2. Figures of Merit for the Ef�ciency

In addition to charge transport and recombination, charge generation and therefore

photon absorption is crucial for solar cell performance. The three corresponding

processes in the bulk absorber are characterized by the mobility �, lifetime � (or

direct recombination coe�cient k) and absorption coe�cient �. While the interplay

of the former two has been studied extensively in chapter 5.1 in the context of

charge carrier collection, I proceed to include the absorption strength into a model

for the e�ciency of thin-�lm solar cells. The importance of �0, � and � for the

solar cell e�ciency is undisputed and was already introduced at the beginning of

this thesis in chapter 2.2. However, the relative importance of the three parameters

for the device e�ciency is not trivial and it is not self-evident whether a tenfold

increase in the absorption strength is as bene�cial for the solar cell performance as

a tenfold increase in charge carrier lifetime. The following sections discuss the case

of Shockley-Read-Hall recombination, characterized by the lifetime � . The case of

direct band-to-band recombination is shown in appendix C and yields very similar

results. Section 5.3.3 puts the calculations and results of this chapter in the context

of organic solar cells and estimates the potential increase in e�ciency that would

result from an enhanced absorption strength of organic materials.

Figure 5.8(a) shows the absorption coe�cient of various organic and inorganic

semiconductors. The absorption coe�cient can always be expressed as �= �0f (E) ,
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5. Charge Collection in Thin-Film Solar Cells

Figure 5.8.: (a) Absorption strength of several inorganic direct band gap semiconductors
and the semiconducting polymer DPPTTT whose absorption strength can be tuned up
to a factor of roughly 1.5 by changing the molecular weight (MW) [277]. The absorption
spectra of organic materials are characterized by the maximum �0 � �max. (b) Extinc-
tion coe�cient � of several organic materials, which relates to the absorption coe�cient
via �= 4��=� and allows comparing absorption strengths of di�erent materials indepen-
dent of the band gap. The maximum extinction coe�cient varies for di�erent organic
semiconductors but mostly does not exceed one [277], except for certain polymers and
non-fullerene acceptors. The dashed lines show the extinction coe�cient of the DPPTTT
polymers blended with PCBM (color matches that of the pure materials), which decreases
the maximum extinction but broadens the spectra due to absorption in the PCBM.

where a function f (E) de�nes the spectral shape and �0 characterizes the absorption

strength, which is characterized by the maximum value of the absorption coe�cient

�0 � �max for organic semiconductors. The values of � in �g. 5.8(a) at energies

slightly above the band edge cover more than an order of magnitude and reach the

highest values for organic materials. It has been shown that the absorption strength

value �0 of the absorption coe�cient of certain organic polymers can be tuned by

changing the molecular weight [277] (MW), as is the case for DPPTTT displayed in

�g. 5.8(a) resulting in an increase in �0 by roughly 1.5. Figure 5.8(b) compares the

absorption strengths of further organic absorber materials. Mixed donor-acceptor

blends have a broader absorption spectrum but lower maximum absorption com-

pared to the pure polymer data due to complementary PCBM absorption.
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5.2.1. Method

In a similar approach to the FF study in section 5.1.1, a large ensemble of devices is

generated via drift-di�usion simulations with an optical model that includes interfer-

ence. Therefore, the three parameters of interest �0, � and � (or k) are varied over a

wide range. For each parameter set, the e�ciency at the optimum absorber thickness

is evaluated. The optical simulations are based on the data of a DPPTTT:PCBM

bulk heterojunction, that re�ects typical organic absorber blends. Speci�cally, the

absorption spectrum of the high MW blend, divided by a factor of 1.5, serves as

default spectrum �d�t as shown in �g. 5.9. The default spectrum is then scaled

(�= c��d�t) by a factor c�� [1;1:5] in the simulations, which re�ects the experimen-

tally achieved [277] tuning of the DPPTTT:PCBM blend's absorption strength by

a factor of 1.5. The optical simulations take interference into account and compute

position- and wavelength-dependent generation pro�les with the transfer matrix

method [188] for a representative n-i-p OSC stack with �at interfaces consisting of

glass/ ITO (150 nm)/ ZnO (40 nm)/ absorber blend/ MoO3 (10 nm)/ Ag (100 nm).

Electrical drift-di�usion simulations are done with Advanced Semiconductor Anal-

ysis [278] (ASA). Motivated by the relatively low Voc of DPPTTT-based solar cells

in ref. [277], the electrical band gap is �xed at Eg = 0:9eV, with Schottky barriers

of 0.1 eV at each contact. Two di�erent cases of vanishingly low (S = 10�3 cm/s)

and high (S = 107 cm/s) minority carrier surface recombination velocity are stud-

ied. For a given set of parameters, including a choice of �0, � and � (or k), the

absorber thickness is varied between 50 and 500 nm and the optimum thickness and

corresponding highest e�ciency is extracted. All simulation parameters are listed in

tab. 5.3. Just as for the simulations performed here, the optimized absorber thick-

ness is easily obtained in experiments by simply preparing a series of solar cells with

varying absorber thickness and selecting the thickness that performs best.

5.2.2. The (��� )-Product

The simulation result for Shockley-Read-Hall recombination and low surface recom-

bination velocities is shown in �g. 5.10, where � in analogy to chapter 5.1 each

datapoint results from a simulation of di�erent combinations of �0, � and � at the
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Figure 5.9.: Absorption spectra of DPPTTT:PCBM blends. The high MW blend spec-
trum, scaled by di�erent factors, serves as input for the optical simulations. The default
spectrum �d�t, assigned with c� = 1, results from dividing the experimentally recorded
high MW DPPTTT:PCBM spectrum by 1.5 and re�ects the absorption strength of typ-
ical OSC blends. The original experimental data is recovered for c� = 1:5. By simply
scaling a de�ned spectrum, any e�ects are avoided that may arise from di�erent spectral
shapes if e.g. the experimentally recorded high and low MW blends were used in the
simulations.

Table 5.3.: Input parameters for the drift-di�usion simulations, where the optimum ab-
sorber thickness yielding the highest e�ciency is chosen.

Parameter value unit
Thickness d 50-500 nm
Mobility �e,h 10�6�10�1 cm2 (Vs)�1

Direct rec. coe�cient k 10�10�10�14 cm3s�1

SRH lifetime � 10�6�10�3 s
Scaling factor (� = c��d�t) c� 1 - 1.5 -
E�ective band gap Eg 0.9 eV
Schottky barriers ' 0.1 eV
Min. surf. rec. vel. Smin 10�3 or 107 cms�1

Maj. surf. rec. vel. Smaj 109 cms�1

Dielectric constant �r 3.5 �
E�ective DOS Nc,v 1019 cm�3
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optimized thickness. The dataset is divided via the color into simulations based on

low (� < 10�3 cm2=(V s), red) and high (� > 10�3 cm2=(V s), blue) mobilities. The

e�ciency of low-mobility devices in �g. 5.10 nicely correlates with the here-de�ned

�gure of merit FOM low-�
SRH = �0�� . In other words, the low degree of scatter of

the red datapoints in panel (a) indicates, that the e�ciency of thin-�lm solar cells

with low mobilities depends on (�0��) and thus the conjunction of all three absorber

material parameters. In contrast to this, the high-mobility devices in blue show con-

siderable scatter, meaning that for high mobilities, FOM low-�
SRH is not a good �gure

of merit. Figure 5.10(b) contains the same dataset as �g. 5.10(a), but the simulated

e�ciency is plotted against a di�erent FOMhigh-�
SRH = �0� , that excludes the mobility.

As expected, the red datapoints are largely scattered, because the mobility strongly

a�ects the e�ciency for low-mobility devices. However, the blue datapoints corre-

late well with FOMhigh-�
SRH , making the (�0�)-product a good FOM for high mobility

devices. The remaining scatter of low-mobility devices with FOM low-�
SRH in (a) and

high-mobility devices with FOMhigh-�
SRH in (b) largely originates from devices with

mobilities around the threshold mobility of �crit = 10�3 cm2=(V s). The degree of

scatter in the FOMs varies with the choice of threshold mobility. Figure C.7 in

appendix C additionally shows that the scatter increases if �0 is omitted from the

FOM expressions.

Next, the in�uence of surface recombination is examined in �g. 5.11, where

surface recombination is non-negligible and eventually limits device performance for

good bulk properties. The situation for the low mobilities is similar to the case of

weak surface recombination and the e�ciency depends on FOM low-�
SRH = �0�� . The

major di�erence to the low-S case in �g. 5.10 is that the maximum e�ciency is

capped at a signi�cantly lower value which goes along with a di�erent behavior of

devices with high mobility. For low bulk recombination, the Voc and therefore the

e�ciency is limited by recombination at the surface. Above a certain �0�� value,

the surface recombination velocity thus determines the e�ciency and higher values

of �0�� or �0� are not bene�cial. In fact, even a slight decrease in e�ciency is

observed for the highest �0�� values in �g. 5.11(a), because the mobility couples to

the Voc in the high-S case: the time that charge carriers take to travel to the contacts

in�uences the recombination rate at the surface. The impact of � on Voc might also

explain why the scatter reduces for low mobilities, when the weights of �0, � and �
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Figure 5.10.: Correlation between e�ciency and di�erent �gures of merit (FOMs) based
on �0, � and � for weak (S = 10�3 cm/s) surface recombination and Shockley-Read-Hall
bulk recombination. Each datapoint results from electrical drift-di�usion simulations and
optical simulations that account for interference. For di�erent simulations, the electrical
band gap is �xed, the default absorption spectrum is scaled by a factor c�� [1;1:5] and �
and � are varied randomly over a wide range. For a given parameter set, the e�ciency
is evaluated at the optimum thickness. (a) and (b) contain the same dataset, which
is separated into color-coded subsets of simulated devices with low (red) and high (blue)
mobility values, because the mobility regime largely determines, which FOM is applicable.
(a) The e�ciency of low-� dataset correlates well with (�0��), whereas in (b), the e�ciency
of the high-� dataset correlates well with (�0�), because the mobility becomes irrelevant
once the collection is e�cient.
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Figure 5.11.: Same type of plot as in �g. 5.10, but for a dataset based on strong (S =
107 cm/s) surface recombination. (a) As in �g. 5.10, the e�ciency of the low-� dataset
correlates well with �0�� . (b) The e�ciency of the high-� dataset is independent of �0,
� and � because the e�ciency is solely governed by the strong surface recombination for
good bulk properties.

are slightly varied and the mobility is emphasized as shown in �g. C.8(b).

In summary, the thin-�lm solar cell e�ciency correlates well to the (�0��)-

product as FOM in the low mobility regime. In this regime, where charge carrier

collection � and thus bulk properties � govern the device performance, the statement

holds true for low and high surface recombination velocities. In the high mobility

regime, the e�ciency correlates well with a di�erent FOM � the (�0�)-product � in

the case of low surface recombination velocity. In this case, the e�ciency is thus de-

termined by absorption and recombination processes and not by transport anymore,

since charge carrier collection is saturated at the optimum value. The correlation

between e�ciency and the (�0�)-product has been previously demonstrated by an

analytic model for the in�nite-mobility case in the absence of surface recombina-

tion [37]. For high surface recombination velocity and high mobilities, the e�ciency

is governed by surface recombination and becomes almost independent of the bulk

material parameters �0, � and � .
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5.3. Application to Organic Solar Cells

Organic solar cells are a promising candidate for future thin-�lm solar cells but of-

ten su�er from low mobilities. Ine�cient charge carrier collection is thus a major

obstacle towards higher e�ciency, which remains compulsory for entering the photo-

voltaic market. In this context, the developed models provide invaluable insight into

the development and present limitations of OSCs, as well as possible routes forward.

This chapter also demonstrates the usefulness of �gures of merit for organic solar

cell research and compares the di�erent concepts from a conceptual point of view

at the end of the chapter.

5.3.1. History of OSC Development

Since FF , Voc, Jsc and active layer thickness are almost always published along

with the solar cell performance, the normalized �ll factor and collection coe�cient

can be calculated from the presented model in retrospective, which provides a facile

method to extract the electronic quality factor Q of the absorber material. This

allows a comprehensive meta study of literature reports on organic solar cells and

o�ers � in combination with the Scharber e�ciency introduced in section 2.4.1 � a

compact interpretation of the development of organic solar cell materials over the

past 15 years.6

For the selected literature reports included in �g. 2.9, the FFn is calculated and

entered in �g. 5.12(a) along with the color-coded Qdir. Regarding the model choice,

direct, bimolecular recombination is assumed to dominate over SRH recombination

(as is common for OSCs) and space-charge e�ect are assumed to be negligible for

the depicted high e�ciency solar cells. Although the selected data represent de-

vices with exceptional performance that often constituted the record e�ciency at

the time of publication, none reach the highest possible FFn of 1 and almost all

reports stay below 0.75. The correlation between Qdir and FFn is naturally not per-

fect because dir / d�3:5, whereby the device thickness shifts data points along the

6Large parts of this chapter (5.3.1) closely follow or are identical to my contributions to the
second-author publication �Figures of Merit Guiding Research on Organic Solar Cells�. The
literature data has been complemented and updated with recent reports. Reprinted in part
with permission from ref. [110]. © 2018 American Chemical Society
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curve. Especially devices with the highest Qdir might have a slightly lower dir and

FFn because they can be made much thicker than 100 nm, which is the optimum

thickness for most active layer blends as shown in �g. 2.9(c). The slightly lower

FF is compensated by a higher absorptance which is one route to overcome the is-

sue of limited EQE, especially towards long wavelengths. The correlation between

electronic quality and voltage loss is shown in �g. 5.12(b) for the same literature

data. Most importantly, as of today there are no organic solar cell materials that

simultaneously reach high electronic qualities above Qdir = 103 cm1:6V�2s�1:2 and

low voltage losses below 0.7 V. The apparent decline in Qdir towards lower �V

might explain why the voltage loss for many of today's high-performing solar cells

is larger than the 0.6 V that is predicted to be advantageous by the Scharber plot in

�g. 2.9(a) which neglects collection problems. The color code in �g. 5.12(b) already

shows that for the same �V , a higher Qdir (and for the same Qdir a lower �V )

yields higher e�ciencies. Figure 5.12(b) further elaborates on this point and cap-

tures the development of organic solar cells in two relevant �gures of merits (FOMs)

denoted as electronic quality Qdir and energy level matching �Scharber. The former

one is derived in this thesis and the latter one re�ects the e�ciency prediction by

Scharber et al. as discussed in section 2.4.1 and appendix A.4.

In 2001 Shaheen et al. [133] reported the �rst organic solar cell with a notable

e�ciency of 2.5% based on MDMO-PPV although it scored low for both FOMs.

The increase in record e�ciency to almost 5% achieved by P3HT [134] can be

mostly attributed to its high electronic quality. This high Q allowed for devices

thicker than 200 nm [279] and results from the highly ordered �lm morphology of

P3HT:PCBM which, for several years, remained exceptional for a high-performing

solar cell. Then followed a phase during which the electronic quality was low but

the energy level matching was improved drastically. Devices based on new polymers

such as PCDTBT [135] and PTB7 [136] lead to e�ciencies of 6% and 9%, respec-

tively, by narrowing the band gap of the polymer and bringing its LUMO closer to

the LUMO of PCBM that was the only well-performing acceptor material at that

time. Only then � roughly a decade after the �high-Q� P3HT emerged � polymers

such as PNTz4T [137] and P�BT4T [59] appeared that had a hundred times higher

Q than the predecessor group while retaining a similarly good energy level match-

ing. These polymers outperform P3HT in terms of Q, have an optimum thickness
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around 300 nm and were able to reach 10% to 11% e�ciency with PCBM as the ac-

ceptor material. A little later, reports that incorporated small molecules other than

PCBM in the material blends caused a change in paradigm. High-performing non-

fullerene acceptors (NFAs) show low voltage losses leading to even better energy level

matching and e�ciencies above 11% despite only moderate electronic qualities below

Qdir = 102 cm1:6V�2s�1:2 [58, 138, 139, 153] for most NFAs. The data selection inf

�g. 5.12(c) highlights some promising approaches that produced highly e�cient solar

cells. The ternary blend PTB7-Th:IDTBR:IDFBR [139] of two NFAs with a poly-

mer shows an extremely high energy level matching but very low electronic quality

and an e�ciency of 11%. In 2018, two remarkable publications reached an e�ciency

of 14.6% [9,57] that was enabled by good energy level matching and a intermediate

Qdir > 102 cm1:6V�2s�1:2 [57] or even high Qdir > 103 cm1:6V�2s�1:2 [9]. Again, the

device with the better energy level matching [57] showed a lower electronic quality

and vice versa. The report on PTB7-Th:COi8DFIC:PCBM [9] combines two inter-

esting design features. First, the blend constitutes a low band gap absorber with

Eg � 1:26eV which is untypical for organic solar cell materials as is evident from

�g. 2.9(a). Second, it is a ternary blend that applies a polymer, an NFA and PCBM,

which is likely to enable the intermediate Qdir > 102 cm1:6V�2s�1:2. Previously, a

blend of PTB7-Th:BTR:PCBM [152] reached a high Qdir > 103 cm1:6V�2s�1:2 in the

range of well-performing pure FA blends but only reached a mediocre energy level

matching leading to an e�ciency of 11.3%. However, as demonstrated by di�erent

binary NFA blends, a PCBM component seems not to be obligatory for interme-

diate Qdir � 103 cm1:6V�2s�1:2 (FTAZ:ITIC [151]) or high Qdir > 103 cm1:6V�2s�1:2

(PBDB-TF:IT-4F [57]).

All NFAs mentioned above have an optimum thickness around 100 nm and

as of today there have been hardly any reports of NFA-based blends reaching high

�ll factors also at thicknesses of about 300 nm with refs. [57, 280] being notable

exceptions. Despite �rst promising results of NFA blends that combine good values

for both FOMs, a material blend that combines the highest degree of energy level

matching and electronic quality has yet to be shown.
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Figure 5.12.: Application of the FF model to organic solar cells based on the same data
as �g. 2.9 (see appendix B for values). (a) A high FFn is generally accompanied by a high
Q (colorscale) but the saturation regime has not yet been reached by the best performing
OSCs. (b) Correlation between electronic quality and voltage loss. Small-molecule NFA-
based blends with low voltage loss have not reached high electronic qualities which explains
the typical optimum thickness of about 100 nm of this recent class of organic solar cells.
(c) Overview of the development of organic solar cells over the past 15 years expressed in
terms of the two FOMs that are decisive for device performance. Panels (b) and (c) share
the same colorbar encoding the reported e�ciency, which is additionally represented by
the height of the bars in (c). While considerable progress has been made for both FOMs,
it remains an open challenge to create material blends that excel in both categories which
would boost the power conversion e�ciency of organic solar cells even further.
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5.3.2. NFAs with Tunable Absorption Bands

Until non-fullerene acceptors (NFAs) emerged, PCBMwas the only acceptor molecule

that produced e�cient OSC blends. Any acceptor contribution to the active layer

blend's absorptance was thus constraint by the band gap of PCBM which corre-

sponds to the UV. Due to the low photon �ux in the UV region of the sunlight,

PCBM contributes little to the photocurrent and almost all photogeneration orig-

inates in the polymer, which has a lower band gap. This is also one of the as-

sumptions for Scharber's guidelines to optimize the polymer's energy levels in poly-

mer:fullerene blends. Unlike inorganic semiconductor, whose absorption coe�cient

increases monotonously with energy, the organic materials applied in solar cells

have relatively narrow absorption bands as can be seen from �g. 5.13(a). Conse-

quently, the absorption coe�cient of organic absorber blends often features shoulders

and dips, exemplary shown in �g. 5.13(b), which translate to the absorptance and

EQE spectra in the case of thin absorber layers. Polymer:fullerene blends cover the

whole spectral range below the polymer's band gap since PCBM and mos polymers

have complementary absorption bands. NFAs introduce a new degree of freedom

in the design of OSCs, which also extends to the tailoring of the absorption spec-

tra since di�erent NFAs have di�erent band gaps, i.e. IDTBR and FBR displayed

in �g. 5.13(a). Due to the relatively narrow absorption bands the question arises

whether the NFA should absorb in the same (congruent) or in a di�erent (com-

plementary) spectral range as the polymer. For ideal charge carrier collection, the

active layer can be made thick so that the absorptance is 1 in the spectral ranges

where the organic blends absorb. Then, a higher Jsc and e�ciency is achieved if

a larger spectral range is covered � meaning that complementary absorption is fa-

vorable. However, experimentally optimized thicknesses yield d = 100nm for most

NFAs because of their relatively low electronic quality. For a thin device, it is not

clear a priori whether to absorb most incoming photons of a narrow spectral range or

only partially absorbing photons over a broad spectral range is advantageous. Mak-

ing use of the insights from the previous analysis, this section considers the interplay

between congruent or complementary absorption and charge carrier collection.7

7Large parts of this chapter (5.3.2) closely follow or are identical to my contributions to the
second-author publication �Developing design criteria for organic solar cells using well-absorbing
non-fullerene acceptors� [281]. © 2018 Krückemeier et al., used under CC BY 4.0
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Figure 5.13.: (a) Absorption spectra of thin.�lms of the donor polymer PTB7-Th and the
two non-fullerene acceptors FBR and IDTBR. (b) Solar spectrum in terms of photon �ux
(top panel) as reference for the absorption spectra of the corresponding blends (bottom
panel), which serve as example cases for congruent (PTB7-Th:IDTBR) and complementary
(PTB7-Th:FBR) absorption bands. The sample preparation, measurements and analysis
were done by Lisa Krückemeier.

Table 5.4.: Parameter values and ranges used in the simulations of NFA blends inf
�gs. 5.14(a,b) and 5.15. Mobility values (�e = �h) in cm2 (Vs)�1: 2�10�4 (red), 6�10�4

(blue), 2� 10�3 (yellow), 6� 10�3 (green), 2� 10�2 (dark blue), 6� 10�2 (grey). For
�g. 5.14(c-f) the values of mobility � and recombination coe�cient k are given on the axes
and the (optimized) thickness or e�ciency are color-coded. All other parameters are the
same as given in the table.

Parameter value unit
Thickness d 50-500 nm
E�ective band gap Eg 1.5 eV
Direct rec. coe�cient k 5�10�10 cm3s�1

Schottky barriers ' 0.1 eV
Min. surf. rec. vel. Smin 10 cms�1

Maj. surf. rec. vel. Smaj 109 cms�1

Dielectric constant �r 3.5 �
E�ective DOS Nc,v 1019 cm�3
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For the experimentally obtained optical data on the congruent absorbing

PTB7-Th:IDTBR and complementary absorbing PTB7-Th:FBR blends, the genera-

tion pro�le of a generic n-i-p stack composed of glass/ ITO (150 nm)/ ZnO (40 nm)/

PTB7-Th:NFA (1:2) / MoO3 (10 nm)/ Ag (100 nm) is computed with the Trans-

fer Matrix method. The thickness d of the active layer is varied and the resulting

generation pro�les are used as input to numerical drift-di�usion simulations of the

charge carrier dynamics with ASA. The electronic simulation parameters are listed

in tab. 5.4. The absorption onset is given by the polymer for both blends, whereby

the band gap in the electrical simulations can be set as a constant.8 Again, di-

rect recombination is assumed. Figure 5.14(a) and (b) shows the simulation results

for complementary (PTB7-Th:FBR) and congruent (PTB7-Th:IDTBR) absorbing

blends, respectively, for a varying active layer thickness and di�erent values of the

electronic quality factor Qdir obtained from changing the mobility. Here, the inter-

play of absorptance � governing charge carrier generation and the Jsc � and charge

carrier collection � governing the FF � is of interest. The ordinate thus displays

the e�ciency � instead of the FF that was investigated exclusively in the previous

sections. As a result of optical interference in the �at layer stack, maxima ap-

pear in the thickness dependence of absorptance and Jsc evident from �g. 5.15 and

similar to �g. 5.1(a). These maxima transfer to the �-d relation for both cases in

�g. 5.14(a) and (b). The corresponding Jsc, FF and Voc of the simulated solar cells

are displayed in �g. 5.15. Apart from governing the FF as discussed extensively

in the previous sections, the quantities that constitute Qdir separately in�uence the

device performance. The recombination coe�cient k strongly in�uences Voc while

the mobility � mainly acts on the Jsc. In the simulations in �g. 5.14(a) and (b)

and �g. 5.15, kdir is kept constant and di�erent Qdir values are obtained by varying

�. Therefore, the resulting e�ciency curves mostly re�ect the product of Jsc and

FF , while the Voc is almost constant over a wide range of thicknesses and electronic

qualities shown in �g. 5.15(e) and (f). The Jsc in �g. 5.15(a) and (b) increases with

increasing Qdir due to the increase in mobility, since charge collection is ine�cient

even at short-circuit for low mobilities. Only for very high values of Qdir the Jsc

follows the absorptance up to high thicknesses. For decreasing Qdir the thickness

8The implications of shifting the absorption onset energy is discussed in other sections of ref. [281],
which are not based on my contribution and neglect collection issues.
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dependence of Jsc changes qualitatively and the higher maxima in Jsc decrease be-

low the �rst absorption maximum. However, the thickness dependence of the FF

in �g. 5.15(c) and (d) is signi�cantly stronger and more critical for the e�ciency.

At a given thickness, a higher Qdir generally leads to a higher e�ciency. For

a su�ciently large Qdir, the e�ciency improves with increasing thickness and the

optimum thickness dopt shifts from the �rst to the second (or higher) maximum.

Interference thus discretizes the optimum thickness, at which the highest e�ciency

is obtained for a �xed set of all other simulation parameters, at the �rst, second,

or third absorption maximum. These jumps in optimum thickness show clearly

in �g. 5.14(c) and (d) where the optimum thickness is plotted for a large range of

mobilities and recombination coe�cients. Higher mobilities and lower recombination

coe�cients � and thus larger Qdir � also increase the e�ciency at the optimum

thickness as can be already seen from �g. 5.14(a) and (b) but more clearly from (e)

and (f).

While complementary and congruent absorption behave qualitatively similar in

many aspects, there are certain notable di�erences between the two cases. Most im-

portantly, the increase in e�ciency from the �rst to the second maximum � enabled

by su�ciently large Qdir � is less for the congruent case of IDTBR as can be seen by

comparing �g. 5.14(a) and (b). The closer spacing of lines with equal e�ciency in the

case of complementary absorption in �g. 5.14(e) compared to congruent absorption

in �g. 5.14(e) expresses the same e�ect. The thickness dependence of the e�ciency

is determined by the gain in absorptance and Jsc versus the loss in FF with in-

creasing thickness. For congruent absorption a large part of the incident light in the

covered spectral range is already absorbed in a thin active layer and the achievable

gain in absorptance for a thicker layer is low compared to the case of complementary

absorption. In the latter case, the absorptance is low over a larger spectral range

for a thin device and by increasing the thickness, the absolute value of absorptance

increases signi�cantly. Since the drop in FF with thickness and electronic quality

is the same for both systems, the attainable gain in absorptance decides whether a

thicker layer is favorable in terms of device e�ciency. For the same reasons not only

the attainable gain in e�ciency di�ers between a complementary and a congruent

absorbing system but also the value of Qdir that is necessary to reach an e�ciency
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Figure 5.14.: Simulated solar cell performance of polymer:NFA blends with (a, c, e)
complementary (PTB7-Th:FBR) and (b, d, f) congruent absorption (PTB7-Th:IDTBR).
Optical simulations based on the blend data shown in �g. 5.13 account for interference
which leads to e�ciency maxima in (a) and (b). (a,b) The e�ciency results from the inter-
play of charge carrier generation and collection, which changes qualitatively with varying
electronic quality factor Qdir. (c,d) The optimum active layer thickness takes discrete
values, depending on the value of Qdir, around the absorption maxima. (e,f) The solar cell
e�ciency at the optimum thickness generally increases with higher Qdir. Comparing (a, c,
e) with (b, d, f), a transition to a higher optimum thickness requires higher Qdir values for
congruent than complementary absorption. The increase in e�ciency at a larger optimum
thickness enabled by a higher Qdir is stronger for complementary absorption.
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Figure 5.15.: Solar cell performance parameters (a, b) Jsc, (c, d) FF and (e, f) Voc
contribute equally to the device e�ciency shown in �g. 5.14. The thickness dependence of
the e�ciency results from the product of Jsc and FF since the Voc is almost constant for the
simulated parameter space, where k is kept constant and � is varied to obtain a variation
of Qdir. The thickness dependence of the Jsc stems from the change in absorptance and
to some degree � and especially for low Qdir � from collection problems at short-circuit.
However, the thickness dependence of the FF for the same Qdir values is much stronger.
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improvement. For the simulations in �g. 5.14(a) and (b), a jump to the second inter-

ference maximum requires Qdir & 103 cm1:6V�2s�1:2 for complementary absorption,

while congruent absorption requires Qdir & 104 cm1:6V�2s�1:2. Also, the transition

to larger optimum thicknesses in �g. 5.14(c) and (d) is shifted to higher values of k

and �, for the congruent compared to the complementary case. Thus, for a blend

with complementary absorption the threshold for Qdir, above which thicker active

layers are more e�cient, is generally lower.

In conclusion, covering a broad spectral range by combining two organic donor

and acceptor materials that absorb complementarily is only more e�cient if the ab-

sorptance of the absorber blend is su�ciently high. The required active layer thick-

ness around the second (or higher) interference maximum is only feasible if charge-

carrier collection at the maximum power point is e�cient at the given thickness.

Another option is to employ organic materials with higher absorption coe�cients,

which is subject of the next chapter.

5.3.3. Enhanced Absorption in OSCs

As demonstrated in the previous sections, most experimentally reported organic so-

lar cells (OSCs), including almost all non-fullerene acceptor blends that represent

today's most e�cient OSCs, su�er from a low electronic quality that causes poor

charge-carrier collection and an optimum thickness at the �rst absorption maximum

around d � 100nm. Recently, an increased absorption strength has been demon-

strated experimentally for certain polymers [277] and non-fullerene acceptors. In

the following, I assess the increase in e�ciency that can be achieved for molecular

materials with enhanced absorption. Generally, � and � vary over several orders of

magnitude between di�erent materials (see previous chapters and refs. [252, 282]),

whereas �0 only varies over roughly one order of magnitude as presented in �g. 5.8.

Nevertheless, for absorbers that reach intermediate e�ciencies and an electronic

quality (or �� -product) that does not enable very thick devices, an increase in �0

may substantially increase the e�ciency at the optimum thickness.

Figure C.9 in appendix C.8 shows the simulation results for the case of direct

recombination, which typically dominates in organic solar cells and is characterized
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by the coe�cient k. The data behaves very similar to the corresponding data ob-

tained for Shockley-Read �Hall recombination in �gs. 5.10 and 5.11. The expressions

for the FOMs on the x-axis translate via � $ k�0:5 for the two recombination mech-

anisms. Note that the di�erent units of � and k also translate to the expressions

of the FOMs. From the data generated for �g. C.9, the gain in absorptance and

e�ciency for an increased absorption strength is calculated. Figure 5.16(a) displays

the maximum attainable short-circuit current density (Jsc,max), which is obtained

for ideal charge carrier collection at V = 0V. Since the optical model takes inter-

ference e�ects into account, maxima appear in the absorptance-thickness relation

that translate to the displayed Jsc,max. There is a notable di�erence in Jsc,max for

di�erent absorption strengths around the �rst absorption maximum. For thicker ab-

sorbers, this di�erence vanishes because Jsc,max saturates for all displayed absorption

strengths. In quantitative terms, the attainable Jsc,max increases by around 15% at

d= 100nm for an increase by factor 1.5 in �0 as can be seen from �g. 5.16(b).

Figure 5.16(c) compares the resulting e�ciencies for the case of a regular

(c� = 1 with � = c��d�t) and enhanced (c� = 1:5) absorption strength in depen-

dence of the �k�0:5-product. As before, each device is evaluated at its individual

optimum absorber thickness. The increase in e�ciency with�k�0:5, correspond-

ing to the SRH (��)-product, results from improved charge carrier collection. At

any constant value of �k�0:5, the e�ciency of devices with enhanced absorption

is clearly shifted upwards. Figure 5.16(d) further quanti�es the gain in e�ciency

� (c� = 1:5)=� (c� = 1)� 1 when moving from regular to strong absorption. This

gain tends towards zero for the highest �k�0:5-values, where charge carrier collec-

tion is perfectly e�cient and the optimum thickness dopt reaches several 100s of

nm as shown in �g. C.10 in appendix C.8. For such thick layers, the absorptance

saturates for both, regular and enhanced, absorption strengths and the gain in ab-

sorptance in �g. 6(b) vanishes, just as the gain in e�ciency in �g. 5.16(d). For lower

�k�0:5-values, the gain in e�ciency is generally higher. The speci�c �k�0:5 values at

which the gain behavior changes, coincide with jumps to a higher absorption maxi-

mum as indicated by the gray areas in �g. 5.16(d) and shown in detail in �g.. C.10

in appendix C.8. Generally, the optimum thickness of a regular absorbing blend

jumps to the next higher absorption maximum at a lower �k�0:5 value compared to

a strongly absorbing blend. For example, for �k�0:5 values in between the two gray
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Figure 5.16.: Bene�ts of an increased absorption strength (� = c��d�t) based on a
representative scenario for organic solar cells where a comparable tuning of � has been
achieved [277]. (a) Maximum attainable short-circuit current density for ideal charge car-
rier collection leading to (b) relative gains around 15% for thin absorber layers. At larger
thickness, the absorptance tends to the same value for di�erent absorption strengths and
the attainable gain diminishes. The data in (a,b) is only based on optical simulations.
(c) E�ciency of the lowest and highest absorption strength simulated in �g. C.9 for direct
recombination and low surface recombination, evaluated at the individually optimized
thickness. The features in (d) coincide with jumps to higher absorption maxima as is
elaborated in �g. C.10. The gain attained by stronger absorption depends heavily on
�k�0:5 and reaches a value of around 15% for �k�0:5 values that are associated with a
typical optimum thickness for organic solar cells of about 100 nm at the �rst absorption
maximum.
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regions, the regular absorbing blend has an optimum thickness around the second

absorption maximum, whereas the strongly absorbing blend still performs best at

a thickness around the �rst absorption maximum. The non-monotonous behavior

for the lowest �k�0:5 can be attributed to the fact that no devices with thickness

below 50 nm were simulated in accordance with experimentally realized absorber

thicknesses, although the optimum thickness for such low �k�0:5 values is actually

lower. More importantly, for a range of relevant �k�0:5 values that do not allow a

jump to the second absorption maximum, a considerable gain in e�ciency between

10% and almost 20% is reached.

In summary, given that the optimum absorber thickness of many organic solar

cells is at the �rst absorption maximum, an e�ciency increase of around 15% seems

realistic for an increase in the absorption strength by 50% (c� = 1:5). It is generally

plausible that higher absorption strengths � leading to even larger gains in e�ciency

- could be reached once the parameter �0 is in the focus of synthetic chemists

who design new absorber materials, as has been elaborated by Vezie et al. [277].

The improvement in absorption coe�cient in many novel small molecule acceptors

relative to most typical polymers is promising in that respect.

5.3.4. Relation between FOMs

In this thesis, I developed di�erent material-speci�c �gures of merits to judge the

performance prospects of thin-�lm solar cells in general and organic solar cells in

particular. The following clari�es the relation between the e�ciency FOMs based

on �, � and � developed in this chapter 5.2 and the electronic quality and Scharber

e�ciency, which were used as FOMs in chapter 5.3.1 to decipher the progress of

organic solar cell e�ciency. Generally, the electronic quality factor and the FOMs

presented in this chapter 5.2 are applicable to all thin-�lm solar cells that employ a

fully depleted absorber layer, whereas the Scharber e�ciency is speci�c to organic

solar cells.

As a major di�erence, the analysis in this chapter considers a �xed (optical and

electrical) band gap and assesses how �0, � and k (or �) a�ect the solar cell e�ciency

until, for good values of the three parameters, the Shockley-Queisser limit [24] is
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reached. The Scharber e�ciency on the other hand re�ects e�ciency improvements

that result from a decrease of the optical band gap towards the SQ optimum and

a reduction of the di�erence between the optical and electrical bandgap (also see

appendix A.4). Therefore, the OSC-speci�c Scharber e�ciency is a complementary

concept to the (���)-based FOMs discussed in this chapter 5.2.

The analysis in chapter 5.3.1 of OSC e�ciencies in terms of electronic quality

and Scharber e�ciency did not take any variation of the absorption strength into

account, mostly because it has not been perceived as a handle on solar cell e�ciency

so far and does not vary for most of the studied materials [277]. The electronic

quality factor as a �gure of merit for the FF appears in a similar way in the FOMs

for the e�ciency presented in this chapter 5.2. The di�erent weights for mobility

and lifetime in the expressions (e.g. QSRH = �2�1:6 versus FOM low-�
SRH = �� (��))

results from the FF de�nition, which includes the ratio VMPP=Voc, whereas the

e�ciency only employs VMPP (also see section 5.1.3). Note that this thesis provides a

method to extract the electronic quality factor from basic solar cell characterization,

whereas assessing the values of the (���)-based FOMs requires elaborate material

and device characterization. Regarding the literature data analyzed in chapter 5.3.1,

FFn values well below 1 in �g. 5.12(a) indicate that charge carrier collection has not

saturated, which can already be seen from the low optimized thicknesses in �g. 2.9

in chapter 2.4. In the terminology of this chapter, all historically best performing

OSCs are thus located in the low-� regime, where the (���)-product governs the

e�ciency � again highlighting that the e�ciency of today's organic solar cells would

bene�t from materials with comparable electronic quality but increased absorption

strength.

5.4. Chapter Conclusion

Based on drift-di�usion simulations, I presented a comprehensive analysis of the �ll

factor in thin-�lm solar cells with a focus on the absorber material's electronic grade.

Both investigated recombination mechanisms of direct bimolecular and Shockley-

Read-Hall monomolecular recombination lead to similar results. The optimized

expression of the collection coe�cient results in signi�cantly reduced scatter in the
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collection coe�cient - �ll factor relation than previously suggested analytical approx-

imations, that are derived at short-circuit and not at the maximum power point,

where the �ll factor is de�ned. For deviations of the standard case of a fully de-

pleted active layer, there are characteristic signatures that indicate the presence of

a space-charge region or a limiting e�ect from the contacts. These signatures can

be produced experimentally by producing a series of devices with varying active

layer thickness.The close study of surface recombination showed a unreported ef-

fect of the surface recombination velocity on the �ll factor that goes beyond the

indirect in�uence via the open-circuit voltage. Finally, even for large variations in

the absorber's dielectric constant, the collection coe�cient remains unchanged and

only the �t parameters for the �ll factor normalization and its relation to the collec-

tion coe�cient require slight adaptation. The results are therefore applicable to a

wide range of thin-�lm absorber technologies, including Sb2S3 as the experimental

focuses material in this thesis. I then explored the interplay between absorption,

charge transport and charge recombination and their e�ect on the solar cell e�-

ciency. For a given bandgap, I found di�erent �gures of merits that correlate well

with the e�ciency and depend on the corresponding material parameters, as well as

di�erent regimes of the mobility and surface recombination velocity.

A practical application of the theoretical studies is the experimental extraction

of a herein de�ned material-speci�c �gure of merit for the �ll factor. This electronic

quality factor is assessable from basic solar cell characterization and allows retro-

spective analysis of literature data. Applied to organic solar cells, the importance of

the electronic quality factor for the solar cell performance was illustrated. Improv-

ing the electronic quality factor of organic solar cell blends is a route for progress

that goes beyond the well-recognized target of reducing open-circuit voltage losses

associated to a better matching of energy levels. Blends with high electronic qual-

ity allow for high �ll factors even at large thicknesses, which in turn increases the

absorptance, external quantum e�ciency and eventually the short-circuit current.

In this context, the electronic quality is decisive for the optimum blend constituents

with regard to their spectral absorption range. For a blend with high electronic

quality that permits thick active layers, complementary absorption bands of the

donor and acceptor material are favorable. However, at lower electronic qualities,

congruent absorption bands yield higher e�ciencies. The result is most relevant for
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solar cells based on non-fullerene acceptors, whose absorption range varies widely

with the applied material and whose optimum thickness is typically around only

100 nm. I �nally demonstrated, that the enhancement of the absorption coe�cient

presents a way to improve the e�ciency whenever the electronic quality is limited,

which is particularly relevant for organic solar cells.
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This chapter presents my (mostly experimental) work on Sb2S3-based solar cells in

a planar con�guration with the Sb2S3 absorber deposited via spin-coating. Most of

the studies are carried out for both process routes, that are based on di�erent Sb2S3

precursors (Sb-TU and Sb-BDC) and were introduced in chapter 3.2. The di�erences

and similarities of the resulting layers and solar cells between the two routes are

highlighted. Chapter 6.1 presents the process and layer stack optimization with

regard to the absorber deposition and the choice of a suitable hole transport material

from a range of di�erent organic semiconductors. As a result of the optimization,

solar cell e�ciencies of 4.2% and 5.0% are achieved for the Sb-TU and Sb-BDC

process, respectively, which is then put into context of other reports from literature.

Chapter 6.2 identi�es the main limitations of the fabricated devices, which, to a

large degree, also explain the performance di�erences found for the two process

routes. As part of this, the conceptual work on inhomogeneity and charge carrier

collection presented in chapters 4 and 5, respectively, is applied to the speci�c case

of Sb2S3. At the same time, the study o�ers suitable characterization methods to

investigate the properties that are critical to Sb2S3 solar cell performance. Some of

the characterization methods have not been applied to Sb2S3 solar cells previously, so

that I obtain an unprecedented comprehensive picture of the challenges in the �eld.

Since the solar cells produced in this work have a similar signature as other planar

Sb2S3 solar cells in terms of solar cell performance, my �ndings are likely to be highly

relevant for other reports and future work in the �eld. Chapter 6.3 summarizes these

�ndings and gives an outlook for future work and routes to improvement of Sb2S3

solar cells.
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6.1. Layer and Device Optimization

Following the rationale of section 2.4.2, I opted to prepare Sb2S3 solar cells in a

planar con�guration because of a simpler �lm morphology, the availability of well-

developed characterization methods for planar thin-�lm technologies [85], as well as

�rst promising performance reports for planar ALD [60]- and CBD [164]-processed

Sb2S3 solar cells. The drawbacks of aqueous and hard-to-control [33,60] CBD leading

to unfavorable phase impurities [20,174�176], motivated my choice to explore spin-

coating routes of the absorber layer, which already showed promising results in an

ETA architecture [33]. In a chronological perspective of this thesis, Choi's [33]

report from 2015 applied the Sb-TU precursor, which I transferred to a planar cell

architecture. Later during the course of this thesis in 2017, the Sb-BDC precursor

route was reported [34], which I then investigated subsequently.

This chapter covers the optimization of the spin-coated Sb2S3 absorber and the

organic hole transport layer of the solar cell, which is guided by di�erent material,

�lm and solar cell characterization methods. Section 6.1.1 discusses the absorber

deposition with a focus on the annealing conditions of the spin-coated precursor �lm,

which is evaluated in terms of morphology, presence of sub-band gap states, as well

as the resulting solar cell performance. Section 6.1.2 adds the compositional analysis

via XPS to check for correlation between the absorber stoichiometry and the solar

cell performance. The determination of the energy levels of Sb2S3 via UPS prepares

for section 6.1.3, where the role of the Sb2S3/HTM heterojunction is discussed by

applying a series of di�erent organic polymers and small molecules as HTM. Fi-

nally, section 6.1.4 shows the optimized solar cell performance and section 6.1.5

summarizes the results and compares them to other literature reports.1

6.1.1. Annealing Procedure

For the Sb-TU process, the direct thermal decomposition of the spin-coated solu-

tion at 180 °C leaves large parts of the substrate uncovered as can be seen in the

1Large parts of this chapter (6.1) closely follow or are identical to my �rst-author publication
�Spin-coated planar Sb2S3 hybrid solar cells reaching 5% e�ciency� [283] � © 2018 Kaienburg
et al., used under CC BY 4.0
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Scanning Electron Microscope (SEM) image in �g. 6.1(a). Between smooth-looking

domains of Sb2S3 the FTO grains covered with spray-coated TiO2 are clearly visible

(see the SEM images of the substrate in �g. 3.2 for comparison). The morphology

is improved by annealing the �lms at 100 °C directly after spin coating for approx-

imately 60 minutes prior to thermal decomposition. Figure 6.1(b) shows that this

slow annealing step drastically reduces the area of pinholes in the �lm. Both images

in �g. 6.1(a) and (b) are taken after crystallization at 265 °C but the holes are al-

ready present in the amorphous �lms as can be seen in the corresponding images in

�g. 6.1(d) and (e). The existence of pinholes is thus not caused by crystallizing the

�lm, which emphasizes that the thermal decomposition procedure is crucial for the

�lm morphology in the Sb-TU process. While even the optimized annealing proce-

dure cannot fully avoid the presence of pinholes for the Sb-TU process, the Sb-BDC

process leads to compact layers largely free of pinholes as shown in �g. 6.1(c). In-

terestingly, the uncrystallized �lm in �g. 6.1(f) has a porous structure and the good

�lm morphology forms only during crystallization, as was observed in the original

report [34], which underlines the apparently di�erent mechanisms governing �lm

formation in the two processes. Grain sizes for the Sb-BDC exceed 1 �m, which is

slightly smaller than the reported average of 6 �m [34], whereas the Sb-TU process

yields smaller grain sizes on the order of 500 nm.

The Raman measurements in �g. 6.2 indicate a similar microstructure for the

Sb-TU and Sb-BDC process, both in the amorphous and crystalline state. The

broad peak around 280 cm-1 of the amorphous samples splits into two peaks for the

crystalline samples, with a potential third peak in the left shoulder of the 320 cm-1

peak. These most prominent features coincide with the reported Raman signature

of crystalline Sb2S3 [284,285].

Most deposition methods such as CBD [80,171], ALD [60,159], thermal evapo-

ration [167,286,287] and the here discussed spin-coating [33,34], produce amorphous

�lms that are subsequently crystallized at temperatures above antimony sul�de's

minimum crystallization temperature of 250 °C [79, 173, 198]. The typical crystal-

lization temperature is 300°C [20,33,34,80,91] while values of 330 °C [60,161,185,288]

and up to 400 °C [289] are reported. To gain insights into the crystallization be-

havior in terms of morphology, creation of defects and solar cell performance, I
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Figure 6.1.: SEM images of (thermally decomposed) Sb2S3 thin �lms (a-c) after and (d-f)
before crystallization at 265 °C. (a,d) Direct thermal decomposition of the spin-coated
Sb-TU precursor solution leaves the substrate largely uncovered. (b,e) An intermediate
slow annealing step at 100 °C for 60 minutes reduces the pinhole area. (c) The Sb-BDC
based process leads to a pinhole-free compact layer with large grains, despite the (f) porous
structure of the amorphous state.

Figure 6.2.: Raman spectra of Sb2S3 formed in the (a) Sb-TU and (b) Sb-BDC process
show the transformation from the amorphous to the crystalline state by annealing at
265 °C.
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produced samples crystallized on a hot plate at various temperatures in a nitro-

gen atmosphere. The lowest temperature was chosen to be 265 °C slightly above

the minimum crystallization temperature of Sb2S3. When increasing the crystal-

lization temperature from 265 °C in �g. 6.3(a) to 300 °C in �g. 6.3(b), the Sb-TU

process shows a slight increase in uncovered substrate area. The small, bright,

tapered features, that are observed in the domains not covered by Sb2S3, can be

attributed to the peaks of large FTO grains as can be seen from the comparison of

the SEM images in �g. D.1(a-h) in appendix D. The Sb2S3 domains tend towards a

droplet-like morphology with increasing temperature which can be interpreted as an

on-going dewetting of the substrate and was reported before for the transition from

the amorphous to the crystalline phase of Sb2S3 for a thin layer on a mesoporous

TiO2 sca�old [159,290]. This trend continues for higher crystallization temperatures

as can be seen from AFM and SEM measurements in �g. D.1(a-h) in appendix D.

At 400 °C the �lm seems to disintegrate and macroscopic holes form.

For PDS measurements of the Sb-TU process, a TiO2 layer was spray-coated

onto the glass before depositing the Sb2S3 layer, because weak adhesion prevents

direct coating of glass with Sb-TU solution. The deposition conditions thus closely

resemble those of the fabricated solar cells. The results for di�erent crystallization

temperatures in the Sb-TU process are shown in �g. 6.3(c). For the sample crys-

tallized at 265 °C and 300 °C, the measurement signal quickly saturates at energies

above the band gap. At low energies the absorption strength of the substrate be-

comes comparable to that of the Sb2S3 �lm, which is evident from the characteristic

H2O absorption peak of Corning glass below 1 eV. While the layer crystallized at

265 °C and 300 °C behave almost identical, the defect absorption of the layer crys-

tallized at 350 °C is increased drastically. The same holds true for the 400 °C sample

where, due to the macroscopic holes in the �lm described before, the incoming light

is still transmitted and not fully absorbed even at high energies which inhibits a

proper analysis of the absorption coe�cient. Therefore the 400 °C sample does not

coincide with the other samples that match very well for energies above the band

gap. The increased defect absorption for the crystallization at 350 °C or higher hints

towards a lower cell performance because a higher defect density would cause in-

creased recombination and eventually a lower open-circuit voltage. This hypothesis

is con�rmed by solar cells shown in �g. 6.3(d) produced in the standard con�gura-
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tion described in chapter 3.2 with P3HT as the HTM. The cell from an Sb2S3 layer

crystallized at 300 °C shows a lower Voc and Jsc than the cell crystallized at 265 °C.

At 350 °C, the Voc drops drastically which is consistent with the increased defect

absorption observed with PDS in �g. 6.3(c). The cell performance decays further at

400 °C, where the �lm morphology degenerates.

Next, a similar study was conducted for the Sb-BDC process with a focus on

crystallization at 265 °C and 300 °C. The SEM image in �g. 6.3(e) of the layer

crystallized at 300 °C shows a similar morphology as the one crystallized at 265 °C

shown in �g. 6.1(c) except that small pyramidal structures appear on top of the

grains. A sample crystallized at 265 °C for 30 minutes shown in �g. 6.3(f) instead

of the standard 2 minutes shows similar structures (also see the zoomed-out SEM

images in �g. D.1, appendix D). The nature of these features remains unclear but

similar structures were reported for chemical-bath-deposited and evaporated Sb2S3

[164, 173, 284, 286] and seem to be present in the original Sb-BDC report [34] as

well, where a temperature of 300 °C was chosen. The absorption coe�cient of the

Sb-BDC sample crystallized at 265 °C shown in �g. 6.3(g) is almost identical to

that of the Sb-TU sample crystallized at the same temperature, shown in �g. 6.3(c)

and drawn again in (g) for direct comparison. However, the defect absorption of

Sb2S3 from the Sb-BDC route crystallized at 300 °C is strongly enhanced. A sample

prepared at 265 °C but with a crystallization time of 30 minutes reveals a similar

increase in defect absorption. For both samples with increased defect absorption

the absorption behaves non-monotonous with energy. The maxima and minima

can be most-likely attributed to interference in the smooth �lms � which did not

fully cancel out during data analysis � instead of actual variations in the materials'

density of states in the sub-bandgap region. The negative impact of the increased

defect density on device performance is con�rmed by comparing solar cells prepared

with the same annealing conditions in �g. 6.3(h) and tab. 6.1 in appendix. D.

In summary, for both investigated process routes an optimized crystallization

temperature of 265 °C was found, which is lower than the commonly applied treat-

ment at 300 °C, that was also chosen in the original publications of both process

routes [33, 34]. For the Sb-TU process, higher crystallization temperatures cause a

dewetting of the substrate. In the Sb-BDC process, signi�cantly increased defect
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formation appears along with new features on the surface of the Sb2S3 �lm for longer

crystallization times and higher crystallization temperatures of 300 °C. The same

annealing conditions were uncritical in terms of defect absorption for the Sb-TU

process where similar degradation started only at a crystallization temperature of

350 °C.

6.1.2. Stoichiometry and Energy Levels

Deviations from the stoichiometric Sb2S3 composition that has an S:Sb ratio of

3 : 2 = 1:5 were shown to decrease solar cells performance [33]. Composition changes

in the Sb2S3 during annealing could explain the performance variations and the

di�erent degrees of defect absorption observed with PDS in �g. D.1. The stoichiom-

etry of samples fabricated from the two processes at di�erent crystallization tem-

peratures was probed with X-ray photoelectron spectroscopy (XPS) as explained

in chapter 3.3. Table 6.1 displays the results of the measurements. Most impor-

tantly, there is no trend in the S:Sb ratio for di�erent annealing temperatures and

the Sb-TU process yields similar values as the Sb-BDC process. The S:Sb ratios are

always below the stoichiometric composition but also di�er if either the Sb 4p or

the Sb 3d peak is taken into the analysis, which should not be the case and puts the

absolute values in doubt. Since Sb2S3 is a relatively little investigated material sys-

tem, there is no precise knowledge of all the model parameters, which are required

to properly interpret the XPS data in absolute terms. The presence of carbon at the

surface, which is typical for samples not processed under high vacuum conditions,

further complicates the data analysis in absolute terms. Angle-resolved measure-

ments (ARXPS) in �g. 6.1(a) show a signi�cant increase in sulfur concentration

with the X-ray incident angle relative to the surface normal. The penetration depth

for larger angles is smaller, meaning that the sulfur concentration increases towards

the surface. Again, the relative trend that is always based on the same analysis

method contains important information, but the absolute values should be taken

with care. Figure 6.1(b) shows the XPS spectrum of the Sb 4d peak of a sample

fabricated by the Sb-BDC process and annealed at 265 °C. The observable peaks

and �t quality is representative for all other samples except the Sb-BDC sample an-

nealed at 300 °C shown in �g. 6.1(c). Here, a small second Sb 4d peak is visible at
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Table 6.1.: XPS and UPS results. The S:Sb ratio is calculated from the S 2p and two
di�erent Sb peaks as indicated. No clear trends in the stoichiometry are evident and the
deviations from the di�erent Sb peaks indicate that the absolute values should be taken
with care. The valence band energy (Ev) is constant for the Sb-TU, but the Fermi level
(EF) shifts upwards with higher crystallization temperature (Tcryst). The Sb-BDC sample
annealed at 300 °C yields similar results. The deviations in Ev for the Sb-BDC sample
annealed at 265 °C comes along with strong �uctuations for di�erent spots on the sample
(up to 0.1 eV measured at three positions compared to typically 0.02 eV for the other
samples).

Prec. Tcryst S:Sb S:Sb EF EF�Ev Ev

°C (Sb 3d) (Sb 4d) eV eV eV
TU 265 1.40 1.21 4.96 0.85 5.81
TU 300 1.42 1.24 4.87 0.91 5.78
TU 350 1.42 1.22 4.82 0.96 5.78
BDC 265 1.41 1.22 4.49 1.06 5.55
BDC 300 1.44 1.23 4.79 0.98 5.77

lower binding energies. The higher energy peaks are attributed to Sb bonded to S in

a fully coordinated bond, while the lower energy peaks indicate under-coordinated

Sb2S3 or rather elemental Sb [291]. This could explain the signi�cant increase in

defect absorption in �g. 6.3 for the Sb-BDC sample crystallized at 300 °C compared

to the sample crystallized at the optimum temperature of 265 °C.

None of the investigated samples showed other undesired species such as ox-

idized antimony Sb2O3 (540 eV), oxidized sulfur Sb2(SO4)3 (168 eV) or elemental

sulfur (164 eV) as can be seen from �gure D.2(b) and (c) in appendix D. Previously,

oxide phases were observed for samples deposited in a chemical bath [20] and ele-

mental sulfur was observed for high amounts of the sulfur precursor in the Sb-TU

process [33]. The absence of undesired species in the Sb2S3 material underlines the

feasibility of both spin-coating routes. Additionally, the signal coming from the

substrate as well as the residual carbon content were analyzed. All samples were

deposited on indium tin oxide (ITO) and the holes in the Sb2S3 layer deposited

from the Sb-TU precursor give way to an indium peak that is strongest for the

350 °C sample that dewets the strongest. No In is observed for the compact layers

formed by the Sb-BDC process. A signi�cant amount of carbon, which also depends

on the storage time before measurement, was observed for all samples. ARXPS in

�g. D.3(c) in appendix D showed that the carbon is mostly located on the surface,
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Figure 6.4.: Exemplary XPS measurements for the Sb-BDC process. (a) Angle dependent
ARXPS measurements show an increased sulfur concentration towards the �lm surface.
The position of the Sb 4d peak in (b) indicates the Sb-S bond for an Sb-BDC sample
annealed at 265 °C. The spectrum is representative for all other measurements except
the (c) Sb-BDC sample annealed at 300 °C that shows an additional peak indicating
under-coordinated Sb, which might explain the increased defect absorption observed in
�g. 6.3(g).

indicating that it is unlikely to originate from residues of the precursors but rather

from deposition during storage. The Sb-TU samples however show an additional

carbon peak in �g. D.3(b) in appendix D that might be attributed to the sulfur

precursor thiourea (TU).

The same samples that were characterized by XPS were also investigated with

ultraviolet photoelectron spectroscopy (UPS) to determine the work function and

valence band edge. The values for the obtained energy levels are given in table. 6.1

The samples from the Sb-TU process show consistent valence band (VB) edges of

about 5.8 eV and a signi�cant trend in the work function towards more n-type be-

havior with increasing annealing temperature. Although the work function varies by

0.1 eV, all samples are quite intrinsic with a band gap of 1.78 eV (determined via the

EQE in�ection point) and a Fermi level distance to the VB of 0.85-0.95 eV, which

is thus located in the middle of the band gap. Dark conductivity measurements on

Sb2S3 from the Sb-TU process showed no detectable current, implying a conduc-

tivity below 10�8Scm�1, which is consistent with an intrinsic semiconductor. The

samples prepared from the Sb-BDC process are generally of intrinsic nature as well,

but the distance from the Fermi level to the VB is larger compared to the Sb-TU

process. The 300 °C samples from both processes behave relatively similar. The

samples from the Sb-BDC precursor annealed at 265 °C show a much larger scat-

ter than all other samples, when comparing di�erent positions on the same sample.
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Therefore, a second sample was prepared that, however, showed similar �uctua-

tions. Workfunctions between 4.45 eV and 4.68 eV and distances between Fermi

and valence band between 0.96 eV and 1.12 eV were observed for di�erent samples

and positions. Despite the �uctuations, all measurements point to a HOMO level

between 5.5 eV and 5.7 eV, which is increased compared to di�erently processed

samples. The origin of the large �uctuations and the decreased HOMO level re-

mains unclear. Reported HOMO levels of Sb2S3 obtained from UPS measurements

lie between 5.3 and 5.5 eV [166, 289, 292] and go up to 5.9 eV [60]. Although these

values may vary with the procedure to extract energy levels from the UPS data,

actual changes in the HOMO level of Sb2S3 that depend on the deposition method

cannot be excluded at this point. The Fermi level positions in all reports indicate

similarly intrinsic material as found here.

In summary, samples from di�erent process routes and annealing temperatures

show very similar S:Sb compositions. Under-coordinated Sb is observed for the

Sb-BDC precursor annealed at 300 °C. UPS measurements reveal the intrinsic nature

of the material. Changes in the distance between Fermi level and valence band for

Sb-TU with annealing temperature indicate a change in the density of states (DOS)

in the band gap that might be related to small changes in the stoichiometry that

are not detectable with XPS. For such intrinsic materials, even slight changes in

the DOS may a�ect the Fermi level position. An increase in recombination centers

might be related to the change of the DOS which might explain the drop in Voc

with annealing temperature. For Sb-BDC fewer clear statements can be made due

to the observed �uctuations. The measurements indicated an increased HOMO

level. Altogether, the performance variation cannot be explained by stoichiometric

changes probed with XPS, but partially by changes in the energy levels probed by

UPS. Apart from the Sb2S3 itself, the energy level alignment at the heterojunction

with the organic hole transport material (HTM) might be a source of loss in Voc

since it governs the energy that needs to be dissipated from the excited electron

system.
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6.1.3. Sb2S3/HTM Heterojunction

An energetic o�set at the Sb2S3/HTM heterojunction could possibly cause a serious

Voc limitation and reduce the built-in voltage. Consequently, I screened a variety

of organic polymers and small molecules2 with di�erent HOMO levels covering a

range of roughly 700 meV to test for signi�cant trends in the solar cell performance.

Example J -V curves for the di�erent HTMs, applied in the Sb-TU process and

measured with the white LED inside the glovebox as light source, are shown in

�g. 6.5(a,b). Both the Voc and the Jsc of the displayed solar cells vary within

a relatively limited range. P3HT is the most notable exception in terms of Voc,

which can be attributed to the pinholes in the absorber layer formed during the

Sb-TU process as will be discussed later. The variation of the Jsc is partially due to

the spectral mismatch of the light source. Figure 6.5(c) shows a schematic energy

level diagram of the applied stack. The values for Sb2S3 are taken from the UPS

measurements of the Sb-TU process annealed at 265 °C, the TiO2 value is taken

from ref. [162] and P3HT is taken as example HTM from ref. [293]. Note that the

reported values for the energy of the highest occupied molecular orbital (HOMO)

of the organic HTMs are typically obtained from cyclic voltammetry measurements

which yield lower lying HOMO levels than UPS [294]. Additionally, the energy level

alignment at a buried interface may di�er substantially from the situation of an

isolated material. The energy diagram has thus to be taken with care, but a large

o�set from the Sb2S3 valence band to the P3HT HOMO is likely. The same data as

in �g. 6.5(a,b) is included in (d) and (e), which examines the correlation between the

Voc and FF , respectively, to the HOMO energy of the HTM. The �gures additionally

include solar cells applying the small molecules IDTBR, ICBA and FBR, which have

low lying HOMOs and reach low values of Voc and FF , as well as Jsc values below

1 mAcm-2 suggesting that hole extraction is ine�cient for such low lying HOMOs.

In the case of the low bandgap IDTBR, electrons might transfer from the Sb2S3 to

the IDTBR. Regarding the other materials, no trend in the Voc or FF is observed.

Note that not all deposition processes of the di�erent HTMs were optimized, which

may explain the variations of the FF . For example, decent FF s were reached

with spiro [34], which is not the case in �g. 6.5. Also note that the HOMO values

2See appendix F for the full names of organic materials.
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may vary between 0.1 eV and 0.2 eV between di�erent reports, as is the case for

P3HT [145,293] and KP115 [147,231]. Nevertheless, the fact that despite signi�cant

changes in the HOMO level of the HTM, no signi�cant change in Voc is observed,

suggests that the Sb2S3/HTM interface is not limiting the device performance. The

dominant recombination, at least at Voc, does not take place at the interface but

rather in the bulk of Sb2S3. An alternative explanation would be that the energetics

of the HTMs at the buried heterojunction di�ers from the isolated materials on which

the reported HOMO values are based. In the following, I focus on the two HTMs

P3HT and KP115 that di�er in HOMO and also show di�erences in the device

performance in �g. 6.5(a). Additionally, the two semiconducting polymers allow

high e�ciencies at comparably thick layers when applied as absorbers in organic

solar cells due to good transport properties [134, 231, 295]. The following study is

expanded to samples from the Sb-BDC process in addition to the Sb-TU process

and contains the performance-optimized solar cells fabricated in this work.

6.1.4. Optimized Devices

The J-V curves and solar cell performance of the best devices for the two process

routes are compared in �g. 6.6(a) and tab. 6.2. The Sb-BDC process reaches higher

device e�ciencies compared to the Sb-TU process, mostly due to the approximately

30% higher Jsc, which is con�rmed by EQE measurements shown in �g. 6.6(b)

and (c). The higher Jsc in the Sb-BDC process can be explained by the thicker

Sb2S3 layer of 190 nm compared to 100 nm for the Sb-TU process. Both processes

e�ectively did not allow a precise control over the absorber thickness. Although

FF and Voc do not vary as much between the processes as the Jsc, it is noteworthy

that � despite a lower e�ciency � the highest Voc of 650 mV is obtained for the

Sb-TU process with KP115 as HTM. As depicted in �g. 6.5, the HOMO of KP115 is

better aligned with the valence band of Sb2S3 which could be bene�cial for the Voc

and FF . Indeed, for the Sb-TU process both values are signi�cantly larger for the

better-matching KP115. However, this is not the case for the Sb-BDC process where

the Sb2S3/KP115 cell even shows a slightly lower Voc and FF � also when compared

to an Sb2S3/P3HT cell prepared on the same day as listed in table 6.2 and shown

in �g. D.4 in appendix D. The shunt behavior caused by the pinholes in the Sb-TU
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Figure 6.6.: Device performance of FTO/TiO2/Sb2S3 /HTM/MoOx/Ag solar cells and
optimized Sb2S3 deposition for both process routes. The two polymers P3HT and KP115
applied for each route di�er in band gap and HOMO level. (a) Sun Simulator and
(b,c) EQE measurements of (b) Sb-TU and (c) Sb-BDC samples. The absorption coe�-
cients of Sb2S3 and the two HTMs are shown in (b) to illustrate the parasitic absorption
of the HTMs.

Table 6.2.: Device performance of samples shown in �g. 6.6. The e�ciency �corr for the
Jsc calculated from EQE is given in the last column.

Process HTM Voc (mV) FF (%) Jsc � (%) Jsc,EQE �corr (%)
(mAcm-2) (mAcm-2)

Sb-TU P3HT 573 47.8 11.7 3.20 12.1 3.31
Sb-TU KP115 650 54.8 11.6 4.13 11.7 4.16
Sb-BDC P3HT 611 52.1 15.2 4.83 15.6 4.97
Sb-BDC KP115 596 46.6 13.2 3.65 14.4 3.98
Sb-BDC P3HTa 597 49.0 13.9 4.06 14.4 4.22
a: fabricated on same day as Sb-BDC/KP115 device for direct comparison, graph
shown in supplement

process depends on the choice of HTM and limits Voc in the case of P3HT, but not

for KP115 as will be discussed in section 6.2.2. The higher Voc in the Sb-TU process

could then be explained by a lower recombination rate due to fewer deep defects

in the material. This explanation is consistent with the negligible Voc di�erence

between di�erent HTMs in the case of the pinhole-free layers obtained from the

Sb-BDC process. The results from the Sb-BDC process support the hypothesis in

the previous section, that the Sb2S3/HTM heterojunction is either not limiting to

device performance or that the e�ective interface energetics cannot be deduced from

the isolated materials.

The next paragraph is dedicated to the results of the EQE measurements in

�g. 6.6(b) and (c). Since Sb2S3 absorbs up to longer wavelengths than both polymers
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as can be seen from �g. 6.6(b), the falling edge of the EQE can be attributed to

Sb2S3 absorption. The in�ection point of the EQE yields a band gap of 1.78 eV. One

drawback of using semiconducting polymers with band gaps in the visible range is

parasitic absorption since most � if not all � photogenerated excitons cannot be split

at a heterojunction interface. While a photocurrent contribution from the polymer

was demonstrated for certain Sb2S3 ETA cells [33] where the interface area is large

and close by, polymer absorption in planar Sb2S3 cells is to a large extent parasitic

[164]. For the thinner Sb2S3 layers from the Sb-TU process, the shape of the EQE

spectra in �g. 6.6(b) di�ers signi�cantly between the Sb2S3/P3HT and Sb2S3/KP115

cells for wavelengths above 500 nm. This can be explained by the polymers' di�erent

absorption spectra which are plotted together with the EQE data. P3HT has

a larger band gap and absorbs only up to approximately 650 nm, while KP115

absorbs up to almost 700 nm. Organic polymers have narrow absorption bands

and the absorption coe�cient � is not monotonous with energy as is the case for

inorganic semiconductors. Therefore the larger band gap P3HT absorbs further

towards short wavelengths than KP115. More speci�cally, � is larger below 550 nm

for P3HT than for KP115. Wherever the HTM absorbs weakly, the incident photons,

that are not absorbed in the Sb2S3 during their �rst pass, are transmitted to the

metal back contact and re�ected back through the HTM into the Sb2S3 absorber

where free charge carriers are generated upon absorption that contribute to the

photocurrent. Altogether, the shape of the polymers' absorption spectra rationalizes

the di�erence in the EQE spectra: The decreased parasitic absorption of P3HT at

650 nm enhances the EQE of the Sb2S3/P3HT solar cell at this long wavelength

compared to the Sb2S3/KP115 cell. On the other hand, the increased parasitic

absorption of P3HT at 550 nm leads to a higher EQE of the Sb2S3/KP115 solar

cell at that wavelength. The latter di�erence is however less pronounced because

more light with � = 550 nm is already absorbed during its �rst pass through the

Sb2S3 than the light with � = 650 nm. Consequently, the Jsc of the Sb2S3/P3HT

cell is 4% higher than that of Sb2S3/KP115. For the Sb-BDC process, the EQE

features are similar but less pronounced, as can be seen best from the samples

prepared on the same day and shown in �g. D.4. One reason is that a thinner HTM

layer (30 nm compared to 50 nm in the Sb-TU process) could be coated since the

Sb-BDC route results in smoother and pinhole-free layers, whereby the amount of
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parasitic absorption is decreased. Another reason is that the Sb-BDC process yields

thicker Sb2S3 layers (190 nm vs. 100 nm from the Sb-TU process) so that more

light is already absorbed in the Sb2S3 before it reaches the HTM in the �rst pass.

6.1.5. Summary and Literature Comparison

The following summarizes my �ndings on the optimization of planar spin-coated

Sb2S3 layers from two di�erent precursors labeled Sb-TU and Sb-BDC. For both

fabrication routes, an optimum crystallization temperature of 265°C - slightly above

the minimum crystallization temperature and lower than the typically reported

300°C - was found. Depending on the process, the exact heating procedure with

regard to intermediate temperature annealing or crystallization time is critical for

morphology, defect density and device performance. For the Sb-TU process a drop

in performance and an increase in defect density detected by PDS and supported

by UPS at higher annealing temperature, cannot be traced back to changes in the

Sb:S ratio or the existence of impurity phases that would be visible in XPS. For

the Sb-BDC process, an under-coordinated Sb impurity phase appeared at a high

annealing temperature. Some of the very recent results by the Tang group [302�305]

(published simultaneously with the results presented here) and others [91,178] sup-

port my �ndings on spin-coated Sb2S3 solar cells. Well-performing cells apply an

optimum crystallization temperature of 270 °C [302�304], similar to the 265 °C in

this work and below the often reported 300 °C. The reports on the Sb-TU process

face similar problems of dewetting [91,178,302,303], which is improved by an initial

vacuum annealing step at 125 °C to evaporate solvents [302, 304], similar to the

slow annealing I performed. Additionally, the importance of the substrate rough-

ness was shown [91]. The precursor ratios and resulting �lm composition are often

o�-stoichiometric [178, 302, 304], in parts because of a bene�cial e�ect for the mor-

phology. Nevertheless, all reports on the Sb-TU process contain pinholes in the �nal

�lm, even if e�ciencies >6% are reached [302,304].

For any new process, potentially based on novel precursors, pinhole-free layers

with freely tunable thickness and control over stoichiometry are desirable. Post-

processing, such as sulfurization from gas [60] or liquid [20] sulfur sources might

reduce the density of electronic defects in Sb2S3 for certain deposition methods that
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leave sulfur vacancies [33,306].

6.2. Limiting Factors

After the previous chapter focused on the processing conditions and optimized de-

vice con�guration, this chapter concentrates on the limitations of the two precursor

process routes and Sb2S3 solar cells in general. Section 6.2.1 compares the achieved

solar cell performance to other literature reports and identi�es common challenges

for Sb2S3 photovoltaic technology. Section 6.2.2 applies the methodology presented

in chapter 4 to assess and quantify the impact of pinholes, formed in the Sb-TU

process, on the device performance. The analysis rationalizes why the Sb-TU route

and the pinhole-free Sb-BDC route apply di�erent polymers for optimum perfor-

mance. Section 6.2.3 presents electroluminescence measurements (EL) on solar cells

prepared via the Sb-BDC route, which allows to group the loss in open-circuit volt-

age into radiative and non-radiative contributions. Section 6.2.4 focuses on possible

origins of the di�erent voltage losses by mainly studying the defect density of states

with di�erent characterization methods. Finally, section 6.2.5 presents a direct mea-

surement of the mobility-lifetime product and elaborates on the potential cause of

the relatively low �ll factor. To my knowledge, this is the �rst report of EL mea-

surements and many other of the presented advanced characterization for Sb2S3.

6.2.1. Performance Evaluation

My results, indicated by the stars in �g. 6.7(a) and reported in ref. [283], improved

the e�ciency of previously reported results [34, 91, 178] for both process routes of

planar spin-coated Sb2S3 solar cells (also see tab. B.3 in appendix B). Furthermore,

the best e�ciency of � 5% reached in this thesis with the Sb-BDC process and P3HT

as hole transport material, is one of the highest reported for planar Sb2S3 devices and

was, at the time when the manuscript was accepted, only outdone by fabrication via

cumbersome Atomic Layer Deposition [60]. However, at almost the same time, the

Tao Chen group [307] published several results [302�305] on spin-coated Sb2S3 solar

cells, some of which exceed 5% e�ciency and come close to the best ETA cells, which
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Figure 6.7.: (a) Development of Sb2S3 technology. Solar cells with extremely thin ab-
sorber (ETA) architecture [20,33,80,160�162,288] reach the highest e�ciencies. Planar de-
vices have been produced via various methods such as Atomic Layer Deposition [60] (ALD),
Chemical Bath Deposition [164] (CBD) and (Rapid) Thermal Evaporation [167, 170, 286]
(RTE). As the latest development, spin-coated planar solar cells reached e�ciencies up to
above 4% [34, 90, 91, 178]. [1] marks the original report of the Sb-TU [33] process (ETA
con�guration) and [2] of the Sb-BDC [34] process.This work achieved an e�ciency of 5.0%
� �rst published in ref. [283] � which meets the simultaneously published works of the Tang
group [302�304] that even reaches e�ciencies above 6% (also see table B.3 in appendix B).
(b) Limitations of the di�erent approaches (same data and color code as in a) indicated by
the ratio of experimental solar cell performance compared to the Shockley-Queisser (SQ)
limit. High currents are realized but the FF -Voc product is restricted to values below 40%
of the SQ limit. (c) FF data compared to the maximum obtainable FF for given experi-
mental Voc indicate that charge collection in all planar devices is imperfect, but Voc losses
are even more severe (Voc,SQ = 1:49V). For all data points a band gap of Eg = 1:78eV, as
determined in this work, is assumed. See appendix B for the displayed values.

still constitute the best-performing Sb2S3 solar cells.3 Interestingly, the highest

e�ciency among these recent reports [302] employs a nanostructured ETL consisting

of an array of TiO2 nanowires instead of a compact TiO2 layer. The structure

nevertheless di�ers from the ETA con�guration since the Sb2S3 absorber completely

�lls up the nanowire array and even forms a capping layer � which is similar to the

con�guration found in the best performing perovskite solar cells [8, 308,309].4

To get a �rst insight into the major challenges of Sb2S3 technology, �g. 6.7(b)

displays the losses relative to the Shockley-Queisser limit and �g. 6.7(c) further

deconvolutes FF and Voc as is done for various absorber technologies in �g. 2.3 in

3The reported e�ciency of refs. [302�305] are based on Jsc values obtained from solar simulator
measurements, which are 4 - 10% higher than the corresponding EQE results, which leads to
0.3% � 0.5% lower absolute e�ciencies.

4It was demonstrated [33,161] that ETA cells actually employ a thin Sb2S3 coating of the mp-TiO2

nanoparticles, that does not completely �ll the pores.
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chapter 2.2. The displayed data, including the cells prepared in this thesis, paint

a consistent picture. Figure 6.7(b) shows signi�cant improvements in Jsc, while

the FF -Voc product is restricted to a narrow region. Generally, high Jsc values

can be obtained that reach up to 90% of the SQ limit, which outdoes most other

emerging materials in �g. 2.3. The FF �Voc on the other hand does not exceed

40% of the SQ limit, which highlights that electronic losses are clearly more critical.

Comparing di�erent device architectures and deposition methods in �g. 6.7(c) in

terms of FF and Voc yields further insights. The Shockley-Queisser limit for the Voc

is almost 1.5 V for Sb2S3 so that Voc losses generally exceed those in the FF which

are nevertheless noticeable, especially for all planar Sb2S3 solar cells. Devices with

a planar device architecture tend to have a slightly higher Voc than ETA devices �

except the highest reported e�ciency achieved by controlling the sulfur content [20]

� and spin-coating has not quite reached the Voc of other deposition methods. More

strikingly, ETA solar cells generally attain a signi�cantly higher FF than planar

ones, which raises the concern of charge carrier collection in Sb2S3 solar cells. The

core idea behind the ETA concept is that a thin inorganic absorber layer relaxes

the requirements for electronic material quality [310, 311] since charges are quickly

extracted from the absorber layer to the adjacent charge transport layers where

recombination is suppressed.

While the high Jsc of di�erent Sb2S3 solar cells underlines its general suitabil-

ity as a photovoltaic absorber, further improvements must tackle the de�cient �ll

factor and low open-circuit voltage obtained for all Sb2S3 solar cells up to date. The

following chapters are dedicated to identify major loss mechanisms regarding recom-

bination and charge carrier collection and thereby highlight critical parameters that

in turn may open pathways to go beyond today's e�ciency limits.

6.2.2. Impact of Pinholes

The in�uence of the observed pinholes on the performance of Sb-TU processed solar

cells is estimated by applying the method presented in chapter 4 with a parameter set

adapted to Sb2S3 and the ETL/HTL combinations c-TiO2/P3HT, c-TiO2/KP115

and c-TiO2/spiro. The calculations in chapter 4 aim at a perovskite absorber that

has demonstrated high performance and especially high Voc. The method is however
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applicable to other materials by simply adapting the parameter set of the pinhole-

free device. In fact any J -V characteristic can replace the ideal diode used in

chapter 4, be it computed by a certain model (such as the Shockley diode equation

used in chapter 4) or a dataset of current-voltage pairs. To compute a situation

that is closer to Sb2S3 solar cells fabricated from the Sb-TU process, I adapted

the parameters of the ideal diode from Jsc,id = 20mAcm�2, nid = 1 and Voc,id =

1:2V to Jsc,id = 13mAcm�2, nid = 2 and Voc,id = 0:65V. The Jsc,id re�ects the

experimentally obtained value in tab. 6.6 (if, due to pinholes in the experimental

systems, an active area loss of 10% is assumed). Even if the ideality factor of Sb2S3

solar cells should not be 2, nid = 2 better re�ects the observed voltage dependence of

the current than nid=1, e.g. because the shape of the J -V is a�ected by the voltage-

dependence of the photocurrent (which is not covered by Shockley's diode equation

used for modeling here). The Voc,id value is obtained from the c-TiO2/KP115 cell

in tab. 6.6. Figure 6.8(a) suggests that for the experimentally obtained Voc = 0:65V

and a pinhole area fraction of 10%, the Voc of c-TiO2/KP115 is not a�ected by the

pinholes. The calculations imply that a Voc of 0.65 V would also be obtained in a

pinhole-free device, which justi�es the choice of Voc,id for the performance calculation

in �g. 6.8(b) and (c). The pinhole area fraction � of the optimized Sb-TU process is

analyzed from the SEM image in �g. 6.1(b) to be 9.5%. At this value, no decrease in

Voc and FF is predicted when KP115 is used. In contrast to this, a clear loss in both

parameters is expected for P3HT, although the predicted losses di�er quantitatively

(the predicted Voc and FF losses are roughly 1/3 and 2/3, respectively, of the

experimentally observed di�erence)

For the pinhole-free absorber layer formed in the Sb-BDC process, there is

barely a di�erence in Voc and FF between P3HT and KP115 for samples processed

on the same day (see tab.6.2). Additionally, Tang et al. [304] also applied the Sb-TU

process with (spin- instead of spray-coated) c-TiO2/spiro and obtained solar cell pa-

rameters that are very similar to the c-TiO2/KP115 device in tab. 6.2.5 According to

�g. 6.8, essentially no pinhole-related di�erence in performance is expected between

c-TiO2/KP115 and c-TiO2/spiro. These �ndings support the explanation that for

5Tang et al. [304] obtained (for pristine Sb2S3, see tab. B.3 in appendix B) Voc = 653mV and
FF = 55:7% compared to Voc = 650mV and FF = 54:8% for my results. The better e�ciency
of Tang et al. is attributed to a higher Jsc, probably due to the thicker absorber layer.
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Figure 6.8.: Losses attributed to pinholes in the Sb-TU process applying the method
presented in chapter 4. The pinhole-free device is parameterized according to the experi-
mentally observed values by Jsc,id=13mAcm�2 and nid=2 . (a) The Voc of c-TiO2/KP115
is una�ected by the pinholes justifying the choice of Voc,id = 0:65V in (b) and (c). Here,
performance deterioration is observed only for c-TiO2/P3HT

the c-TiO2/P3HT contact con�guration, the lower Voc and FF can be attributed

at least partially to the pinholes in the Sb-TU process, while the c-TiO2/KP115

performance is � apart from the loss in active cell area � una�ected by the pinholes.

6.2.3. Open-Circuit Voltage Losses

Low open-circuit voltages pose a major limitation to reported Sb2S3 solar cell per-

formance. Before studying the distribution of defect states in detail and thereby

considering possible recombination pathways, it is insightful to split the open-circuit

voltage losses�Voc relative to the Shockley Queisser open-circuit voltage Voc,SQ, into

radiative (�Voc,rad) and non-radiative (�Voc,nr) losses. In order to determine these

losses, the solar cell is operated as an LED, meaning that a current is injected in

forward direction, and the light emission from the solar cell (electroluminescence,

EL) is recorded. The EL signal is converted into an EQE signal via the reciprocity

theorem in eq. 3.13 [207], which allows the calculation of the radiative open-circuit

voltage Voc,rad (see appendix A.3 for the calculations). Figure 6.9(a) shows the re-

sults for a solar cell fabricated from the Sb-BDC route with P3HT as HTM. Another

cell with KP115 as HTM yields very similar results as can be seen from �g. D.5 in
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appendix D. In both cases, light emission was detectable only for relatively high in-

jection currents above 1 A cm-2 and the signal for both samples is quite noisy. The

quantum e�ciency spectrum Qe,EL in �g. 6.9(a) obtained from the EL signal via the

reciprocity theorem [207] matches the EQE data well. Because of the weak emission

signal, the background noise dominates the contributions to Voc,rad as is shown in

�g. D.5(c) in appendix D. I therefore chose to cut-o� the data at 1.4 eV to avoid un-

derestimating Voc,rad.6 The analysis yields a radiative voltage loss of about 100 mV

and a non-radiative voltage loss of almost 800 mV, which leads to a very low LED

quantum e�ciency QLED. While both losses are signi�cant, the non-radiative one

is clearly more critical to device performance. Possible origins of the non-radiative

loss are discussed based on the sub-bandgap defect density of states in the following

section. The �Voc,rad is measured relative to the Shockley-Queisser Voc,SQ which

is based on a single value for the absorber band gap as described in appendix A.4.

A di�erence between Voc,rad and Voc,SQ arises when photon emission happens from

lower energy states than photon absorption, or put into di�erent terms: from the

fact that the absorption edge of a real solar cell is not a step function as is assumed

in the Shockley-Queisser limit. Here, the band tails at the band edge are of partic-

ular importance. The reduced density of states of the tails compared to the DOS

above the band edge only leads to weak absorption, but at the same time charge

carriers preferably occupy these lower energy states and recombine from there, lead-

ing to a mismatch between absorption and emission spectrum, which is expressed

by the radiative voltage loss [312]. The band tails of Sb2S3 are also analyzed in the

next section. Figure 6.9(b) compares the solar cell EL and Sb2S3 photoluminescence

(PL) emission along with the absorptance of the pure material �lm. The small shift

of the EL compared to the PL signal hints towards additional recombination hap-

pening at the Sb2S3/P3HT interface. However, the EL spectra of solar cells based

on Sb2S3/P3HT and Sb2S3/KP115 are very similar as asserted in �g. D.5 in ap-

pendix D, meaning that the disputed surface recombination cannot be easily tuned

by changing the HTM.

Note that there is also a voltage loss arising from a Jsc that is lower than

the Shockley-Queisser value, which is however negligible in many cases, since both

6If the complete spectrum is taken into account, an approximately 35 mV lower Voc,rad results.
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Figure 6.9.: Voltage loss analysis according to Rau [207] for a Sb2S3/P3HT solar cell
produced from the Sb-BDC process. (a) The voltage losses are given in the �gure and show
a large non-radiative loss, as well as a considerable radiative loss. The band gap of Eg =
1:78eV, used to calculate the Shockley-Queisser limit, is indicated. (b) The EL spectrum is
slightly shifted compared to the PL spectrum (measured at room temperature), suggesting
losses from surface recombination.The losses cannot be tuned by applying another polymer
(see �g. D.5(b) in appendix D). Note the linear scale for the emission signal in (b) as
opposed to the logarithmic scale in (a).

values are on the same order of magnitude. For Jsc = 0:8� Jsc,SQ, which is the

rough value obtained for the Sb-BDC process, the voltage loss equals less than

6 mV and even for relatively low currents of Jsc = 0:6�Jsc,SQ the loss is only 13 mV,

which is dwarfed by the radiative and non-radiative loss. Compared to other PV

technologies, the measured radiative loss of about 100 mV is smaller than that of

most polymer:fullerene systems but similar to certain polymer:NFA systems [110,

313]. Considering other inorganic thin-�lm absorber materials, the loss is somewhat

lower than for a-Si [61] (�125 mV) but larger than perovskites, CdTe and CIGS

that all show losses below 40 mV [61].

6.2.4. Defect Density of States

The density of states (DOS) is probed with di�erent methods in �g. 6.10 for both

studied process routes. Photothermal de�ection spectroscopy (PDS) exclusively

probes the absorption of Sb2S3 deposited on a glass substrate, whose absorption

becomes dominant below 1.5 eV in �g. 6.10(a) and (b), which explains the signal

saturation regime that does not contain information on the Sb2S3 absorber material.
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The constant photocurrent measurement (CPM) also probes the Sb2S3 deposited on

a glass substrate, but since the photocurrent is measured (or rather the illumination

level that is required to sustain a certain photocurrent), optical and electrical prop-

erties are convoluted. Speci�cally, the photocurrent of both carrier types contribute

to the signal. Since the substrate is non-conductive, parasitic substrate absorption

does not a�ect the measurement and the signal range of the CPM in �g. 6.10(b) is

larger than for PDS. Finally, Fourier transform photocurrent spectroscopy (FTPS)

measures the photocurrent of the full solar cell made up only by the minority charge

carrier species, which explains the absolute di�erence to the CPM. The Sb2S3 ob-

tained from both process routes both show two regions with elevated DOS below

the bands. The band tails at the band edge are a common feature of non-crystalline

materials and are observable with all three characterization techniques. For the

Sb-TU sample, CPM and FTPS measurements show a second exponential DOS be-

low roughly 1.55 eV, which is not observed with PDS because of the lower dynamic

range. The Sb2S3 formed by the Sb-BDC route shows an even more elevated DOS

in the regime below 1.55 eV that could result from a superposition of an exponential

DOS as found for Sb-TU and a distribution of defects around roughly 1.2 eV. To

further quantify the DOS, the characteristic energies are extracted in �g. 6.10(c)

and (d) from the slopes in �g. 6.10(a) and (b). The characteristic energy of the tail

at the band edge obtained from FTPS yields almost the same value of Ech = 23meV

for both processes. The corresponding values from PDS and CPM measurements

are slightly higher and about 30 meV for Sb-TU and 35 meV for Sb-BDC. The di�er-

ence between the measurements is likely caused by the di�erent transition regimes

and that the slope has not reached a constant value, since no clear plateaus are

observed in �g. 6.10(c) and (d). For the Sb-TU process in �g. 6.10(c), the second

exponential DOS regime is characterized by a much higher Ech � 100meV for FTPS

measurements. Since Sb-BDC does not show an exponential DOS in this regime as

can be seen from �g. 6.10(b), the DOS is not characterized by a second characteristic

energy.

To further investigate the defect structure of Sb2S3, room and low tempera-

ture photoluminescence (PL) measurements were carried out and are presented in

�g 6.11. Just as for EL measurements, the light emission was relatively weak. De-

pending on the energy, substrate emission dominates the spectra, especially for the
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Figure 6.10.: Density of states (DOS) probed with photothermal de�ection spectroscopy
(green), constant photocurrent measurement (blue) and Fourier transform photocurrent
spectroscopy. PDS and CPM is measured on layers of Sb2S3 and FTPS is measured on
full solar cells � applying KP115 as HTM � produced from (a,c) the Sb-TU and (b,d) the
Sb-BDC process. Substrate absorption limits the dynamic range of PDS, while the dif-
ference between CPM and FTPS results from the fact that both charge carrier species
contribute to the photocurrent for CPM, while only one carrier species governs the FTPS
signal. (a,b) show the original data with the PDS and CPM data normalized to the FTPS
data, which are in turn scaled to EQE measurements. The exponential tails are charac-
terized by the characteristic energy in (c,d), that is obtained from the pointwise derivative
of the data in (a,b). In addition to the tail at the band edge, another exponentially dis-
tributed DOS at lower energies is observed for Sb-TU in (a), resulting in a second plateau
with high characteristic energy in (c). For Sb-BDC in (b), a similar DOS seems apparent
but is superimposed by a non-exponential DOS. The elevated density of defect state is
likely to impede high Voc values and the di�erence between the two processes may explain
the higher Voc obtained for the Sb-TU process.
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Figure 6.11.: Temperature dependent photoluminescence measurements for Sb2S3 layers
deposited via (a) the Sb-TU and (b) the Sb-BDC process. The PL signals are generally
weak and a di�erent, rough glass substrate with strong emission at 1.4 eV had to be
used for Sb-TU in (a). The band gap emissions are as expected blue-shifted for the low-
temperature spectra (red) due to an increased band gap with low temperatures. While
the band gap emission is similar for both process (also see �g. D.6 in appendix D), defect
emission seems discernible for the Sb-BDC process.

Sb-TU process which could only be deposited on a rough glass substrate that has

a distinct emission peak at 1.4 eV in �g 6.11(a). The increase in PL peak energy

with decreasing temperature is expected since the band gap of semiconductors in-

creases at lower temperatures. The low temperature measurements of the Sb-BDC

in �g 6.11(b) seems to show luminescence at roughly 1.3 eV which coincides with the

feature observed in FTPS measurements and could be attributed to photon emission

from defects. However, the low signal strengths in all measurements make it hard

to clearly identify emission bands and reliably detect di�erences between the two

process routes. A direct comparison of the band edge emission for the two processes

is shown in �g. D.6 in appendix D.

In the following, I put my �ndings in context of other literature results. Simi-

lar features of two exponentially distributed DOS were observed for the structurally

similar material Sb2Se3 [314]. Tumelero et al. [306] calculated the position of intrin-

sic defects such as vacancies and antisites with density functional theory (DFT) and

found that several of the investigated defects are located around the middle of the

bandgap. The highly intrinsic nature of Sb2S3 discussed in section 6.1.2 could be a

result of defect compensation, meaning that the existence of (possibly di�erent) n-

and/or p-type defects pin the Fermi level close to the middle of the band gap. For
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e�cient solar cells, the band gap should contain as few electronic states as possible

since these may act as deep traps and facilitate non-radiative recombination. There-

fore, the observed defect DOS that reaches down to the middle of the band gap, as

well as the band tails at the band edge are likely to facilitate non-radiative recom-

bination and limit the open-circuit voltage of the investigated Sb2S3 devices. The

band tails at the band edge rationalize the radiative losses found in section 6.2.3,

while the non-radiative losses are likely to stem from the midgap defects, although

the band tail could also facilitate non-radiative recombination. Finally, the enhanced

defect DOS around midgap of the Sb-BDC process compared to the Sb-TU process,

may explain the lower Voc obtained from the Sb-BDC process. As other reports

obtain similar Voc values, the results of this thesis seem to be signi�cant for all solar

cells based on Sb2S3.

6.2.5. Charge Carrier Collection

The (��)-product is the crucial material property that governs charge carrier col-

lection in a solar cell and is directly accessible from constant photocurrent measure-

ments (CPM). The absorptance obtained from a PDS measurement on the same

sample allows to deconvolute the electronic and optical information contained in

the CPM data in �g. 6.10. The (��)-product is obtained according to equation 3.12

in section 3.3. The CPM study was performed for both process routes and yields

similar (��)-products on the order of several 10�8 cm2/V, which corresponds to di�u-

sion lengths of several 100 nm, with the precise values given in table. 6.3. Assuming

that di�usion processes govern the charge transport and taking the resulting Sb2S3

thickness from the respective processes into account, charge collection may not reach

100% as can be seen from table 6.3. However, the ine�cient carrier collection would

decrease the Jsc, but di�usive transport cannot explain the experimentally obtained

low FF s of 50%-60%, which indicate a signi�cant dependence of the photocurrent

on the applied voltage. However, the applied layer stack intends to generate an elec-

tric �eld across the Sb2S3 layer so that charge transport is governed by drift rather

than di�usion, because of the signi�cant longer transport length for drift evident

from table 6.3. For a built-in voltage of 1 V, which is clearly below the limit for the

Vbi set by the band gap of Sb2S3, the drift length exceeds 10 �m and charge carrier
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Table 6.3.: The constant photocurrent measurements (CPM) yield mobility-lifetime (��)-
products on the same order of magnitude for both precursor process routes. The corre-
sponding length scales Ldif/dr and collection e�ciencies (fc,dif/dr) are calculated according
to the expressions in section 2.3.4 and contradict to the values of the FF obtained in
devices, which is further analyzed in terms of the electronic quality factor (QSRH) of
chapter 5.1.

Prec. d (��)CPM Ldif fc,dif Ldr (0:1V) fc,dr FFn QSRH

nm cm2V�1 nm % nm % cm4V�2s�0:4

TU 100 6�10�8 390 88 6000 99 0.05 1:0�10�17

BDC 190 2�10�8 230 68 1050 91 -0.03 1:0�10�16

collection would be uncritical. While a Vbi =1V roughly re�ects conditions at short-

circuit, the electric �eld at the MPP is certainly lower. However, for Vbi = 0:1V,

the drift length still exceeds 1 �m, which would guarantee e�cient charge collection

even at the MPP and therefore a high FF . There seems to be a contradiction

between the experimental results of a relatively high (��)-product and the low FF s

obtained for the fabricated solar cells.

To get further insight into the contradictory results regarding charge carrier

collection, I performed drift-di�usion simulations and studied the in�uence of the

band tails and defect distributions that were observed in CPM and FTPS measure-

ments in �g. 6.10. The modeled system consists of a Sb2S3/P3HT heterojunction

and a thin interfacial recombination layer. Appendix D shows the resulting band

diagram in �g. D.7 and gives the model parameters in table D.2. The band diagram

includes a large energetic o�set at the heterojunction, which is justi�ed by the liter-

ature reports and the UPS measurements in section 6.1.2. As discussed before, the

actual energy alignment at the heterojunction is not fully understood at the mo-

ment and may not be predicted properly from the characterization of the isolated

layers. The calculated band diagram also shows an enhanced electric �eld (steeper

slope of the bands) in the P3HT compared to the Sb2S3, which result from the lower

dielectric constant of organic materials compared to inorganic ones. The simulation

parameters are extracted from literature or are based on material and device char-

acterization performed in this thesis. Most importantly, for the given energy level

diagram, the SRH lifetime � = 5� 10�8 s is chosen so that the simulations yield a

Voc close to the experimentally obtained values. Then the mobility is calculated

171



6. Sb2S3 Solar Cells

Figure 6.12.: Drift-di�usion simulation on the qualitative in�uence of the low-energy
defect state distribution observed in �g. 6.10 on charge carrier collection, where the dif-
ference between CPM and FTPS measurements indicate a di�erent trap distribution �
referred to as asymmetric here � close to the valence and conduction band. There is a
clear di�erence in FF between simulations without traps (black), equal trap density of
states (DOS) for valence and conduction band (blue) and asymmetric trap DOS (red).
The latter re�ects the experimentally observed trap DOS. Equal, but high trap density
barely decrease the FF further, indicating that the trapping from the higher defect DOS
limits charge transport.

from the experimentally obtained (��)-product to � = 0:4cm2 (Vs)�1. Both values

are not untypical for inorganic semiconductors. In the absence of any additional

defect distribution the simulated J-V curve in �g. 6.12 is relatively rectifying. The

FF = 68% is close to the theoretical maximum (see e.g. �g. 6.7(c)) for the given

Voc and an ideality factor of nid = 2, which results from SRH recombination.

Next, the defect distribution at lower energies observed for both process routes

in �g. 6.10 is included in the simulations. For simplicity, the exponential tail-like

defect distribution observed for the Sb-TU process in �g. 6.10(a) is considered to

parameterize the defect distribution in the simulations. Here, the di�erence between

the DOS observed with CPM and FTPS is crucial. For CPM, electron and hole

transport contribute to the photocurrent so that both the valence and conduction

band states are re�ected in the CPM data. For FTPS, one charge carrier type limits

the photocurrent, so that only the VB or CB states are re�ected in the FTPS data. It
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cannot be concluded whether VB or CB states are observed, which is not important

for the discussion here. For the simulations in �g. 6.12, the parametrization of the

'high' defects DOS is taken from the CPM data and the 'low' defect DOS is taken

from the FTPS data. When including a symmetric, low defect DOS (referring to

Ech=100meV), the FF drops to 62% because multiple trapping processes slow down

the e�ective mobility. When an asymmetric defect DOS (referring to Ech = 100meV

for one band and Ech = 150meV for the other band) the FF experiences another

signi�cant drop to 57%, which is close to the experimentally observed value. When

both defect DOS are high, the FF only changes slightly.

In summary, the exponential defect DOS at low energies reduces the e�ciency

of charge carrier collection. A dominant in�uence of the higher defect DOS on the

FF was demonstrated, which may explain the discrepancy between the value of the

relatively high(��)-product extracted from CPM and the ine�cient charge carrier

collection in the solar cell. The low FF is likely to result from a combination of a low

Voc, possibly an ideality factor given by SRH recombination, and a reduced e�ective

mobility resulting from multiple trapping processes caused by the enhanced defect

DOS that is also likely to limit the Voc as discussed in the previous section. For the

best performing solar cells of each process route given in table 6.2, I calculated the

electronic quality factor assuming Shockley-Read-Hall recombination and a dielectric

constant of �r = 10 which roughly matches that of Sb2S3 [315] (although di�erent

values are reported due to the material's anisotropy [316]). The results in table 6.3

are a normalized �ll factor (FFn) close to zero, meaning the devices are located in the

very middle of the S-shaped curves presented in chapter 5.1 (the FFn covers values

from -1 to 1). The electronic quality factor is in the range of those organic solar cells

that have rather low electronic qualities (see table B.2 in appendix B for reference).

The intrinsic nature of Sb2S3 implies a fully depleted absorber layer, which makes

the analysis method generally feasible. However, the lateral inhomogeneity obtained

from the Sb-TU process might limit the applicability of the analysis. More insights

on the compliance with the model could be gained from preparing a series of devices

with varying active layer thickness, which was however not possible in a controlled

manner for both process routes.
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6.3. Chapter Summary and outlook

The �ndings presented in this thesis contribute to the technological advance of

planar, spin-coated Sb2S3 solar cells by optimizing the fabrication of two process

routes based on di�erent Sb2S3 precursors, namely Sb-TU and Sb-BDC. Eventually,

solar cell e�ciencies up to 5.0% are achieved which meets the latest reports from

literature. Furthermore, a good understanding of the limiting factors for Sb2S3 solar

cells is obtained along with characterization methods that are suitable to investigate

these factors, both of which paves the way for continuous and structured progress

in the �eld.

Speci�cally, I found improved annealing conditions for the Sb2S3 absorber

layer and could correlate the device performance to the morphology and existence

of defect states in the band gap. No clear variation in the �lm stoichiometry was

found in XPS measurements, except for the appearance of under-coordinated Sb

in the Sb-BDC process for an elevated annealing temperature. The two precursor

routes reached the highest performance for a di�erent choice of polymeric HTM.

The signi�cant di�erence in open-circuit voltage (Voc) and �ll factor (FF ) could

be traced back to the detrimental in�uence of pinholes in the Sb-TU for a certain

choice of HTM. Apart from this, and contrary to the case of ETA solar cells discussed

in chapter 2.4.2, di�erent HTMs did not improve the performance or lead to major

changes in the Voc, although the energy level alignment at the heterojunction should

vary by several 100 meV judged by reported energy level measurements on the

isolated organic materials.

This �nding suggests that the planar devices are limited by the Sb2S3 absorber

itself rather than an unfavorable layer stack. EQE measurements show that par-

asitic absorption varies for di�erent HTMs and is more pronounced for polymers

with a band gap closer to that of Sb2S3, for thinner layers of Sb2S3 and for thicker

polymer layers. Altogether, the Sb-BDC process reaches higher e�ciencies than the

Sb-TU process, which results from a higher short-circuit current that overcompen-

sates the slightly lower Voc. The gain in Jsc mainly stems from a thicker absorber

layer obtained from the Sb-BDC process. The lower Voc obtained from the Sb-BDC

process goes along with a higher density of midgap defect states.
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Major performance de�cits of the cells produced in this thesis are the low

Voc, which is in line with all other literature reports on Sb2S3 solar cells, as well

as a reduced FF , which also applies to all reported planar Sb2S3 solar cells. The

considerable Jsc obtained in this and other works underlines the general feasibility

of Sb2S3 as an absorber material, also when embedded in a planar device archi-

tecture, in the sense that a signi�cant amount of incoming photons are absorbed

and most of the generated free charge carriers are collected at short-circuit condi-

tions. Taking a closer look at the observed Voc loss with EL measurements, I found

major non-radiative recombination losses, but also considerable radiative losses. I

attribute the latter one to the tails at the band edge, whose characteristic energies

lies between that of a-Si and CdTe or CIGS. The large non-radiative losses coincide

with a high defect density of states that reaches down to the middle of the band

gap and is even enhanced for the Sb-BDC process route. Regarding charge carrier

collection, the intrinsic nature of Sb2S3 leads to a fully depleted absorber layer with

homogeneous electric �eld, which implies that charge transport is governed by drift,

which is favorable for charge carrier collection. However, the electric �eld in the

Sb2S3 is probably reduced because of the heterojunction with the polymer, which

has a low dielectric constant and considerable energetic o�set to the valence band

of Sb2S3. Although the (��)-product determined by CPM measurements should

make charge carrier collection e�cient, the observed FF stays short of its poten-

tial. Drift-di�usion simulations re�ecting the defect DOS of Sb2S3 suggest that the

high midgap DOS, which is in addition asymmetric for the conduction and valence

band, is not only responsible for the low Voc but also for the reduced FF , since the

trapping of charge carriers leads to a reduction of the e�ective mobility.

The electroluminescence, constant photocurrent and Fourier transform photo-

electron spectroscopy measurements are, to my knowledge, the �rst ones reported

for Sb2S3. The �ndings of this thesis are likely to apply to other Sb2S3 solar

cells, because similar features of the overall device performance are obtained for

both precursor routes, as well as other reported deposition routes such as CBD or

ALD. Additionally, certain properties of Sb2S3 found in this work were reported

elsewhere for di�erent deposition routes. This includes the intrinsic nature of

Sb2S3 [60,170,179�183], the value of the band tail slope [176] and the (��)-product

probed by steady-state photocarrier grating method [317]. Moreover, a comprehen-

175



6. Sb2S3 Solar Cells

sive report [314] on Sb2Se3 shares some of the observed features, indicating that this

class of structurally similar X2Y3 metal-chalcogenides behave similarly.

Currently, the non-radiative recombination loss poses the largest limitation to

Sb2S3 solar cells. An important step forward is the detailed experimental study of

the defect physics of Sb2S3 and the identi�cation of sources for critical electronic

defects, such as the low-energy tail-like defect distribution reported herein. This

thesis showed that FTPS is sensitive enough to detect relevant changes in the DOS

around midgap. A more detailed characterization of the defects may be obtained

from electron spin resonance [318] or deep level transient spectroscopy [20, 319]

where the latter yields the capture cross-section of a defect. While no major stoi-

chiometric variations could be associated with the increase of defect density in this

work, impurity phases and precursor residues may be critical even in very low (or

diluted) concentrations. From an experimental point of view, characterization meth-

ods with higher sensitivity than XPS may be needed such as secondary ion mass

spectroscopy [320] (SIMS), which proved useful in the context of other solar cell

technologies. Other sources for electronic defects are intrinsic defects that may not

necessarily a�ect the stoichiometry, such as interstitials, antisites or an equal number

of sulfur and antimony vacancies that compensate each other. Tumelero et al. [306]

provided insight to this topic via DFT simulation of intrinsic defects in Sb2S3. If the

non-radiative loss path could be heavily reduced in a more mature state of the tech-

nology by superior process control that enables the suppression of midgap defects,

the radiative loss will become relevant. The reduction of the radiative loss eventu-

ally requires a system with less energetic disorder and therefore steeper band tails.

On the long term, a good understanding of the origins of the energetic disorder is

needed. The characterization methods PDS, CPM or FTPS are all suitable for this

purpose. In a next step, the correlation of the energetic disorder to the structural

disorder in the �lms is a promising approach. Meaningful technological progress ob-

viously does not stop at characterizing the defect and tail distributions, but requires

to e�ectively control and eliminate the discussed shortcomings by �nding suitable

deposition, annealing and possibly post-treatment conditions. Regarding solution-

based deposition, this work showed that for otherwise similarly processed samples,

the choice of precursor is crucial for the resulting �lm morphology and device e�-

ciency. Complex chemistry o�ers versatile options for the design of new precursors
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that could further enhance the e�ciency of solution processed Sb2S3. Vacuum-based

evaporation deposition, which is commonly used for Sb2Se3 solar cells [23], may be

a valuable alternative to solution-based processing, but has not reached comparable

e�ciencies yet [170]. However, evaporation approaches might allow to exploit the

anisotropic nature of Sb2S3 by aligning the 1D ribbons with the direction of charge

transport between the contacts. A bene�cial e�ect was demonstrated for the struc-

tural identical Sb2Se3 [23]. A proper substrate choice or embedding a seed layer

might be another key to directed growth in Sb2S3.
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This thesis demonstrated how non-linear shunts from pinholes in the absorber layer

a�ect the solar cell performance and how di�erent material and device properties �

above all the electronic quality � a�ect the �ll factor of thin �lm solar cells. The

presented methodology to evaluate the impact of pinholes based on the choice of

contact layers, allows to identify combinations of electron and hole transport layers

that are highly robust against shunting from pinholes and essentially prevent perfor-

mance deterioration. Developed in the context of a thorough study of the �ll factor,

the methodology to extract the herein de�ned electronic quality factor from basic

solar cell characterization allows to identify absorber materials or organic absorber

blends with superior charge carrier collection properties. The two conceptual stud-

ies on the inhomogeneity and electronic quality of thin-�lm solar cell absorbers are

valuable in light of recent experimental research e�orts. Since many di�erent ab-

sorber materials and contact con�gurations are explored currently, there is a demand

for evaluation methods that allow to compare di�erent materials, approaches and

technologies. Additionally, the fabrication of solution-processed, spin-coated, planar

Sb2S3 solar cells yielded optimized processing conditions and comparably high solar

cell e�ciencies. More importantly, the major limitations of the technology could be

identi�ed and characterization methods to study the critical parameters were found,

which provides a solid base for continuous improvements in the �eld.

Lateral inhomogeneity is, as an intrinsic feature of thin-�lm solar cells, rele-

vant for novel absorber materials, as well as established technologies with upscaled

industrial production. The presented study found that the choice of a speci�c com-

bination of electron and hole transport layers determines whether pinholes in the

absorber layer have a detrimental impact on the open-circuit voltage and �ll factor �

and thus the e�ciency � of the solar cell. Experimental data showed that the shunt

currents at a pinhole are non-linear (diode-like) for all tested contact layer combina-
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tions. However, the detailed current-voltage characteristic heavily depends on the

speci�c interface formed by the electron and hole transport material at a pinhole.

As a consequence, contact layer combinations with large and others with virtually

no impact on the solar cell performance were found, meaning that the robustness

against shunts from pinholes is a critical parameter in the choice of a proper contact

con�guration. In a more general sense, the study demonstrated that the contact

layers in thin-�lm solar cells should not only be optimized with respect to the ideal

situation where a homogeneous absorber layers covers the entire substrate. Instead,

the optimization of contacts must also account for a realistic �lm morphology which

includes structural and electrical inhomogeneity such as pinholes. Future research

and production e�orts must therefore produce re�ned contact con�gurations that

o�er a high tolerance against electrical shunting from pinholes.

The comprehensive study of charge carrier collection in thin-�lm solar cells

via drift-di�usion simulations demonstrated a close correlation between the (nor-

malized) �ll factor and the herein de�ned and optimized collection coe�cient. The

high precision of the model allows to extract information on the electronic material

quality, composed by mobility and recombination coe�cient, or lifetime, from the

�ll factor and other basic solar characterization. Additionally, the preparation of

a series of devices with varying active layer thickness allows to identify deviations

from the model assumptions, which then allows to judge whether the model is ap-

plicable or not. The study illustrates the corresponding signatures of a space-charge

region originating from doping or asymmetric mobilities, as well as limitations by the

contacts related to contact resistance or surface recombination. The study proved

especially useful in the �eld of organic solar cells, where charge carrier collection is

one of the main obstacles for higher e�ciencies. The low mobilities found in molec-

ular materials results in mediocre �ll factors and low optimum absorber thicknesses

so that the incoming photon �ux is only partially absorbed. However, the versa-

tility in the design of organic compounds brought up exceptional materials where

charge collection is relatively e�cient. This thesis quanti�ed the di�erence between

a range of materials reported in literature by the electronic quality factor, which

in combination with the energy level matching, gives a coherent interpretation of

the historical progress of organic solar cell e�ciency. Furthermore, the electronic

quality of non-fullerene based blends has a major impact on whether congruent or
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complimentary absorption bands of the constituting donor and acceptor materials

are advantageous for the solar cell performance. Finally, by taking the absorption

strength as a third parameter in addition to mobility and lifetime (or recombination

coe�cient) into account and applying a methodology similar to the �ll factor study,

a route to improve the e�ciency in the presence of limited electronic qualities was

found to lie in the enhancement of the absorption coe�cient. Future progress in the

�eld of organic solar cells is likely to result from the synthesis of novel materials,

which need to combine low voltage losses with superior electronic quality and/or en-

hanced absorption, which has not been realized so far. In particular, organic blends

with high electronic quality will allow to fabricate solar cells with thick active layers

and high �ll factors, which absorb the majority of incoming photons and e�ciently

collect the photogenerated charge carriers.

The fabrication of spin-coated planar Sb2S3 solar cells lead to good solar cell

performance for two processing routes based on di�erent precursors. A detailed an-

nealing study provided technological progress in the form of optimized processing

parameters. The choice of hole transport material � which brought major improve-

ments for Sb2S3 in an extremely thin absorber architecture � was found to be rather

uncritical for the fabricated planar devices. The highest achieved e�ciency of 5.0%

is comparable to the best results reported in literature. Like all other planar Sb2S3

solar cell, the fabricated devices su�er from low open-circuit voltages and reduced

�ll factors, which prompted the study of the underlying loss mechanisms. By ap-

plying the methodology developed in this work, the detrimental impact of pinholes

was found to be discarded if a proper polymer is chosen as hole transport mate-

rial. For optimized devices, considerable radiative losses were observed, but larger

non-radiative voltage losses were found to be the major limitation for solar cell per-

formance. The observed high density of defects in the middle of the band gap is

likely to provide e�cient pathways for non-radiative recombination. The di�erence

in defect density between the two processes correlates with the open-circuit voltage.

As drift-di�usion simulations indicate, the elevated defect density of states is likely

to also limit the �ll factor of the solar cells by temporarily trapping free charges.

The analysis of losses in terms of open-circuit voltage and �ll factor is largely

unprecedented for Sb2S3 and yielded a consistent interpretation where losses in
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both parameters are attributed to the elevated density of states in the middle of

the band gap. Thereby, the major limitations of today's Sb2S3 technology were

identi�ed and essential research questions were deduced. With respect to future

work, suitable characterization techniques were highlighted to probe the critical

material parameters with respect to the solar cell performance. Further advance

requires detailed insight into the defect physics of Sb2S3 in order to identify sources

for the enhanced defect density of states observed in this work, as well as processing

routes that avoid such losses. In a long term perspective, not only the control over

midgap electronic defects will be crucial, but also the control over structural and

energetic disorder reported in this work. An intriguing potential of the technology

is to make use of the material's anisotropy and align the 1D ribbon-like crystal

structure in direction of charge transport in the solar cell, which should facilitate

charge carrier collection. The anisotropic crystal structure in combination with

the polycrystalline nature of Sb2S3 �lms bears interesting device physics in itself.

Inhomogeneous transport properties across the device lead to regions where charge

carrier collection is much more e�cient than in others. The e�ect of this phenomenon

on the solar cell performance is largely unexplored, mostly because few non-cubic

absorber materials have been in the focus of photovoltaic research.
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A. Evaluation of Absorber Materials

A.1. Determine the Band Gap Energy

The analysis of literature data in this thesis, such as the Shockley-Queisser plots in

�g. 2.2 and the Scharber plot in �g. 2.9, depend on the band gap Eg as a param-

eter. For this purpose, Eg can be de�ned and evaluated in di�erent ways. In the

context of OSCs, absorption or quantum e�ciency spectra are often �tted to obtain

the band gap, which is however subject to uncertainty in the �tting, e.g. stemming

from the energy at which a tangent is applied to the curves. For a valuable and

consistent comparison of di�erent solar cells and technologies a common method

to determine the band gap is needed and di�erent systematic approaches were dis-

cussed in literature [61, 321]. Because the Shockley-Queisser limit requires a single

value for Eg, the broadened absorption edge that can be regarded as a distribution

of band gaps [61], needs to be condensed into a single value of Eg. In this thesis

I de�ne the band gap via the in�ection point of the long wavelength edge of the

EQE spectrum, which has been discussed by Siebentritt et al. [322] and re�ects the

approach of Rau et al. [61]. The latter was shown to allow a comparison in terms

of the Shockley-Queisser limit of di�erent real-world solar cell technologies that do

not absorb according to a step-function. One practical advantage of an EQE based

approach is that EQE spectra are commonly reported along with solar cell per-

formance data, which allows a comprehensive meta-analysis of literature data. It

does not require any optical material data about the absorption onset that is not

always reported, and is directly based on solar cell data. In the case of OSCs, no

assumption is made whether the donor or acceptor molecule determines the absorp-

tion onset, which is especially relevant for non-fullerene acceptors that may absorb

up to longer wavelengths than PCBM. The uncertainty of determining the band gap

via the EQE in�ection point lies in the wavelength resolution of the reported EQE

spectra that are mostly linearly interpolated. In this work I either digitalized the

reported EQE spectra or estimated the in�ection by eye which resulted in di�erence

that were always smaller than 15 nm which is about the accuracy obtained from
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A.2. Calculate the Shockley-Queisser Limit

digitalizing the EQE data and translates to a maximum energy uncertainty below

40 mV.

A.2. Calculate the Shockley-Queisser Limit

The assumptions of Shockley and Queisser [24] are described in section 2.2.2 and

directly yield the performance limit of single junction solar cell absorbers with the

band gap Eg as the only free parameter. The short-circuit current density limit is

given by

Jsc,SQ = q
Z
1

Eg

�AM1.5 (E)dE, (A.1)

with the elementary charge q, the incident spectral photon �ux �AM1.5 according

to the global AM1.5 spectrum, whose distinct spectral shape is responsible for the

wobbling features observed in Jsc,SQ in �g. 2.2(c), which also translate to the e�-

ciency �SQ in �g. 2.2(a). The solar cell's thermal emission, at a de�ned operating

temperature of T = 300K sets the saturation current density

J0,SQ = q
Z
1

Eg

�bb (E;T = 300K)dE, (A.2)

with the black body radiation according to Planck's law

�bb (E;T ) =
2�E2

h3c2
1

exp(E=(kbT ))�1
, (A.3)

with the energy E, Planck constant h, speed of light c and Boltzmann constant kb.

The open-circuit voltage is then given by

Voc,SQ =
nidkbT

q
ln

 
Jsc,SQ
J0,SQ

+1

!
(A.4)

with the ideality factor nid = 1 in the SQ limit, since charge carriers only recom-

bine radiatively. The Shockley-Queisser theory also yields the Shockley ideal diode

equation whereby the FF can be calculated as described in section 2.3.4 and ap-

proximated via Green's formula [64]
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A. Evaluation of Absorber Materials

FFSQ =
voc� ln(voc+0:72)

voc+1
; voc =

qVoc,SQ
nidkbT

: (A.5)

Finally, the e�ciency limit

�SQ =
JscVocFFR

1

0 E�AM1.5 (E)dE
(A.6)

is obtained, where the denominator is equal to Psun in eq. 2.1. The Shockley-

Queisser limit applies to the �rst and second generation of solar cells, while the

third generation of solar cells by Green's de�nition [7] comprise solar cells that

violate the assumptions of SQ and are thereby able to exceed the SQ limit. The

most promising concept of this class of devices are tandem solar cells. Here, as in

other third generation solar cell concepts, the two major loss mechanisms considered

by SQ, thermalization and below band gap transmission, are reduced.

A.3. Calculate (Non-)Radiative Voltage Losses

The di�erence between the SQ Voc,SQ and the experimentally attained Voc can be

further divided into radiative and non-radiative contributions as is done for Sb2S3

solar cells in section6.2.3. Based on the reciprocity theorem in eq. 3.13, the quantum

e�ciency Qe is calculated from electroluminescence measurements over a wide dy-

namic range. From the quantum e�ciency, the radiative saturation current density

is calculated via

J0,rad = q
Z
1

0

Qe(E)�bb(E)dE: (A.7)

The equation is similar to the corresponding expression in the SQ limit in eq. A.2,

but in the SQ limit, a step function quantum e�ciency is assumed instead of the

experimentally obtained Qe, whose low-energy edge is smeared out. J0,rad then

yields the radiative open-circuit voltage

Voc,rad =
kbT

q
ln

 
Jsc
J0,rad

+1

!
: (A.8)
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A.4. Calculate the Scharber E�ciency

The radiative loss is de�ned as the di�erence to the Shockley-Queisser limit (Voc,SQ)

as

�Voc,rad = Voc,SQ�Voc,rad (A.9a)

and the non-radiative loss is the remaining di�erence to the experimentally obtained

open-circuit voltage

�Voc,nr = Voc,rad�Voc: (A.9b)

Commonly, the external LED quantum e�ciency (QLED
e ) is also calculated, which

is related to the non-radiative loss via

�Voc,nr =�kbT
q

ln
�
QLED
e

�
: (A.9c)

A.4. Calculate the Scharber Ef�ciency

To calculate the Scharber e�ciency �Sch, which as a �gure of merit (FOM) represents

the energy level matching of an organic solar cell blend, I use the band gap Eg as

de�ned in appendix A.1 and the voltage loss �V := 1=qEg�Voc as free parameters.1

The open-circuit voltage Voc is then trivially given by

Voc = 1=qEg��V: (A.10)

The short-circuit current Jsc is calculated from the band gap

Jsc = q
Z
1

Eg

EQE��AM1.5 (E)dE, (A.11)

with the external quantum e�ciency EQE and the incident spectral photon �ux

�AM1.5 according to the global AM1.5 spectrum. The EQE is assumed to be a

step-function and energy-independent above Eg and is set to the same value for all

Eg and �V . The Scharber e�ciency �Sch = JscVocFF=Psun is then computed from

eqs. A.10 and A.11 together with the �ll factor FF . Just as the EQE, a constant

1The following considerations partially re�ect my contributions to the second-author publication
�Figures of Merit Guiding Research on Organic Solar Cells�. Reprinted in part with permission
from ref. [110]. © 2018 American Chemical Society
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A. Evaluation of Absorber Materials

Figure A.1.: Correlation between voltage loss and (a) the peak of the reported EQE
spectrum and (b) the FF for selected data points, divided in classes of acceptor materials.
The circled data points are the same as those in �g. 2.9 and �g. 5.12 (see appendix B for
values). Additional data from reports applying fullerenes [157,267] and fullerenes yielding
exceptionally low voltage loss [323, 324], as well as non-fullerene [148, 194, 280, 325�338]
acceptors are included for a more comprehensive picture. The rectangle marks the EQE
and FF value taken for the Scharber analysis. The boundary at �V = 0:6V indicates the
minimal voltage loss that was observed for many OSCs but seems not to be a true upper
limit for two recent NFA-based blends that reached � > 12%.

value of the FF is taken over the entire parameter space. For the Scharber plot in

�g. 2.9(a), values of EQE = 0:8 and FF = 70% are chosen based on �g. A.1 that

shows several OSCs based on fullerene and non-fullerene acceptors. Data points

with a black edge correspond to the selection in �g. 2.9 and the indicated EQE

values in �g. A.1(a) refers to the maximum of the EQE spectrum. The left edge

of the rectangles in �g. A.1 indicates that most e�cient solar cells show a voltage

loss of at least 0.6 V. However, recent publications [9, 58], including today's record

cell, achieved high e�ciencies at a lower voltage loss. It seems that �V = 0:6V

should not be regarded as a rigid limit. In this context, also see the discussion of

the relation between EQE and �V in appendix A.5. Note that the choice of EQE

and FF is to some degree arbitrary and whenever the e�ciency potential of OSCs

is discussed based on �Sch, the estimated absolute value will depend on this choice.

In a more recent version of his analysis [147], Scharber used larger values than in

his original publication [145], due to the improved performance of reported OSCs.

However, the choice of EQE and FF will scale the resulting �Sch equally over the

entire parameter range, so that �Sch serves well as a FOM.
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A.4. Calculate the Scharber E�ciency

As mentioned in section 2.4.1 the common de�nition of voltage loss for organic

solar cells relative to the band gap does not re�ect the di�erence to the theoretical

SQ Voc,SQ which is lower than the band gap. Furthermore Eg� qVoc,SQ increases

linearly with increasing Eg. Most well-performing OSCs in �g. 2.9 have band gaps

between Eg = 1:55eV and Eg = 1:7eV where Eg� qVoc,SQ takes similar values (the

deviation is merely 10 meV). However, the best-performing solar cell as of today has

a remarkably low Eg = 1:26eV [9]. For this low Eg, Eg�qVoc,SQ � 255meV, while a

large Eg=1:7eV results in Eg�qVoc,SQ� 280meV. This di�erence of 25 meV should

be kept in mind when evaluating voltage losses of OSCs with largely di�ering band

gaps, but is still small compared to the range of voltage losses covered by well-

performing solar cells shown in �g. A.1. More accurate and extensive analysis of

voltage losses in solar cells are presented in refs. [61,66] and include the distinction

between radiative and non-radiative voltage losses.

The previously depicted analysis is based on the work of Scharber et al. [145]

in 2006, who described the potential e�ciency increase that lied in the tuning of the

polymer's energy levels with respect to PCBM, which was the only well-performing

acceptor molecule at that time. In that case, the band gap Eg refers to the polymer

band gap which is always smaller than that of PCBM. Scharber et al. found an em-

pirical relation between the energetic o�set at the polymer-PCBM (donor-acceptor)

interface and the resulting open-circuit voltage

Voc = 1=q
�
j Epolymer

HOMO j � j EPCBM
LUMO j

�
�0:3V, (A.12)

where q is the elementary charge, Epolymer
HOMO is the the energy of the (donor) polymer

HOMO and EPCBM
LUMOis the the energy of the PCBM (acceptor) HOMO. The empiri-

cally obtained loss of 0.3 V was later attributed to non-radiative losses via the CT

state [146, 147]. By rewriting the polymer band gap Eg =j Epolymer
HOMO j � j EPCBM

LUMO j
+�ELUMO in terms of the LUMO o�set �ELUMO at the interface as de�ned in

�g. 2.8(a) , eq. A.12 translates to a voltage loss

�Voc = 1=qEg�Voc =�ELUMO�0:3V. (A.13)

An o�set of �ELUMO � 0:3V was thought to be required to e�ciently split excitons
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implying a �Voc of at least 0.6 V, which seems to not hold true for certain OSCs as

discussed above. Scharber set targets for the tailoring of the polymer's energy levels

based on the necessity of PCBM as a partner in the BHJ. Through the discovery of

NFAs, this necessity is obsolete and the energy levels of both, donor and acceptor,

may be tuned independently. The generalized analysis based on a loss in open-

circuit voltage does not explicitly contain the energy levels of the BHJ. Instead the

calculated e�ciency �Sch serves as a FOM to track the progress in OSC development

for reasons discussed in chapter 1.

Finally, the analysis of organic solar cells in terms of the Scharber e�ciency

can be understood as the e�ciency potential that results from the variation of the

optical and electrical band gap. In this terminology, the optical band gap is repre-

sented by the absorption onset of the lower band gap material in the blend, which is

characterized by the EQE in�ection point in this work. The smaller electrical band

gap on the other hand denotes the energetic distance that governs the dynamics of

(band-to-band) recombination in the material blend, which is also implicit to the

e�ective medium approach in drift-di�usion simulations of organic solar cells (see

section 3.1.3). In the original analysis by Scharber et al., this electrical band gap

is given by the diagonal band gap that is part of eq. A.13. More recent results

indicate that the CT state in organic solar cells takes the role of the electrical band

gap [45, 339], which is compatible with the generalized calculation of the Scharber

e�ciency in this work.

A.5. Relations between Photocurrent and

Open-Circuit Voltage Loss

In appendix A.4 above, it was argued that most OSCs with a voltage loss�V < 0:6V

do not produce high e�ciencies. As stated by Scharber et al. and eq. A.13 the

LUMO o�set at the donor-acceptor heterojunction contributes to the voltage loss.

At the same time it is needed for many blends to split up excitons e�ciently

[340�343], which implies a tradeo� between losses in photocurrent and photovolt-
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age.2 Instead of a simple minimal LUMO o�set or voltage loss that is required

to split excitons, Li et al. [344] empirically found a linear relation for the best-

performing cells, that is reproduced in �g. A.2(a), between �Voc and EQEmax above

a cut-o� at �Voc = 0:6V. The displayed data points are taken from ref. [194], where

the band gap Eg,opt is obtained from optical absorption data, which bears the un-

certainties described in appendix A.1 and systematically shifts data to smaller band

gaps and therefore lower voltage losses compared to band gaps de�ned via the in-

�ection point, which was tested for exemplary cases. Based on this data, Baran

et al. [194] suggested a linear relationship with a �atter slope. To qualitatively il-

lustrate the consequences of a voltage-loss dependent photocurrent, I stick to the

relation proposed by Scharber et al. Figure A.2(b) is a variation of the general-

ized Scharber plot that assumes a quantum e�ciency that depends on the voltage

loss as proposed by Li et al. EQE (�Voc) = 0:876�Voc+0:025 instead of setting it

constant, which results in a di�erent e�ciency prediction that I term Scharber-Li

e�ciency �Sch-Li. Compared to the Scharber plot for EQE = const: in �g. 2.9(a), the

highest e�ciencies would be obtained for higher band gaps of Eg = 1:6eV compared

to Eg < 1:5eV and larger voltage losses of about 0.8 V whereas for a constant EQE,

the voltage loss should be as small as possible. The scenario in �g. A.2(b) coincides

with typical values for the best polymer-fullerene devices. It remains to be seen if

and how large of a voltage loss is required for e�cient photocurrent generation. As

of now, �g. A.1(a) suggests that for well-performing NFAs there is no continuous

decrease of photocurrent with decreasing voltage loss and that voltage losses well

below 0.6 V are feasible. If a linear decrease of photocurrent with voltage loss was

observed for the best performing material blends, the optimization target for organic

material design would change towards higher band gaps and larger voltage losses.

2The following considerations partially re�ect my contributions to the second-author publication
�Figures of Merit Guiding Research on Organic Solar Cells�. Reprinted in part with permission
from ref. [110]. © 2018 American Chemical Society
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Figure A.2.: (a) Tradeo� between photocurrent and voltage loss as upper limit for many
reported OSCs. The rectangle reproduces the linear relationship proposed by Li et al. [344].
(b) Scharber analysis for a non-constant EQE as suggested by Li et al. Given a linear
dependence of EQE on voltage loss, the optimization target of OSC change towards higher
band gaps and voltage loss. Band gaps are based on optical data and data points in (a)
and (b) are compiled by Derya Baran and taken from ref. [194] - Published by The Royal
Society of Chemistry.

A.6. Organic Solar Cell Development Captured by

Two FOMs

Figure A.3.: (a) Same as �g. 5.12(b) but with the data and legend of �g. A.1 in ap-
pendix A.5. The circled points are shown in �g. 5.12(b). (b) 2D version of �g. 5.12(c)
indicating that the highest energy level matching is only obtained with NFAs.
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B. Literature Data

Table B.1.: Literature reports showing highest performance for various absorber tech-
nologies shown in �gs. 2.2 and 2.3 in chapter 1. Sb2S3 data is also included in �g. 6.7
in chapter 6.2 and the corresponding tab. B.3. The selected reports of polymer-based
organic solar cells, including recent record performances, are also included in tab. B.2 and
the corresponding �gures.

category absorber ref. Eg Jsc Voc FF �
eV mAcm�2 V % %

established c-Si [10] 1.12 42.7 0.738 85 26.7
established GaAs [47] 1.42 29.7 1.122 87 28.8
established CIGS [11] 1.14 38.8 0.744 80 22.9
established CdTe [11] 1.41 31.7 0.887 79 22.1
established a-Si [48] 1.72 16.4 0.896 70 10.2
established �c-Si [49] 1.12 29.7 0.550 75 11.9

emerging Sb2Se3 [50] 1.25 29.9 0.420 60 7.6
emerging AgBiI [21] 1.90 6.3 0.614 59 2.3
emerging Bi2S3 [51] 1.45 3.8 0.300 49 0.5
emerging SnS [22] 1.30 20.2 0.372 58 4.4
emerging Sn-Perovskite [52] 1.35 21.2 0.610 63 8.1
emerging Cu2O [19] 2.10 10.8 1.200 63 8.1
emerging PbS-QD [53] 1.15 29.0 0.647 64 12.0
emerging Perovskite [8] 1.57 24.9 1.127 81 22.6
emerging Sb-Perovskite [54] 2.14 1.0 0.896 55 0.5
emerging Bi-Perovskite [55] 2.00 2.2 0.850 60 1.1
emerging Br-Perovskite [56] 1.74 19.4 1.200 75 17.1

emerging Sb2S3, ETA [20] 1.78 16.1 0.711 65 7.5
emerging Sb2S3, planar [60] 1.78 14.9 0.667 58 5.8

organic PBDTS-TDZ:ITIC [58] 1.65 17.6 1.100 65 12.8
organic P�BT4T:PC70BM [59] 1.68 19.8 0.784 73 11.3
organic PTB7-Th: [9] 1.26 27.4 0.727 73 14.6

COi8DFIC:PC70BM
organic PBDB-TF:IT-4F [57] 1.57 20.7 0.870 81 14.6
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B. Literature Data

Table B.3.: Literature reports and best results from this thesis for comparison (bottom,
process route indicated) for Sb2S3 solar cells shown in chapter 6. For all reports the
same Eg = 1:78eV as determined in this thesis is assumed. An evaluation of the literature
reports leads to similar values (�20meV maximum deviation), except ref. [33] where the
lower band gap HTM PCPDTBT contributes to the photocurrent.

year ref. architecture deposition Jsc Voc FF �
mAcm�2 V % %

2009.1 [80] ETA CBD 14.1 0.490 49 3.4
2010.3 [160] ETA CBD 10.6 0.610 48 3.1
2010.3 [161] ETA CBD 12.3 0.556 70 5.1
2011.7 [162] ETA CBD 15.3 0.616 66 6.2
2012.2 [288] ETA CBD 16.0 0.595 66 6.3
2014.0 [20] ETA CBD 16.1 0.711 65 7.5
2015.3 [33] ETA Spin 16.1 0.596 67 6.4
2014.6 [60] planar ALD 14.9 0.667 58 5.8
2015.2 [164] planar CBD 11.0 0.726 51 4.1
2015.7 [167] planar TE 6.4 0.599 44 1.7
2012.4 [286] planar TE 12.6 0.450 42 2.4
2016.6 [170] planar RTE 10.8 0.710 48 3.5
2015.8 [90] planar Spin 8.1 0.616 46 2.3
2017.1 [34] planar Spin 12.9 0.632 52 4.3
2016.2 [178] planar Spin 9.4 0.560 50 2.7
2017.5 [91] planar Spin 12.7 0.570 52 3.8
2018.5 [303] planar Spin 14.1 0.670 59 5.6
2018.6 [304] planar Spin 17.2 0.647 57 6.4
2018.6 [302] planar Spin 18.4 0.671 55 6.8
2018.5 [305] planar Spin 15.3 0.590 53 4.8
2018.5 [305] planar Spin 15.1 0.610 55 5.0
2018.6 Sb-TU planar Spin 11.7 0.650 55 4.2

/KP115
2018.6 Sb-BDC planar Spin 15.6 0.611 52 5.0

/P3HT
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C. Charge Collection

Collection Coef�cients

The analytically derived collection coe�cients rely on device properties such as

built-in voltage Vbi and generation rate G that are also input to simulations and not

on the resulting solar cell parameters Voc or Jsc applied in eqs. 5.2 and are given by

�0SRH = (��)2
V 2
bi

d4
; (C.1a)

for Shockley-Read-Hall recombination and

�0dir =
�e�h
k

V 2
int

d4G
: (C.1b)

for direct recombination [235]. Here, the built-in voltage qVbi =Eg�'f�'b results

from the e�ective band gap and the Schottky barriers and the internal voltage

according to Bartesaghi et al. [235] is de�ned as qVint =Eg�0:4eV. The correction

of the e�ective band gap by -0.4 V was attributed to band bending but can also

be understood as a rough estimate of the di�erence between Vbi and VMPP. The

generation rate G in eq. C.1b equates Jscd, assuming that Jsc is approximately

equal to the current obtained from complete collection of all photogenerated charges

Jsc � Jsc,max = q
R d
0 Gdx = qGd. The original expressions in eqs. C.1 lead to very

similar results as the adapted expressions in eqs. 5.2 as an be seen from �g. C.1(a)

and (b).
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C. Charge Collection

Figure C.1.: Originally derived collection coe�cients according to eqs. C.1 for (a) SRH
and (b) direct recombination, which apply Vbi or Vint instead of Voc and G instead of
Jsc. Di�erence to the adapted expressions in eqs. 5.2 displayed in �g. C.1(a) and (b) are
negligible. (c) Adapted analytical collection coe�cient for direct recombination (eq. 5.2b)
after the introduction of a normalized �ll factor used to compare the models' precision
(�g. 5.3(c), eq. 5.10). Fit parameters result to a = 0:92, b = 0:09, � = 0:3 and 0 =
5:2�1016mA�1s�1.

Model Assumptions and Limits

Figure C.2.: For exceptionally strong (pink) or weak (cyan) recombination, FFn values
di�er from the model for (a) Shockley-Read-Hall and (b) direct recombination. However,
long lifetimes exceeding 0.1 ms are typically reached only at low light intensities [232,233].
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Figure C.3.: E�ect of an external series resistance for a large ensemble of devices for
(a) SRH and (b) direct recombination within the standard parameter range also used in
�g. 5.3. The series shown in �g. 5.4 re�ect the behaviour observed from the point cloud.

Figure C.4.: E�ect of doping for a large ensemble of devices for (a) SRH and (b) direct
recombination within the standard parameter range also used in �g. 5.3. The series shown
in �g. 5.6 re�ect the behaviour observed from the point cloud.
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C. Charge Collection

Figure C.5.: E�ect of imbalanced mobilities for a large ensemble of devices for (a)-(c) di-
rect recombination and (d)-(f) SRH within the standard parameter range also used in
�g. 5.3. The weight of the slow and fast carrier species is varied in (a)-(c) and (d)-(f). The
best overlap in (b) and (e) results from a strong emphasis of the slow carriers although the
fast carriers cannot be fully neglected. Imbalanced charge transport generally increases
scatter in the data. Putting equal weight on slow and fast charge carrier species � as done
by Bartesaghi et al. � enhances the scatter even more. The data in (a) is similar to the
publication of Bartesaghi et al. where the ratio between mobilities is varied randomly
instead of superpositioning the di�erent datasets with �xed asymmetry ratios shown here.
The series shown in �g. 5.6 re�ect the behaviour observed from the point cloud for a weight
distribution of �1:6slow�

0:4

fast.
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Experimental Data

Figure C.6.: Additional thickness series from literature that are analyzed as described
in section 5.1.5. Device series that are a�ected by a space-charge region are marked with
squares and blends with a FF limited by the contacts are marked with circles. Colors
indicate the speci�c experimental series. Data for DPP-TT-T:PC71BM (1) and DPP-TT-
T:PC71BM (2) are extracted from ref. [84] where series (2) is shown to have a higher
doping concentration than series (1). Data for PDCBT :PC71BM in a 1:1 concentration
is extracted from ref. [345], di�erent PNTz4T blends as indicated in the legend from
ref. [137], PBTI3T:PC71BM from ref. [255] and data on DTPDDP3T:PC71BM is taken
from ref. [241]. The drop in FF of several series for the thinnest devices that have the
highest collection coe�cients could be due to a decreased shunt resistance.
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C. Charge Collection

(��� ) � Additional Data

Figure C.7.: Although �0 is only varied over a comparably small range - the largest factor
is c� =1:5 � the scatter in the linear regime increases signi�cantly if �0 is excluded from the
respective FOMs on the x-axis. Exemplary data for direct recombination (compare with
�g. C.9) in the low mobility regime is shown for (a) low and (b) high surface recombination
velocity.

Figure C.8.: For the case of high surface recombination velocities and low mobilities, the
correlation of the e�ciency to a FOM depending on �0, � and � (or k) is slightly improved
in the linear regime by altering the weights and emphasizing the mobility. Compare (a)
with �g. C.9(c) and (b) with �g. 5.11(a).
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Figure C.9.: Simulations corresponding to �g. 5.10 and �g. 5.11 for the case of direct
recombination yielding qualitatively and quantitatively similar results. The dashed lines
indicate the transition to e�ciency saturation for high surface recombination velocities.
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C. Charge Collection

Figure C.10.: Connection between (a,c) optimum absorber thickness and (b,d) e�ciency
gain for simulated organic solar cells. (b) is identical to �g. 5.16(d). The case of strong
surface recombination in (c,d) is similar to that of low surface recombination in (a,b)
discussed in the following. The discretization of the optimum thickness stems from the
presence of absorption maxima visible in �g. 5.16(a). The optimum thickness should
in principle tend towards 0 nm for the lowest values of �k�0:5 but saturates at 50 nm
simply because thinner devices were not simulated. For increasing �k�0:5 , dopt increases
continuously until the �rst absorption maximum at 100 nm is reached. No further increase
of dopt with �k�0:5 is observed until an abrupt jump to the second absorption maximum
occurs. The features in (b) coincide with the jumps to higher absorption maxima in (a)
as can be seen from the guiding dashed lines. The �k�0:5 value at which a jump to
higher maxima occurs, results from the tradeo� between a higher absorptance and lower
collection e�ciency when the absorber thickness increases. The gain in absorptance with
thickness is higher at a lower absolute value of the absorptance, but charge collection is
mostly independent of the absorption strength. Consequently, for the weaker absorbing
blend, the tradeo� becomes favorable at lower �k�0:5 values as also observed in �g. 5.14.
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D. Sb2S3

Figure D.2.: (a) Representative XPS survey spectrum. For Sb-TU samples an additional
Indium peak would be visible. The atomic ratios in table 6.1, that express the sample
stoichiometry are obtained from the ratios of the �tted peak areas. For Sb, either the 4d
peaks in �g. 6.4 or the (b) Sb 3d peaks are used. For S, the (b) S 2p peaks are used.
The displayed example of Sb-BDC annealed at 265 °C is representative for all measured
samples. The oxygen O 1s in (b) is overlapping with the stronger Sb 3d peak, so that the
extracted stoichiometry value for oxygen should be taken with care. In the case of Sb-TU,
the peak could additionally origin from the substrate so that no de�nite information
about any oxygen impurity phase can be gained from this peak. No undesired atomic or
molecular species [20, 33, 291] of Sb2O3 (540 eV), Sb2(SO4)3 (168 eV) or elemental sulfur
(164 eV) are observed. In particular, the Sb 3d3/2 is �tted with a single peak and �tting
does not require an additional contribution [20] from Sb2O3.

Figure D.3.: The carbon peak shown for (a) Sb-BDC and (b) Sb-TU can be �tted
either by one or two peaks due to the strong overlap of the constituting peaks. For Sb-TU
another carbon species is present that might be attributed to the precursor thiourea (TU).
(c) Angle-resolved XPS shows that the carbon content decreases drastically with distance
from the surface pointing towards residual carbon deposited from the atmosphere rather
than residues from the deposition process. The take-o� angle is measured relative to the
surface normal and larger angles mean that the probed material volume is closer to the
surface.
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Solar Cell Performance

Table D.1.: Device performance of samples shown in the annealing study in �g. 6.3 in
chapter 6.1.

Tanneal(°C) tanneal(min) Voc (mV) FF (%) Jsc (mAcm-2) � (%)
Sb-TU
265 30 570 44.8 10.6 2.71
300 30 539 45.6 10.1 2.48
345 30 406 42.4 10.1 1.74
400 30 280 37.3 9.2 0.96
Sb-BDC
265 2 605 46.1 14.1 3.94
300 2 567 41.0 13.0 3.02
265 30 563 43.7 13.0 3.19

Figure D.4.: Comparison of the Sb-BDC process with KP115 as HTM shown in chap-
ter 6.6 with a P3HT device fabricated on the same day which did not reach the e�ciency
of the Sb2S3/P3HT cell presented in chapter 6.6.
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D. Sb2S3

Luminescence

Figure D.5.: Voltage loss analysis for Sb2S3 solar cells from the Sb-BDC precursor.
(a) Voltage losses with KP115 as HTM instead of P3HT, which is shown shown in �g. 6.9
in section 6.2.3. (b) Comparison of electroluminescence (smoothed by 10 points moving
average) and quantum e�ciency (FTPS and EQE measurements) for solar cells from the
Sb-BDC process, that apply the di�erent polymers P3HT (blue curves) and KP115 (red
curve). The vanishing di�erence between the two polymers suggest that the Sb2S3 bulk
limits the device performance or that, despite di�erent HOMO levels in the isolated state,
the polymer energy levels shift to a similar value when applied in a heterojunction with
Sb2S3. (c) The calculations in (a) and �g. 6.9 in section 6.2.3 only consider EL data at
energies above 1.4 eV due to the strong noise and background signal at lower energies.
The �gure shows the spectral contributions to Voc,rad, which results from the area beneath
the scattered curves and justi�es the cut-o� energy.

Figure D.6.: The Sb-TU (green) and Sb-BDC (brown) process show similar photolumi-
nescence at room temperature (RT, solid) and 90 K (low T, dashed), when uncertainty
from low emission strength in conjunction with background noise and substrate emission
is considered.
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Simulations of Charge Carrier Collection

Table D.2.: Input parameters of the drift-di�usion simulations on the in�uence of the
midgap defect density of states (DOS) on the FF . The stack is reduced to the Sb2S3/P3HT
heterojunction with a recombination layer in between, which is of minor importance in
this context. The resulting band diagram is shown in �g. D.7. The HTM is assumed
fully transparent and only the Sb2S3 absorbs according to Lambert-Beer and such that
a short-circuit current similar to the Sb-BDC cells in section 6.1.4 is obtained. The
layer thicknesses re�ect Sb-BDC samples and all other parameters are rationalized in sec-
tion 6.12. Schottky barriers are set to 0.1 eV and surface recombination velocities are set
to Smin = 105 cm/s and Smaj = 109 cm/s. For simplicity of modeling, the parametrization
of the defect distribution re�ects the experimental results for Sb-TU, which show an ex-
ponential tail-like defect distribution with high characteristic energies (Ech) in �g. 6.10.
The DOS is parametrized in the bottom table by Ech and the DOS at the beginning of the
tail for each of the two bands. Symmetric con�gurations share the same tail parametriza-
tion, which di�ers for the asymmetric case. The denomination of the cases is identical
to �g. 6.12. The capture rates of neutral (Cn) and charged (C+/-) states characterize the
trapping dynamics.

parameter P3HT interface Sb2S3 Unit
layer thickness d 30 5 190 nm
electron a�nity � 3.3 4.1 4.1 eV
electrical band gap Eg 1.8 1 1.7 eV
dielectric constant �r 3.5 3.5 13 -
absorption coe�. � 0 0 1:4�10�4 cm�1

SRH lifetime � 5�10�7 2:5�10�8 5�10�8 s
mobility �e,h 10�3 10�3 4�10�1 cm2 (Vs)�1

acceptor doping Nd 5�1015 0 1013 cm�3

e�ective DOS Nc,v 1019 1019 1019 cm�3

none symm., low asymm. symm., high unit
CB tail Ech,CB 0 0.1 0.1 0.15 eV

DOSCB 0 3:5�1016 3:5�1016 9�1016 cm�3

VB tail Ech,VB 0 0.1 0.15 0.15 eV
DOSVB 0 3:5�1016 9�1016 9�1016 cm�3

capture rates Cn - 10�7 10�7 10�7 cm3s�1

C+/- - 5�10�8 5�10�8 5�10�8 cm3s�1

tail length - 0.55 0.55 0.55 eV
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D. Sb2S3

Figure D.7.: Equilibrium band diagram for the drift-di�usion simulations of Sb2S3 re-
sulting from the parametrization given in table D.2. There is a considerable valence band
o�set at the Sb2S3/HTM heterojunction, which reduces the electric �eld in the Sb2S3.
The gradient of the energy levels is higher in the P3HT than in the Sb2S3, because of
the lower dielectric constant of organic materials. Consequently the �eld in the Sb2S3
decreases further.
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E. Recipes

TiO2

� solution: mix 9.6 ml titaniumdisopropoxidbis(acetylacetanate) 75wt% with

90.4 nm dry ethanol to obtain 0.2M solution.

� treat substrates in ozone cleaner or in O2 plasma.

� place substrates on a pre-heated (~200 °C) hot plate. Cover edges with metal

mask (16 mm slit width for 20 mm substrates) to later enable low resistance

front contact (TiO2 cannot be scratched away easily). Protect unused surface

of hot plate with aluminum foil to avoid TiO2 deposition on the hot plate.

� heat up to ~470 °C (measure with suitable probe thermometer) within ~10 min.

� move sprayer (column chromatographer from Sigma Aldrich) vertically across

substrates in a distance of ~15 cm. Start spraying next to substrates, move

over within ~1 s across substrates and stop spraying after passing the last

substrate. Repeat 3 cycles (back and forth).

� let hot plate cool down to ~200 °C before moving the hot substrates to the

glovebox.

Sb2S3 from Sb-TU

coated with SCC-200 coater by KLM.

� solution: dissolve 1 mmol/ml SbCl3 (228.11 g/mol) in DMF by stirring for at

least 30 min. Add solution to 1.8 mmol/ml thiourea (76.12 g/mol) and stir

again for at least 30 min. Solution is stable for several days.

� �lter clear yellow solution with 200 nm PTFE �lter

� spin-coating: dispose 150 �l for on 2 cm x 2 cm substrates and spin-coat at

70 rps for 40 s with 3 s acceleration

� annealing: ~60 min at 100°C (when processing multiple substrates, annealing

time might vary over 15 min, which did not lead to notable changes in de-
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E. Recipes

vice performance). Then heat up to 180 °C and leave for 10 min to obtain

amorphous Sb2S3 �lm. Crystallize on a second hot plate at 265 °C for 30 min.

Sb2S3 from Sb-BDC

coated with SCC-200 coater by KLM.

� solution: mix 1.5 ml CS2 (25 mmol) with 2 ml ethanol. Add solution to 1 mmol

Sb2O3 powder (291.5 mg) and mix for ~30 min. Add 2 ml n-butylamine

(20 mmol) dropwise, let solution cool down each time after adding 0.5 ml

to avoid evaporation of C2S and n-butylamine (boiling point 40°C) in the

exothermal reaction. Red phases form temporarily, solution is �rst hazy and

turns clear yellow after ~2 h stirring. Solution is stable for few days.

� �lter clear yellow solution with 200 nm PTFE �lter

� spin-coating: dispose 200 �l for on 2 cm x 2 cm substrates and spin-coat at

133 rps for 30 s with 3 s acceleration.

� annealing: 1 min at 200°C. Crystallize on a second hot plate at 265 °C for

2 min. Results are sensitive to precise annealing times and temperature.

HTM

coated with SPIN150i coater by SPS-Europe.

� P3HT for Sb-TU (Sb-BDC) process: 15 mg/ml (10 mg/ml) in CB, stir overnight

at 65 °C, dispose 130 �l and coat at 6000 rpm for 120 s with 3 s acceleration,

dry at 130 °C for 15 min on hot plate.

� KP115 for Sb-TU (Sb-BDC) process: 10 mg/ml in DCB, stir overnight at

110 °C, dispose 150 �l of hot solution and coat at 1500 rpm (4000 rpm) for

120 s with 3 s acceleration, dry in petri dish for ~3h.

� PCPDTBT: 10 mg/ml in CB, stir overnight at 70 °C, dispose 150 �l of hot

solution and coat at 2000 rpm for 110 s with 10 s acceleration, dry in petri

dish.

� PTB7-Th: 10 mg/ml in CB, stir 4 h at 85 °C, dispose 150 �l of hot solution

and coat at 1000 rpm for 60 s with 2 s acceleration, dry in petri dish for ~3h.
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� spiro: 72.6 mg/ml in CB, add 17.5 �l of Li-TFSI solution (520 mg/ml in

acetonitrile) and 28.8 �l of 4-tert-butylpyridine (TBP), stir at 100 °C for 3 min

and cool for at least 30 min, dispose 150 �l and coat at 3000 rpm for 60 s with

3 s acceleration, dry in dehydrated climate chamber of arti�cial air overnight.

� P�BT4T-2OD: 10 mg/ml in DCB, stir 4 h at 110 °C, dispose 150 �l of hot

solution on pre-heated substrate and coat at 1000 rpm for 60 s with 2 s accel-

eration, dry at 85 °C for 5 min on hot plate.

� PCDTBT: 7 mg/ml in CB, stir overnight at 110 °C, dispose 150 �l of hot

solution and coat at 2000 rpm for 110 s with 10 s acceleration, dry in petri

dish.

� IDTBR: 20 mg/ml in CB, stir overnight at 70 °C, dispose 150 �l of hot solution

and coat at 1000 rpm for 110 s with 10 s acceleration, dry in petri dish.

� ICBA: 22 mg/ml in CB, stir overnight, dispose 110 �l and coat at 3000 rpm

for 60 s with 3 s acceleration, dry in petri dish.

� FBR: 20 mg/ml in CB, stir overnight at 70 °C, dispose 150 �l of hot solution

and coat at 1000 rpm for 110 s with 10 s acceleration, dry in petri dish.
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F. Glossary

Abbreviations

PV � photovoltaic

TF � thin-�lm

c-Si � (mono/multi) crystalline silicon

CIGS � Cu(In,Ga)Se2

a-Si � amorphous silicon

�lc-Si � microcrystalline silicon

QD � quantum dots

OPV � organic photovoltaics

OSC � organic solar cell

BHJ � bulk heterojunction

SQ � Shockley-Queisser

TCO - transparent conductive oxide

ETL, ETM � electron transport layer/material

HTL, HTM � hole transport layer/material

SCR � space-charge region

SRH � Shockley-Read-Hall

ETA � extremely thin absorber

ALD � atomic layer deposition

(R)TE � (rapid) thermal evaporation

rps/rpm � sounds per second/minute (spin-coating)

Physical Constants and Quantities

q � elementary charge

250



c � speed of light

h, �h, � Planck constant, reduced Planck constant

kb � Boltzmann constant

�0 � vacuum permittivity

EQE � external quantum e�ciency

Vbi � built-in voltage

Ec � conduction band energy

Ev � valence band energy

Eg � band gap energy

EF � Fermi level, Fermi energy

EF,n � electron quasi-Fermi level/energy

EF,p � hole quasi-Fermi level/energy

� � wavelength

T � temperature

� or PCE � (power conversion) e�ciency

Voc � open-circuit voltage

Jsc � short-circuit current

FF � �ll factor

MPP � maximum power point

nid � diode ideality factor

J0 � saturation current density

Jph � photocurrent

J � current density

V � voltage

G � (free) charge carrier generation rate

d � absorber layer thickness

�r � relative permittivity, also: dielectric constant
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F. Glossary

� � absorption coe�cient

� � mobility

� � (Shockley-Read-Hall) lifetime

fc � charge carrier collection e�ciency

S � surface recombination velocity

Organic Polymer Donors and Acceptor Molecules

P3HT � poly(3-hexylthiophene)

KP115 � poly[(4,4´-bis(2-ethylhexyl)dithieno[3,2-b:2´,3´-d]silole)-2,6-diyl-alt-(2,5-bis3-

tetradecylthiophen-2-yl thiazolo5,4-d thiazole)-2,5diyl]

PCPDTBT � poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']-dithiophene)-

alt-4,7-(2,1,3-benzothiadiazole)]

spiro or spiro-OMeTAD � 2,2´,7,7´-tetrakis-(N,N-di-p-methoxyphenylamine)9,9´-

spirobi�uorene

P�BT4T � poly[(5,6-di�uoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3�'-di(2-nonyltridecyl)-

2,2' ;5',2� ;5�,2�'-quaterthiophen-5,5�'- diyl)]

MDMO-PPV � (poly)[2-methyl,5-(3*,7** dimethyloctyloxy)]- p-phenylene vinylene

PCDTBT � (poly)N-9�-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-

benzothiadiazole)

PTB7 � (poly)[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-�uoro-

2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]

PTB7-Th � (poly)4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b´]dithiophene-

co-3-�uorothieno[3,4-b]- thiophene-2-carboxylate

PNTz4T � (poly)quaterthiophene-naphtho[1,2-c:5,6-c´]bis[1,2,5]thiadiazole

PBDB-T � (poly)(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b:4,5-b´]dithiophene)-

co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c´]dithiophene-4,8-dione)

BTR � benzodithiophene terthiophene rhodanine

PBnDT� benzodithiophene

HTAZ � 2-alkyl-benzo[d][1,2,3]triazole
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FTAZ � �uorinated analogue of HTAZ

PBDTS-TDZ � (poly)[benzo[1,2-b:4,5-b´]dithiophene] 1,3,4-thiadiazole

PBDB-T-SF � (poly)(2,6-(4,8-bis(5-(2-ethylhexylthio)-4-�uorothiophen-2-yl)-benzo[1,2-

b:4,5-b']dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1',2'-c:4',5'-

c']dithiophene-4,8-dione)

DPPTTT � thieno[3,2-b]thiophene-diketopyrrolopyrrole

PC60BM � [6,6]- phenyl C61-butyric acid methyl ester

PC70BM � [6,6]- phenyl C71-butyric acid methyl ester

BisPC70BM � bis-adduct of PC70BM

ITIC � 3,9-bis(2-methylene- (3-(1,1-dicyanomethylene)-indanone)-5,5,11,11-tetrakis(4-

hexylphenyl)-dithieno[2,3-d:2´,3´-d´]-s-indaceno[1,2-b:5,6- b´]-dithiophene

IT-M � 3,9-bis(2-methylene-(5&6-methyl- (3-(1,1-dicyanomethylene)-indanone)-5,5,11,11-

tetrakis(4- hexylphenyl)-dithieno[2,3-d:2´,3´-d´]-s-indaceno[1,2-b:5,6-b´]- dithiophene

IT-4F � 3,9-bis(2-methylene-(5,6-di�uoro-(3-(1,1- dicyanomethylene)-indanone)-5,5,11,11-

tetrakis(4-hexylphenyl)- dithieno[2,3-d:2',3'-d']-s-indaceno[1,2-b:5,6-b']-dithiophene

FBR � (5Z,50Z)-5,50-[(9,9-dioctyl-9H-�uorene-2,7-diyl)bis[2,1,3-benzothiadiazole-7,4-

diyl(Z)methylylidene]]bis(3-ethyl-2-thioxo-1,3-thiazolidin-4-one)]

IDTBR � [(Z)-5-{[5-(15-{5-[(Z)-(3-Ethyl-4-oxo-2-thioxo-1,3-thiazolidin-5-ylidene)methyl]-

8-thia-7.9-diazabicyclo[4.3.0]nona-1(9),2,4,6-tetraen-2-yl}-9,9,18,18-tetrakis(2-ethylhexyl)-

5.14-dithiapentacyclo[10.6.0.03,10.04,8.013,17] octadeca-1(12),2,4(8),6,10,13(17),15-

heptaen-6-yl)-8-thia-7.9-diazabicyclo[4.3.0]nona-1(9),2,4,6-tetraen-2-yl]methylidene}-

3-ethyl-2-thioxo-1,3-thiazolidin-4-one]

Solvents & Other Chemicals

CB � chlorobenzene

DBC � 1,2-dichlorobenzene

DMF � N,N-dimethylformamide

TU � thiourea (NH2CSNH2)

TA � thieoacetamide (CH3CSNH2)
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