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Zusammenfassung

Photovoltaik ist unverzichtbar für den erforderlichen weltweiten Wechsels hin zu erneuerba-
ren Energien. Obwohl viele Materialien gute Eigenschaften bezüglich Absorption und Ener-
gieumwandlung aufweisen, wird der Markt von Technologien basierend auf kristallinem Sili-
zium dominiert. Silizium bietet die Vorteile, dass es weder giftig noch selten auf der Erde und
zudem auf Grund seiner umfangreichen Nutzung in der Mikroelektronik sehr ausgiebig erforscht
ist. Der höchste Wirkungsgrad hinsichtlich der Energieumwandlung in Siliziumsolarzellen und
-modulen wird mit hochentwickelten Halbleiterbauteilen erreicht, die auf perfekt ladungsträger-
selektive Kontakte mit sehr geringer Oberflächen- bzw. Grenzflächenrekombination optimiert
sind. Bisher bestehen diese Bauteile ausschließlich aus anorganischen Materialien. Leitfähige
organische Materialien zeichnen sich durch die Möglichkeit der Lösungsprozessierung bei nied-
rigen Temperaturen sowie der gezielten Anpassung ihrer elektronischen Bandstruktur während
der chemischen Synthese aus. Die hier vorliegende Arbeit soll zur Entwicklung von hoch ef-
fizienten hybriden Heteroübergang-Siliziumsolarzellen mit organischen perfekt angepassten la-
dungsträgerselektiven Kontakten und kostengünstigen durchsichtigen ladungsträgereinsammeln-
den Elektroden beitragen.
In dieser Arbeit wird die Polymermischung Poly(3,4-ethylendioxythiophen)-Poly(styrolsulfonat)
(PEDOT:PSS) als lochselektiver Kontakt für kristallines Silizium untersucht. PEDOT:PSS weist
nicht nur eine passende elektronische Bandstruktur bezüglich Silizium sowie eine hohe Trans-
parenz im Sichtbaren, sondern auch im Kontrast zu anderen organischen Materialien eine exzel-
lente Leitfähigkeit auf, wie sie sonst etwa in entarteten anorganischen Halbleitern zu finden ist.
Unklar ist bis jetzt, ob PEDOT:PSS als Kontakt zu Silizium effektiv Elektronen blockieren kann
und sich eine rekombinationsarme Grenzfläche zwischen den beiden Materialien ausbildet.
Allgemein wurde angenommen, dass dieses hochleitfähige Polymer mit Silizium einen klas-
sischen Metall-Halbleiter-Übergang, einen sogenannten Schottky-Kontakt, bildet, und dement-
sprechend der Dunkelstrom in der Solarzelle von der starken thermionischen Emission von Ma-
joritätsladungsträgern im Silizium an der Grenzfläche zum Polymer dominiert wird. Unerwartet
zeigen Solarzellen, mit einer langen (Dicke des Siliziumwafers� Diffusionslänge der Minori-
tätsladungsträger) n-dotierten Siliziumbasis (n-Si) und einem PEDOT:PSS Frontkontakt in die-
ser Arbeit einen hohen Wirkungsgrad von fast 14 % mit einer Leerlaufspannung von bis zu
645 mV. Desweitern wird eine Zunahme der Leerlaufspannung (VOC) mit höherer Dotierungs-
konzentration (ND) des Siliziumsubstrats beobachtet, welche im Widerspruch zu dem erwar-
teten Verhalten in Metall-Halbleiter-Übergängen steht. Die in der Arbeit gemessene Höhe der
Schottky-Potentialbarriere an der n-Si/PEDOT:PSS Grenzfläche von 0.95 eV zeigt, dass die n-Si
Oberfläche an der Grenzfläche zum Polymer stark invertiert ist. Berechnungen unter der Annah-
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me eines Metall-Halbleiter Schottky-Kontakts führen zu um Größenordnungen größeren Sätti-
gungsstromdichten (J0) und folglich deutlich kleineren VOC im Vergleich zu den Messwerten.
Demzufolge kann die Grenzfläche zwischen PEDOT:PSS und Silizium nicht durch einen klas-
sischen Schottky-Kontakt beschrieben werden. Hingegen können die gemessenen Stromdichte-
Spannungs-Kennlinien und damit die charakteristischen Werte sehr gut unter der Annahme, dass
der Dunkelstrom durch die Diffusion der Minoritätsladungsträger limitiert ist, repliziert wer-
den, analog zu der Betrachtung eines abrupten p+n-Homoübergangs oder Halbleiter-Halbleiter-
Heteroübergangs mit sehr gut passivierten Grenzflächen.
In allen hoch effiziente Siliziumsolarzellen wird eine kurze (Dicke des Siliziumwafers � Dif-
fusionslänge der Minoritätsladungsträger) Siliziumbasis verwendet. Folglich werden diese nicht
durch die Rekombination im Volumen sondern durch Oberflächenrekombination an den Kon-
takten limitiert. In Heteroübergang-Solarzellen ist deshalb die Grenzfläche zu den Materialien,
die als ladungsträgerselektive Kontakte fungieren, entscheidend. Im Rahmen der vorliegenden
Arbeit wird die chemische Struktur der vergrabenen hybriden n-Si/PEDOT:PSS Grenzfläche
mit Synchrotron-basierter Photoelektronenspektroskopie (HAXPES) untersucht. Mit Hilfe einer
Nachbehandlung der Polymerfilme mit einem geeigneten Lösemittel wird die Schichtdicke kon-
trolliert reduziert, ohne dass die Funktionsweise der hybriden Solarzelle beeinträchtigt wird. Aus
den HAXPES Daten kann geschlussfolgert werden, dass die Siliziumoberfläche an der Grenz-
fläche zum Polymer in einer hybriden Solarzelle direkt nach Herstellung bereits oxidiert ist.
Der n-Si/SiOx/PEDOT:PSS-Kontakt sollte infolgedessen als Halbleiter-Isolator-Halbleiter He-
teroübergang beschrieben werden. Um das volle Potential von PEDOT:PSS als lochselektiver
Kontakt für Silizium abzuschätzen, wird ein erster Ansatz präsentiert, diesen Kontakt in einer
Solarzelle mit kurzer Basis mit einem effizienten elektronenselektiven Rückkontakt, basierend
auf amorphem Silizium, zu kombinieren. Die beschriebene Solarzelle weist einen vielverspre-
chenden Wirkungsgrad von über 14 % auf. Allerdings legt der Vergleich mit Messungen aus
aktueller Literatur nahe, dass in der präsentierten Solarzelle der elektronenselektive Kontakt die
Leistung limitiert. Dies verdeutlicht, dass n-Si/SiOx/PEDOT:PSS ein sehr selektiver und gut pas-
sivierender Kontakt für Silizium ist.
Des Weiteren wird in dieser Arbeit gezeigt, dass die n-Si/SiOx/PEDOT:PSS-Grenzfläche selbst
bei einer Lagerung der Solarzellen unter inerter Atmosphäre (in Stickstoff) weiter oxidiert. So-
wohl die Dicke als auch der Grad des Oxidationszustandes des nativen Oxids auf der Siliziu-
moberfläche nehmen zu und werden mit der Zeit zu einer schlechteren Leistung der Solarzelle
führen. Das macht deutlich, dass eine Zwischenschicht oder Terminierung nötig ist, welche die
Siliziumoberfläche nicht nur besser als das native Oxid passiviert sondern auch stabil ist, und so-
mit eine lange Lebensdauer des Bauteils garantiert. In normaler Umgebung ist der dominierende
Degradationsmechanismus allerdings die Degradation von PEDOT:PSS selbst. Die Leitfähig-
keit des Polymers sinkt deutlich und damit verringert sich die Leistung der Solarzelle stark. In
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der vorliegenden Arbeit wird gezeigt, dass die Degradation des Polymers durch eine Verkapse-
lung mit einer Aluminiumoxid-Schicht, abgeschieden mit Atomlagendeposition (ALD), deutlich
verlangsamt werden kann. Im Idealfall könnte eine solche Verkapselung zusätzlich als transpa-
rente leitfähige Elektrode für die Frontseite der hybriden Heteroübergang-Solarzelle fungieren.
In diesem Zusammenhang hat diese Arbeit zu einer neue vollflächige Elektrode beigetragen, die
auf Silbernanodraht-Netzwerken verkapselt durch aluminiumdotiertes Zinkoxid, abgeschieden
mit ALD, basiert. Diese Elektrode ist nahezu transparent und weist eine hohe Leitfähigkeit auf,
dabei werden im Vergleich zu sonst üblichen Metallgitter-Elektroden nur etwa 10% der Me-
tallmenge verwendet. Homoübergang-Siliziumsolarzellen mit der alternativen Elektrode zeigen
einen vielversprechenden Wirkungsgrad. Weitere Forschung und Entwicklung sind nötig, um
diese neue Elektrode in hybriden Heteroübergang-Solarzellen anzuwenden und auf ihre Eignung
als Verkapselung zu testen.
Abschließend wird in der vorliegenden Arbeit diskutiert, welche weiteren Schritte für die Reali-
sierung hoch effizienter hybrider Heteroübergang-Siliziumsolarzellen mit organischen ladungs-
trägerselektiven Kontakten erforderlich sind.
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Abstract

Photovoltaic is an essential part of the needed global transition towards renewable energies.
Even though many materials have good absorption and energy conversion properties, the market
is dominated by technologies based on crystalline silicon. Silicon has the advantage of being
neither toxic nor rare on earth and it is very well investigated due to its extensive use in mi-
croelectronics. The best power conversion efficiencies of silicon solar cells and modules are
achieved by sophisticated devices structures aiming at perfect charge carrier selective contacts
with very little surface/interface recombination. So far these device structures are based on all-
inorganic materials. Organic conductive materials appeal with low temperature processing from
solution as well as with a large range of tunability concerning electronic structure by chemical
syntheses. The work presented aims at contributing to the development of high efficient hybrid
heterojunction silicon solar cells; featuring perfect organic charge carrier selective contacts and
high transparent cheap carrier collecting electrodes.
In this thesis the polymer blend poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) is in-
vestigated as a hole selective contact for crystalline silicon. PEDOT:PSS not only exhibits suit-
able energy levels in respect to silicon and high transparency in the visible spectrum but also
in contrast to many other organic materials excellent conductivity, in the range of degenerately
doped inorganic semiconductors. The questions remain whether PEDOT:PSS as a contact to sili-
con is able to efficiently block electrons and provides a low recombination at the heterointerface.
It was commonly assumed that this highly conductive polymer forms with silicon a classical
metal-semiconductor Schottky junction and that the dark current in a device would consequently
be governed by rapid thermionic emission of majority carriers at the hybrid junction. Yet in this
thesis solar cells with a long (wafer thickness�minority carrier diffusion length) n-type silicon
(n-Si) base and PEDOT:PSS as front side hole selective contact are presented reaching efficien-
cies of almost 14 % with open-circuit voltages (VOC) up to 645 mV. Furthermore an increase
of VOC with higher doping concentration (ND) of the silicon substrate is observed, contradict-
ing the behavior of a metal-semiconductor junction. Within the thesis, the barrier height of the
n-Si/PEDOT:PSS interface is determined to be 0.95 eV, showing that the n-Si surface is strongly
inverted by the polymer. Calculations with this barrier height, assuming a metal-semiconductor
Schottky junction, lead to dark saturation current densities (J0) that are magnitudes larger respec-
tively open-circuit voltages VOC that are considerably smaller than the ones measured. Thus the
PEDOT:PSS contact on silicon can not be described as a classical Schottky junction. Whereas
the current density-voltage characteristics are very well described by assuming that the dark
current is limited by minority carrier diffusion in the silicon bulk, similar as in an abrupt p+n-
homojunction or semiconductor-semiconductor heterojunction with a well passivated interface.
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High efficiency silicon solar cells all feature a short (wafer thickness � minority carrier dif-
fusion length) base, being limited by surface recombination at the contacts instead of bulk re-
combination. In heterojunction solar cells the interfaces to the materials providing the charge
carrier selective contacts become essentially important. In this thesis the chemical structure at
the buried hybrid n-Si/PEDOT:PSS interface is investigated by synchrotron based hard X-ray
photoelectron spectroscopy (HAXPES). A post-treatment of the polymer films by immersion in
a suitable solvent allows a tailored reduction of PEDOT:PSS layer thickness by removal of ex-
cess material, without affecting the performance of the corresponding hybrid solar cells. The
HAXPES data lead to the conclusion that the Si surface in the hybrid solar cell is already oxi-
dized immediately after preparation. The n-Si/SiOx/PEDOT:PSS junction should therefore best
be consider a Semiconductor-Insulator-Semiconductor (SIS) heterojunction. To fully compre-
hend the potential of PEDOT:PSS as an organic hole selective contact for silicon a first attempt
at a short-base solar cell of with an electron selective back contact based on amorphous silicon
is presented. Even though the solar cells exhibit a promising efficiency of above 14 %, recent
results from literature suggest that in the presented case still the electron selective back contact is
limiting the solar cell. This additionally points out the quality of PEDOT:PSS as a hole contact
with high selectivity and the low interface recombination that the native oxide already provides.
Moreover the work of this thesis shows that even when storing the sample in inert gas such as
nitrogen the n-Si/SiOx/PEDOT:PSS interface continues to further oxidize. With storage time the
thickness of the oxide layer increases as well as the degree of oxidation state, eventually dete-
riorating device performance. This points out that an interface layer or termination is needed
that not only passivates the silicon surface even better than the native oxide but also is stable,
guaranteeing long-life device performance. Under ambient conditions the dominant degradation
mechanism is the degradation of PEDOT:PSS itself, showing a loss in specific conductivity and
therefore in performance of the corresponding solar cells. The presented work shows that the
degradation of PEDOT:PSS in the hybrid solar cells can considerably be slowed down by encap-
sulating of the polymer with an aluminum oxide layer by atomic layer deposition (ALD) at room
temperature. Ideally such an encapsulation could simultaneously act as a transparent conductive
front electrode for hybrid heterojunction solar cells. Following this, the presented work has also
contributed to a novel full-area electrode by silver nanowire (AgNW) networks encapsulation by
aluminum doped zinc oxide (AZO) deposited by ALD. This electrode shows high transparency
and large conductivity, using only about 10 % of the metal needed for conventional metal grid
electrodes. Silicon solar cells with a diffused pn-homojunction using this electrode show promis-
ing efficiencies. Some additional research and engineering is needed to apply this electrode to
hybrid heterojunction silicon solar cells and testing the ability to provide a proper encapsulation.
As an outlook the thesis discusses how to further advance towards hybrid heterojunction silicon
solar cells with organic charge carrier selective contacts.
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1 Introduction

The future of energy production lies completely in renewable energy sources. Photovoltaic (PV)
is an essential part of the mix of renewable energy sources, having the potential to solve the
upcoming need for more energy and replacing technologies that are based on finite resources.
By the end of 2014 the world wide installed solar PV capacity reached 177 GW, with 38 GW
installed in Germany [1]. In 2015, 7.5 % of the final energy consumption in Germany was
provided by PV [2]. At very sunny days PV generates already more power than the German
nuclear power plants and reaches occasionally a share of over 50 % [3]. For the sunny summer
month July 2015, the daily electricity generation by source in Germany is depicted in Fig. 1.1.
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Figure 1.1: Daily electricity generation in Germany for July 2015, divided in the different
providing sources [3].

Ever since the first observation of the photovoltaic effect in 1839 by Becquerel [4] that eventually
lead to the first practical solar cell presented by the Bell Laboratories in 1954 based on silicon [5],
photovoltaic research developed into many directions. Despite many materials that have been
shown interesting for solar cells, the market is still dominated by modules based on crystalline
silicon (c-Si). In 2014 c-Si had a share in module-production of over 90 % including mono- and
poly-crystalline wafers [6]. Due to the fact that integrated circuits used in all areas of electronics
are mainly based on silicon, it is probably one of the most widely investigated materials both
by academia and industry. Compared to many other materials it has the advantage of being
neither toxic nor rare on earth. In modules the only notable risk is the need of silver used for
metalization. In 2010 the PV industry used 1500 t Ag, which is 7 % of the global output [2]. The
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1.1 Basic Concepts of Solar Cells

current record efficiencies for mono-crystalline silicon solar cells are 25.6 % on the lab scale [7]
and 22.9 % for modules [8]. This is already very close to the theoretical limit of 29.4 % [9] for
single junction silicon solar cells. In the following the basic physics concerning solar cells are
summarized and the concepts leading to high efficiencies are reviewed, leading to the motivation
of this work to realize the ideal silicon solar cell.

1.1 Basic Concepts of Solar Cells

Solar cells are devices that convert solar light into electrical energy. The ability of solar cells
to generate electrical power out of the incidence power of the sun is quantified by the power
conversion efficiency η . This conversion is based on the photovoltaic effect, the generation of a
voltage created in a material system as irradiated with light.
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Figure 1.2: Schematic of the working principle of a solar cell explained below as well as
an exemplary illuminated J-V curve with characteristic solar cell parameters indicated.

To harvest electric energy from a solar cell the structure has to consist of the following parts;
an absorbing semiconductor, charge carrier selective junctions, and charge collecting electrodes,
schematically illustrated in Fig. 1.2. The working principle of a solar cell can be described by
the following general steps:
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1 INTRODUCTION

1. Generation Photons irradiated by the sun are absorbed by a semiconductor creating ex-
citons. In most inorganic semiconductors these electron-hole pairs are immediately split
into free charge carriers by thermal energy.

2. Transport The free charge carriers diffuse in the absorber until they are extracted or lost
to recombination in the bulk or at the interfaces.

3. Separation At both junctions at the end of the absorber free charge carriers are separated
by letting one charge carrier type pass while the other one is reflected.

4. Collection The separated charge carriers recombine at the electrodes providing for the
measured photocurrent.

The performance of a solar cell is rated by values extracted from the current density J - volt-
age V curve recorded under standardized solar irradiation, exemplary shown in Fig. 1.2. The
characteristic values are; the short-circuit current density JSC = J(0 V ), the open-circuit voltage
VOC = V (0 A/cm2), the current density JMP and voltage VMP at the point where the maximal
power (MP) can be extracted from the solar cell and the ratio relating these four values the fill
factor FF . The percentage of the sun power that can be extracted if the solar cell is used in the
maximal power point is the power conversion efficiency η .
These processes and values are further reviewed by discussing the essential parts of a solar cell,
based on knowledge from textbooks (such as [10–12]).

1.1.1 The Absorbing Semiconductor

There are two classes of solids distinguished by their configuration of valence electrons at abso-
lute zero temperature; metals, exhibiting partly filled bands, and insulators, exhibiting an energy
gap Eg between the maximum of the highest filled band EV (valence band maximum) and the
minimum of the lowest empty band EC (conduction band minimum). Not strongly defined, semi-
conductors are insulators that have a sufficiently small band gap Eg allowing for non-neglectable
excitation of valence electrons into the conduction band at room temperature, leading to a mea-
surable intrinsic charge carrier concentration ni and therefore an intrinsic conductivity. The
electron concentration in the conduction band n and the hole concentration in the valence band p

are given by the density of states and their occupation probability described by the Fermi-Dirac
distribution function, centered at the Fermi energy EF . By implementing impurity atoms that
easily donate an electron to the conduction band or accept an electron from the valence band the
charge carrier densities can be changed. Homogenous incorporation of a large amount of shal-
low donors leads to n being almost equal to the doping concentration ND. The semiconductor
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1.1 Basic Concepts of Solar Cells

becomes an electron conductor (n-type). This applies as well to p and large acceptor densi-
ties NA (p-type). For moderately doped semiconductor the carrier densities can be described by
Boltzmann statistics.

n = NCexp
(
−EC−EF

kT

)
p = NV exp

(
−EF −EV

kT

)
(1.1)

np = NCNV exp
(
−

Eg

kT

)
= NCexp

(
−EC−Ei

kT

)
NV exp

(
−Ei−EV

kT

)
= n2

i (1.2)

NC and NV are the effective density of states in the conduction and valence band. Fig. 1.3 shows
the electron energy scale for a semiconductor in electrochemical equilibrium. In equilibrium
the electrochemical potential of the electrons ηe is the same everywhere in the semiconductor
(correspondingly for holes) and no current flows. It is the sum of the electrical potential −qϕ

and the chemical potential µe, which consist of the electron affinity−qχe and a part that depends
on n.

ηe = µe−qϕ ≈−qχe− kT ln
(

NC

n

)
−qϕ (1.3)

Thus by comparing with Equation 1.1 the electrochemical potential is just another definition of
the Fermi energy. Under illumination a semiconductor can absorb photons which have energies
larger or equal to its band gap Eg, creating additional electrons and holes. The absorbed energy
above Eg gets lost in picoseconds through collision with the lattice leading to an equilibrium
distribution of the carriers at the band edges, called thermalization. The generated carriers exists
in this distribution until they recombine with the lifetime τ . As this generation simultaneously
increases both carrier densities n and p, it can only be described by two separate Fermi distribu-
tions, called Fermi level splitting and sketched in Fig. 1.3. The quasi Fermi energy EF,C applies
to the occupation in the conduction band and shallow donors and EF,V in the valence band and

Figure 1.3: Energy scale for electrons in a semiconductor in the dark in electrochemical
equilibrium and homogeneously illuminated with strong surface recombination.
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1 INTRODUCTION

shallow acceptors. Under illumination Equation 1.2 is no longer valid.
The absorption coefficient α(λ ) describes the probability of a photon with a certain wavelength
λ to be absorbed in a materiel. Thus the current of photons with one particular energy after
passing through a length x in the material is given by:

jγ(x) = jγ(0)e−αx (1.4)

Indirect semiconductors like silicon, relaying on the necessity of interacting with phonons for
photon absorption, as their valence band maximum and conduction band minimum are at differ-
ent crystal momenta, have a low absorption coefficient compared to direct semiconductors.
In a solar cell the photons irradiated from the sun have to be absorbed by the semiconductor
generating free charge carriers. While the energy spectrum irradiated from the sun is close to
that of a black body at around 5800 K, some of the photons at specific wavelengths are absorbed
by the earth atmosphere before reaching the solar cell. The terrestrial solar spectrum used for
standard solar cell testing is the ASTM G-173-03, given by the spectral irradiance P(λ ) for a so-
lar zenith angle of 48.19 ◦ (AM1.5) and a receiving surface tilted 37 ◦ from the horizon towards
the sun, shown in Fig. 1.4. The incident power of the solar irradiation is 1000 W/m2. Assuming
that every photon striking the semiconductor is absorbed and all generated electron-hole pairs
can be collected, the hypothetical maximal photocurrent density is 62 mA/cm2 for an infinitely
small band gap semiconductor and 45 A/cm2 for silicon with a band gap of 1.12 eV, as marked
in Fig. 1.4 a. Harvesting as much energy as possible from the sun with a single semiconductor is
a trade-off between photons that can not be absorbed as there energy is below the band gap and
energy that gets lost by thermalization when absorbing photons with an energy higher than the
band gap. Considering only these spectral losses this leads to the maximal ultimate efficiency
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Figure 1.4: Solar spectrum with a) the hypothetical maximal photocurrent density and the
ultimate efficiency for a semiconductor with a certain band gap and with b) the external
quantum efficiency (EQE) of a non-ideal solar cell.
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1.1 Basic Concepts of Solar Cells

(termed by Shockley and Queisser [13]). For a semiconductor with a band gap of 1.12 eV it is
∼ 50.6 %, as marked in Fig. 1.4 a.
In real devices not every photon with energies above the band gap can be absorbed neither can
every generated electron-hole pair be harvested as photocurrent. The external quantum efficiency
(EQE) gives the percentage of carriers that are collected per photons striking the solar cell at a
certain energy (wavelength). Multiplying the EQE with the solar photon flux and integrating over
the spectrum gives the photocurrent density normally equivalent to the the short-circuit current
density in the solar cell.

JSC = q
∫ EQE(λ )

100

photon flux︷ ︸︸ ︷
P(λ )

λ

hc
dλ (1.5)

For an ideal solar cell the EQE would be at 100% for all energies above the band gap and
JSC would equal the hypothetical maximal photocurrent density. A reduced EQE, as exemplary
shown in Fig. 1.4 b, can result from multiple losses. When light enters a medium with a different
refractive index nr, part of the light is reflected (reflectance r(λ )). If the absorbing semiconduc-
tor has a low absorption coefficient and is too thin light might also be transmitted (transmittance
t(λ )) after passing through the material. Considering only these two losses the absorbed current
of photons with one particular energy of a material with thickness d using Equation 1.4 is:

jγ,abs = (1− r− t) jγ(0) = (1− r)(1− e−αd) jγ(0)

This excludes the possibility of multiple reflection. Correspondingly an internal quantum effi-
ciency (IQE) is defined as the percentage of carriers collected per absorbed photons.

EQE(λ ) = (1− r(λ )− t(λ ))IQE(λ ) (1.6)

If visible light incidences from air (nr ≈ 1) perpendicular on a plane silicon surface (nr ≥ 3.5)
more than 30 % will be reflected according to the Fresnel equations. This can be reduced by
either structuring the surface, so the light will hit the silicon surface multiple times, or by intro-
ducing additional layers with appropriate refractive indices to create destructive interference for
the reflected light with a certain wavelength. High efficiency silicon solar cells most often ex-
hibit a textured surface and a silicon nitride layer as anti-reflective coating, leading to almost no
reflection losses. Transmission losses can be reduced by light trapping structures so the optical
path length is several times larger than the absorber thickness. This is achieved by surface tex-
turing at the front and back and the integration of layers that act as a back reflector for efficient
multiple reflection. In complete solar cell devices part of the light might also be parasitically
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absorbed by layers besides the primary absorbing semiconductor. Photons are lost when they
are absorbed in the highly doped materials used for contacting exhibiting extremely low carrier
lifetimes as well as in the anti-reflective coating or encapsulation. If the photons are absorbed
in the primary semiconductor and generate electron-hole pairs there is still the possibility that
they will recombine before extraction. The annihilation of an electron-hole pair while produc-
ing a photon and/or phonons is the result of different recombination mechanisms. In thermal and
chemical equilibrium the generation and recombination rates for all mechanisms are equal. The
continuity equation describes how the concentration of charge carriers p evolves with time, being
externally generated with the net generation rate G, recombining with the net recombination rate
U and flowing away with the current density J. The net rates each include the subtraction of the
equal recombination and generation in electrochemical equilibrium.

∂ p
∂ t

= G−U +
1
q

∇J (1.7)

Recombination

All recombination mechanisms can be associated with a carrier lifetime, for electrons and holes
respectively.

τn =
n−n0

U
=

∆n
U

τp =
p− p0

U
=

∆p
U

n0 and p0 are the electron and hole concentrations in electrochemical equilibrium.
Radiative Recombination The reverse reaction to absorption is the spontaneous transition of
an electron from the conduction band into the valence band. Analog to absorption, it is more
rapid in direct semiconductors. The radiative recombination rate is proportional to the carrier
densities, subtracting for the net recombination rate the equilibrium densities.

Urad = B(np−n0 p0) = B(np−ni
2)

For silicon the coefficient is B ≈ 3×10−15 cm3/s [11]. For a n-type semiconductor the electron
concentration is approximately equivalent to the doping concentration ND, leading to the hole
carrier lifetime (correspondingly for p-type and electrons as minorities).

Urad ≈ BND(p− p0) = BND∆p τrad,p =
1

BND
(1.8)
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Auger Recombination In the reverse process of impact ionization, the energy released by a
electron-hole annihilation is absorbed by a free carrier, which can either be a hole or an electron
and is lost to thermalization.

UAu =Cn(n2 p+n2
0 p0)+Cp(p2n− p2

0n0)

For silicon the coefficients are nearly equal C ≈ 1×10−30 cm6/s [11]. In n-type semiconductors
Auger recombination where a free electron absorbs the annihilation energy is dominant.

UAu ≈CnND
2
∆p τAu,p =

1
CND

2 (1.9)

Auger recombination is important mainly in semiconductors with high doping or under high
injection conditions, as it is a process involving three carriers.
Defect Recombination Electrons and holes can recombine through energy levels in the band gap
of the semiconductor introduced by impurities or structural defects in the crystal lattice. The net
recombination rate is described by the Shockley-Read-Hall analysis [14]. Electrons and holes
with a thermal velocity νth are captured by a trap with different captured cross sections σn and
σp. Shallow energy levels as introduced by doping have only large capture probabilities for one
carrier type, the most detrimental defects are those which create energy levels at mid gap. For a
defect level density Nt at mid gap the net recombination rate is:

USRH =
σnσpνthNt(np−n0 p0)

σn(n−ni)+σp(p−ni)

USRH(n-type)≈ σpνthNt∆p τSRH,p =
1

σpνthNt
(1.10)

These recombination processes can all happen parallel in a semiconductor and Equation 1.8-
1.10 can be summed up to one bulk recombination rate, defining a bulk lifetime of the minority
carriers.

Ub =Urad +UAu +USRH
1
τb

=
1

τrad
+

1
τAu

+
1

τSRH
(1.11)

In indirect semiconductor recombination via defects is usually the dominant bulk recombination
mechanism.
Surface Recombination Free surfaces or interfaces to other materials where the lattice atoms
can not bind to the same neighboring atoms anymore, but exhibit free dangling bonds or have to
bond in undesirable formations to other atoms, can induce a large amount of energy levels in the
band gap, called surface states (interface states are usually also called surface states). Similar to
defect recombination in the bulk, carriers can recombine through these states. Consequently the
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net surface recombination rate is also described by the Shockley-Read-Hall formalism, using the
electron and hole concentration at the surface nS and pS and density of surface states Dit at mid
gap.

US =
σnσpνthDit(nS pS−ni

2)

σn(pS− p1)+σp(pS− p1)
US(n-type)≈ σpνthDit∆pS

The net surface recombination rate is defined per area while in the bulk the rates were defined per
volume. This is why usually a surface recombination velocity is defined instead and the lifetime
depends on the wafer thickness d.

S =
US

∆ps
= σpνthDit

1
τS,n

=
S
d

(1.12)

As a metal offers a continuous distribution of states, it has an infinitely large recombination rate
(S→ ∞). Free surfaces with dangling bonds or absorbents from the atmosphere exhibit also
large surface recombination velocities (105-106 cm/s). A very low surface recombination veloc-
ity (≤10 cm/s) on silicon can be reached by controlled thermal oxidation, leading to a Si/SiO2

interface [11].
Together the surface recombination Equation 1.12 and bulk recombination Equation 1.11 define
an effective carrier lifetime. If the excess carriers are generated homogeneously in the semicon-
ductor, τe f f is given by:

1
τe f f

=
1
τb

+
S f ront

d
+

Sback

d

From Equation 1.12 it is obvious that the surface recombination can either be decreased by
reduction of the surface states or by reduction of excess carriers at the interface. Concerning
semiconductor junctions very often an effective surface recombination rate is defined including
not only the recombination at the actual surface but also enhanced/reduced recombination in
the bulk by surface band bending, recombination in the depletion region and at the interface in
heterojunctions. As this is essential for the performance of solar cells it will be discussed further
in Section 1.1.2.

Maximum efficiency

The upper limit for the lifetime of charge carriers and therefore also for the efficiency of solar
cells with perfect charge separation and extraction, is given by radiative recombination which
can not be avoided. Shockley and Queisser calculated in 1961 the so-called detailed balance
limit of efficiency assuming black-body radiation from the sun (6000 ◦K), perfect absorption

16



1.1 Basic Concepts of Solar Cells

and only radiative recombination [13]. This leads to an efficiency of 30 % for silicon and 31.4 %
for a semiconductor with Eg = 1.29 eV. Recently, Richter et al. recalculated the upper limit
of efficiency for silicon solar cells by using the the new standard AM1.5 solar spectrum and
including unavoidable Auger recombination and band gap narrowing resulting in η = 29.4 % [9].
The characteristic values of this ideal silicon solar cell are collected in Table 3.1, located in the
discussion part of this thesis.

1.1.2 The Charge Carrier Selective Junctions

There are several possibilities of realizing charge carrier selective junctions to separate the charge
carriers generated in the absorber, but they should fulfill three requirements:

• The two junctions have to establish an electrical potential difference (ideally given by the
difference in their chemical potential accordingly work function). At best this has to be
at least as large as the Fermi level splitting under illumination in the absorbing semicon-
ductor, to convert all chemical energy of the generated electron-hole pairs into electrical
energy.

• They have to act as a very conductive semi-permeable membrane, leaving through one
type of carriers without any energetic barrier and transporting the carrier to the electrode
while blocking the other carrier type to prevent recombination at the electrode (surface
recombination).

• Thirdly, only relevant for heterojunctions, they should exhibit an excellent interface passi-
vation to prevent losing carriers to interface recombination.

The static and dynamic behavior in semiconductor devices under applied fields and optical exci-
tation is fully described by the Poisson and the transport equations for electrons and holes. The
Poisson equation relates the electrical potential and field distribution to the charge density ρ .

∇
2
ϕ = −∇E =− ρ

εε0

∂ 2ϕ

∂x2 = −∂E
∂x

=−q(n− p+NA−ND)

εε0
(1.13)

The second equation denotes the 1D Poisson equation and the charge density is given by the
doping and charge carrier concentrations. Charge carriers in a semiconductor flow if there is
a gradient in the electrochemical potential (defined in Equation 1.3), this is described by the
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drift-diffusion equation, in the following shown for electrons:

Je = nµn∇ηe = nµn∇µe−qnµn∇ϕ = qDn∇n+qnµnE (1.14)

µn is the mobility and Dn the diffusion coefficient of electrons in the semiconductor, connected
by the Einstein relation qDn = µnkT . By combining the drift-diffusion equations with the con-
tinuity equation (as introduced in Equation 1.7) for electrons and holes, the transport equations
are derived.

∂n
∂ t

= Gn−Un +nµn∇E +µnE∇n+Dn∇
2n

∂ p
∂ t

= Gp−Up− pµp∇E−µpE∇p+Dp∇
2 p

An illuminated semiconductor device under low injection conditions can be accounted for by the
steady-state transport equation for minority carriers in one dimension. As the continuity equa-
tion 1.7 features the net generation and recombination rates Gn=Gp=G, describing the generation
by the external illumination.

0 = G− ∆np
τn

+npµn
∂E
∂x +µnE ∂np

∂x +Dn
∂ 2np
∂x2 (1.15)

0 = G− ∆pn
τp
− pnµp

∂E
∂x −µpE ∂ pn

∂x +Dp
∂ 2 pn
∂x2 (1.16)

The set of Equations 1.13, 1.15 and 1.16 is usually solved numerically, and can only be treated
analytically for some very simplified cases. In the following basic concepts of realizing charge
carrier selective junction are introduced.

Homojunction

The most well known charge carrier selective contact used in solar cells is the homojunction,
consisting of one material with a varying doping profile. A gradient in chemical potential of the
charge carriers, arising from a gradient in doping of the material, leads to a diffusion current
establishing an electrical potential difference −qψbi, also called build-in potential, in electro-
chemical equilibrium as depicted in Fig. 1.5 a. For an abrupt homojunction between a p-doped
and n-doped region the equality of the electrochemical potential of the electrons Equation 1.3
can be used to determine the build-in potential.

−qψbi =−q(ϕn−ϕp) = µep−µen =−kT ln
(

NC

np0

)
+ kT ln

(
NC

nn0

)
= kT ln

(
np0

nn0

)
(1.17)
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Figure 1.5: Band diagram of an abrupt a) symmetric pn-junction and b) one sided p+n-
junction. In the later the emitter and base are introduced as well as the virtual surface with
the surface recombination velocity Se.

The electron concentration in the n-doped region is nn0≈ND and in the p-doped region np0 ≈ ni
2/NA

(see Equation 1.2).

ψbi =
kT
q

ln
(

NAND

ni2

)
In thermal equilibrium with no external energy source no current flows.
In the following the derivation of the J-V characteristic of an abrupt pn-homojunction under illu-
mination is lined out to introduce important concepts and equations, a more detailed derivation
can be found elsewhere [12]. If applying an external voltage V the minority carrier densities at
the corresponding edges of the depletion region are increased. Substituting ψbi by ψbi−V in
Equation 1.17 leads to:

np,edge = np0exp
(

qV
kT

)
=

n2
i

NA
exp
(

qV
kT

)
pn,edge = pn0exp

(
qV
kT

)
=

n2
i

ND
exp
(

qV
kT

)
These can be used as boundary conditions for solving the steady-state transport equations for the
minority carriers in the quasi neutral regions under illumination (drift is neglectable). Rewriting
Equations 1.15 and 1.16 with x being directed away from the depletion edge in the p-doped side
and x∗ in the n-doped side:

Dn
∂ 2np

∂x2 =
∆np

τn
−G Dp

∂ 2 pn

∂x2
∗

=
∆pn

τp
−G

Together with the second boundary condition, that the minority carrier densities must be finite,
these differential equations lead to solutions for np(x) and pn(x∗), and with Equations 1.14 to
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the minority carrier current densities in the quasi neutral regions:

Je(x) =
qDnn2

i
LnNA

(
exp
(

qV
kT

)
−1
)

exp(
−x
Ln

)−qGLnexp
(
−x
Ln

)
Jh(x∗) =

qDpn2
i

LpND

(
exp
(

qV
kT

)
−1
)

exp(
−x∗
Lp

)−qGLpexp
(
−x∗
Lp

)
Here the diffusion length is introduced L =

√
Dτ . The total current density, so the current density-

voltage characteristic, is given by the sum of the two charge carrier current densities at the same
position. As position the edges of the depletion region are chosen (Je(0) and Jh(0)), accounting
for the change in current density in the depletion region with a width W by qGW considering
only generation neglecting recombination.

J(V ) =

(
qDnn2

i
LnNA

+
qDpn2

i
LpND

)(
exp
(

qV
kT

)
−1
)
−qG(Ln +Lp +W ) (1.18)

This equation leads to the ideal diode equation.

J(V ) = J0

(
exp(

(
qV
kT

)
−1
)
− Jph (1.19)

If the solar cell does not exhibit a large series resistance the photocurrent density is equivalent to
the measured short-circuit current density Jph ≈ JSC. When looking at the ideal diode equation
at open-circuit, the open-circuit voltage VOC can be deduced.

VOC = kT
(

1− ln
(

JSC

J0

))
≈ kT ln

(
JSC

J0

)
(1.20)

In this derivation actually only radiative recombination is assumed. But in-fact each recombi-
nation mechanism will have a contribution to the dark saturation current density described by
the multi-diode model, also including the series RS and parallel resistance RP for a realistic solar
cell [15].

J = ∑
k

J0k

(
exp
(

q(V −RSJ)
νkkT

)
−1
)
+

V −RSJ
RP

− JSC (1.21)

The ideality factor νk is 1 for most bulk recombination mechanisms so it is common to use
Equation 1.18 with the bulk lifetime τb (see Equation 1.11) respectively bulk diffusion length
Lb. One other example for an additional recombination mechanism is the defect recombination
in the depletion region [16], important for pn-junction in indirect semiconductors like silicon.
Adding defect recombination in the depletion region Jdep to Equation 1.19, leads to the so

20



1.1 Basic Concepts of Solar Cells

called two diode model [10].

J = J0

(
exp
(

q(V −RSJ)
kT

)
−1
)
+ Jdep

(
exp
(

q(V −RSJ)
2kT

)
−1
)
+

V −RSJ
RP

− JSC

This equation is very well describing the illuminated J-V curve illustrated at the beginning of the
thesis in Fig. 1.2.
Very often used as a charge carrier selective contact in homojunction devices is the one-sided
abrupt junction, consisting of a moderately doped side and a heavily doped one, as sketched in
Fig. 1.5 b. Realized at the front side such a charge separating junction is usually called emitter,
in contrast to the moderately doped long base. A junction on the backside will be called collector
in this thesis. If again only considering standard bulk recombination Equation 1.18 reduces for
an abrupt p+n-junction (NA � ND) to:

J =

(
qDpn2

i
LpND

)(
exp
(

qV
kT

)
−1
)
− JSC (1.22)

But depending on the solar cell device it might not be feasible to ignore other contribution from
the emitter [17], so in this case the recombination of electrons as minority carriers in the heavily
doped p+-side. For example at heavy doping usually the Auger recombination is significant.
Also to compensate for the low resulting diffusion length this side is kept very thin giving rise
to strong relevance of surface recombination. For simplification all recombination in the heavily
doped side of the junction, in the depletion layer and at the actual surface of the emitter are
collected in the emitter saturation current density J0e. The emitter is then described as an effective
surface recombination rate Ue and velocity Se of the base, were the effective surface is the edge
of the space charge region on the base side, as pointed out in Fig. 1.5 b. Still neglecting surface
recombination on the back side of the base, this extends the dark saturation current density in
Equation 1.22 to :

J0 = J0e +
qDpn2

i
LpND

J0e

q
=Ue = Se∆ns = Se(ND +∆n) (1.23)

As recombination processes with νk 6= 1 in Equation 1.21 play a minor role in high efficiency
solar cells this is either ignored, or approximated by using an effective ν in a single exponen-
tial voltage dependence term. Similar to a true surface to decrease the recombination either the
recombination centers itself can be decreased (e.g by passivating the surface of the emitter, re-
ducing defects in the depletion layer or less heavy doping) or the excess concentration of majority
charge carriers at the ”surface” (electrons at te edge of the depletion region in a n-type base) can
be be decreased (e.g. through larger band bending by heavier doping of the emitter or field effect
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passivation). J0e is only accessible by numerical solving or special lifetime measurements, e.g.
by quasi-steady state photoconductance (QSSPC) [18, 19].

Heterojunction

Instead of varying the doping in one material a charge carrier selective contact can also be real-
ized by two different materials. Similar to a homojunctions the two materials have to exhibit an
offset in their chemical potentials (work functions) entailing a gradient in the electrical potential
if in contact. This can be either realized by a metal and a semiconductor or by two different
semiconductors.
Metal-Semiconductor Like in a pn-junction also in metal-semiconductor (MS) junction in elec-
trochemical equilibrium an electrical potential difference arises due to a difference in chemical
potential, corresponding to the difference in work function. Because of the high concentration
of electrons in the metal the whole potential distribution occurs in the semiconductor while the
metal exhibits only a surface charge. If the potential difference causes a depletion of majority
carriers, it is called a Schottky junction. In such a junction of a metal with a large work func-
tion −qΦm and a n-type semiconductor, as shown in Fig. 1.6 a, the build-in potential, analog to
Equation 1.17, is:

−qψbi = −q(ϕn−ϕm) = µem−µen =−qΦm +qχe + kT ln
(

NC

nn0

)
≈ −qΦB + kT ln

(
NC

ND

)
ΦB is called the Schottky-barrier height. If applying the concept of the virtual surface to the
metal-semiconductor junction, as indicated in Fig. 1.6 a, the emitter consists of the depletion
layer in the semiconductor and the recombination at the interface to the metal (compare Equa-
tion 1.23).

J0 = J0e,m +
qDpn2

i
LpND

(1.24)

The exchange of the semiconductor´s majority carriers with the metal is described by the thermionic
emission diffusion theory. This includes the barrier φB, that has to be surpassed, and the recombi-
nation at the surface A∗∗T as well as majority carrier diffusion in the depletion region, tunneling
through the barrier and optical-phonon scattering.

J0e,m = A∗∗T 2 exp
−qφB

kT
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Figure 1.6: Junction between a metal with a large work function and an n-type semicon-
ductor. Band diagram of a) an unimpeded Schottky junction and b) a MIS-junction with a
thin tunneling insulator at the interface. The virtual surface with its effective recombination
velocity Se is indicated.

For a Schottky junction the contribution of the emitter to the dark saturation current density is
magnitudes larger than from the diffusion of the minority carriers in the semiconductor. There-
fore minority carrier diffusion in Equation 1.24 is usually neglected. The potential barrier form-
ing between a semiconductor and a metal is mostly not directly correlated to the metal work
function as the Fermi level tends to pin at the large density of unpassivated surface states at the
semiconductors interface to the metal. The space charge as well as the interface-trap charge then
both have to be considered to find equilibrium band alignment. This leads to a lower barrier than
expected and therefore increases the contribution to dark saturation current density even further.
A possibility of reducing the contribution of the metal emitter in Equation 1.24 is the introduc-
tion of a thin insulator at the interface (1 - 3 nm) that can be surpassed by tunneling [20]. Such
a metal-insulator-semiconductor (MIS) junction is schematically shown in Fig. 1.6 b. The thin
insulating layer, e.g. an oxide, actually has two functions. It passivates the traps on the semicon-
ductor surface at the interface to the metal, suppressing Fermi level pinning and allowing for a
larger barrier to develop. Also it reduces the effective recombination velocities at the surface, as
the majority carriers have to tunnel trough the barrier of the thin oxide ξ with the thickness δ .

J0e,m = A∗∗T 2 exp
√

ξ δ exp
−qφB

kT

This reduces the contribution of the emitter (the majority carriers in the semiconductor) to the
saturation current density while not effecting the minority carrier contribution in Equation 1.24,
so both contributions become relevant again. But as depicted in Fig. 1.6 b with increasing oxide
thickness part of the potential and the applied voltage will drop over the insulator, lowering the
open-circuit voltage in solar cells up to 4 mV/Å [20]. An additional disadvantage of the MS or
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MIS junction is that it can not be used as a full area front contact because of the non-transparency
of the metal.
Semiconductor-Semiconductor A charge carrier selective junction can also be realized by com-
bining two different semiconductors. The term heterojunction typically refers to this case (while
the metal-semiconductor heterojunction is refereed to as a Schottky junction). In contrast to a
homojunction the two semiconductors have different band structures and therefore might exhibit
different electron affinities, band gaps and effective densities of states in the bands. The differ-
ence in electric potential in thermal equilibrium again given by the difference in their chemical
potentials does not depend on the electron affinities or band gap, as depicted in Fig. 1.7 a. The
difference in the electron affinities is the conduction band offset ∆EV = −qχ2 + qχ1 and the
difference in the sums of electron affinity and band gap is the valence band offset ∆EV = −qχ2 -
Eg2 + qχ1 + Eg1. While the potential distribution, build-in voltages and depletion width are easy
to access as they are independent of the band offsets, evaluating the transport becomes compli-
cated. For example in the junction displayed in Fig. 1.7 a the hole transport might not be limited
by minority diffusion in the n-bulk but by thermionic emission over the spike in the valence band.
If assuming that the band offsets are not abrupt but smooth transition like in a graded junction,

Figure 1.7: Junction between two semiconductors, exhibiting different electron affinities,
band gaps and doping densities. a) Band diagram of two moderately doped semiconductors
(S1, S2), exhibiting a conduction band offset ∆EC as well as a valence band offset ∆EV dis-
played in addition to the build-in potential from the difference in chemical potential. b) Band
diagram of a p+n-heterojunction, with two semiconductors exhibiting no valence band off-
set and a large conduction band offset. The virtual surface with its effective recombination
velocity Se is indicated.

the current does not depend on the offsets but only on minority carrier diffusion in both semicon-
ductors [10], analog to a pn-homojunction in Equation 1.18. The dark saturation current density
neglecting any contribution from surface recombination or recombination in the depletion region
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then is given by:

J0 =
qDn1n2

i1
Ln1NA1

+
qDp2n2

i2
Lp2ND2

The band discontinuities can intentionally be selected to control charge transport. One example
is the p+n-heterojunction shown in Fig. 1.7 b as a hole selective contact. Ideally holes are not
blocked, ∆EV = 0, while ∆EC ≥ 0 allows for an additional reduction of the concentration of
electrons at the surface in comparison to a p+n-homojunction and with this less recombination
at the metal electrode. In Fig. 1.7 b the virtual surface and the effective surface recombination
velocity of this heteroemitter is indicated. Analog to Equation 1.23 and 1.24 the dark saturation
current density can than again be described by two components:

J0 = J0e,h +
qDp2n2

i2
Lp2ND2

(1.25)

In contrast to a homojunction now the emitter not only includes recombination in the depletion
layer, in the heavily doped side of the junction and at the actual surface of the emitter to the
metal electrode but additionally also recombination at the interface between the two semicon-
ductors. The combination of two different semiconductors most often leads to an interface with
high defect density, leading to strong recombination in the junction. Interface states may also
be charged or have dipole moments, accordingly producing spikes or steps in the distribution of
the electrical potential hindering charge transport. Similar as for a metal-semiconductor junc-
tion, one possibility of reducing interface states in the band gap is again the introduction of a
thin tunneling insulator layer, that will passivates the defects on the semiconductor surfaces at
the interface. For example a thermal silicon oxide is a prominent passivation for silicon in a
semiconductor-insulator-semiconductor (SIS) junction [20].

Device structure

The basic device structure of a solar cell consists of a front junction, a back junction and an
absorber, here also referred to as emitter, collector and base. The contributions of these parts
depend on the device structure. There are two exaggerated cases.
Equation 1.23, 1.24 and 1.25 are approximations for the dark saturation current density in a
long-base device, in which the diffusion length is considerably smaller than the wafer thickness
(L � d). Most carriers are generated at the front side of the solar cell, therefore recombination
in the emitter is important. The junction at the back side, the collector, on the other hand can be
neglected because the minority carriers in the base are limited by bulk recombination. If now the
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emitter exhibits a large effective surface recombination, for example as in a metal-semiconductor
junction, this will govern the saturation current density and the bulk recombination can be ne-
glected. If the front side, exhibits a good selectivity and passivation, bulk recombination will
dominate.
In a short-base device, in which the diffusion length is considerably larger than the wafer thick-
ness (L � d), the bulk recombination can be neglected as the generated carriers reach both
junctions before they can recombine in the bulk. Both junctions are majorly important and the
dark saturation current density can be described by the emitter saturation current density and the
collector saturation current density, accordingly also defined by a virtual surface at the edge of
the back junction depletion layer in the base.

J0 = J0,e + J0,c (1.26)

Depending on the junctions the short-base solar cell can be limited by the emitter or collector, or
both.

1.1.3 The Collecting Electrodes

After the charge carriers have been separated by the charge carrier selective junctions they have
to be collected by the electrodes. The electrodes have an important influence on the parasitic
series resistance of a solar cell (see Equation 1.21). The electrodes can add to series resistance
in two ways, by the contact resistance between the charge carrier selective layer and the electrode
as well as by the bulk resistance of the electrode itself depending on its geometry and specific
resistivity. The back electrode can simply be a continuous metal layer providing a low resistivity
and optimally act as a back reflector. But the electrode on the front side is always a trade off
between shading of active solar cell area and providing a low resistance. Most solar cells rely at
least additionally on a metal grid, for which the contact resistance, the metal resistance due to its
geometry and the lateral current flow in the top layer of the charge carrier selective contact has
to be considered, and be related to the losses from shading. Very common in commercial solar
cells are grids from screen printing silver (Ag) [21]. Depending also on the bulk resistivity of the
absorber, the resistance of the collector and emitter as well as of the back electrode, such printed
metal grids lead to high efficient solar cells with RS ≤ 1 Ωcm2 [22].
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1.2 High Efficiency Silicon Solar Cells

1.2 High Efficiency Silicon Solar Cells

All high efficiency silicon solar cell concepts are accomplished with a short silicon base. They
use high quality silicon wafers with a thickness around 100 - 300 µm, so the bulk minority carrier
diffusion length is considerably larger than the thickness of the base. So truly achieving a highly
efficient solar cell totally relies on the effective surface recombination of the front and back side
junction. Two main device concepts have been established to realize this.

1.2.1 Homojunction

Standard silicon solar cells fabricated in photovoltaic industry have a p-doped base, a front n+p-
junction by in-diffusion of phosphor and an aluminum back contact, depicted in Fig. 1.8 a. A
high temperature step promotes an in-diffusion of aluminum, creating a highly p+-doped region
on the back side, termed ’back-surface field’ (BSF). This easily achievable combination of a back
junction and electrode by one material is the reason why solar cells are fabricated on p-doped
silicon wafers [23, 24]. By including an anti-reflective texture and passivating oxide on the front

Figure 1.8: a) Schematic and b) band diagram of a standard homojunction silicon solar
cell. c) Schematic of a high efficiency PERL solar cell based on the same concept. For
simplification surface texturing is not shown.

surface this describes the device structure of the PESC (passivated emitter solar cell) introduced
by the University of New South Wales (UNSW), the first silicon solar cell to exceed an efficiency
of 20 % [25]. But while the front n+p-junction provides a sufficient barrier for holes the BSF does
not for electrons. All electrons that can surpass the small barrier at the backside can recombine
at the un-passivated interface to the metal electrode. The UNSW PERC (passivated emitter, rear
cell) additionally has a passivation of the backside by a thin oxide, no BSF and only locally
openings to the contact [26]. By diffusing a BSF at the contact points, this lead to the UNSW
PERL (passivated emitter, rear locally diffused cell), also shown in Fig. 1.8 c. Modules fabricated
from this type of device hold the efficiency record with 22.9 % [8, 24], while on the lab scale
the solar cells reach even 25 % [23, 24]. A new variation of this concept is the TOPCon (tunnel
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Figure 1.9: a) Schematic and b) band diagram of a homojunction silicon solar cell with a
TOPCon back contact.

oxide passivated contact) [27]. This technology can easily be applied to n-type silicon wafers,
which are more preferable because of larger diffusion length. Here the silicon homojunction on
the backside is not created by diffusion but instead by deposition of a highly doped BSF on the
wafer, allowing for the possibility to implement a very thin silicon oxide at the interface, sketched
in Fig. 1.9. This back side is essentially an isotype SIS-junction. SIS-junctions were already
proposed by Shewchun et al. in 1980 [20], but featuring two different semiconductors. The
electrons can tunnel through the oxide, while holes are additionally blocked and less recombine
at the metal contact. Therefore the charge selectivity compared to a regular BSF is drastically
increased, while the high quality oxide provides a good passivation of the newly introduced
interface. Just recently efficiencies of 25.1 % on the lab scale have been demonstrated [28].

1.2.2 Heterojunction

By using heterojunctions it is possible to create contacts with better charge selectivity by larger
barriers, but here a proper passivation of the interface becomes crutial. The most successful tech-
nology applies amorphous silicon (a-Si) as charge carrier selective contacts to crystalline silicon.
Amorphous silicon can to a certain extend be easily n-type doped and moderately p-doped [29],
and is used for forming selective contacts to c-Si for both carrier types. Amorphous silicon has
a larger band gap than crystalline silicon around ∼1.7 eV and therefore exhibits a valence band
offset ∆EV ≈ 0.45 eV and a conduction band offset ∆EC ≈ 0.15 eV to c-Si [30]. As discussed
in the Section 1.1.2 about semiconductor-semiconductor heterojunctions, the band offsets allow
on both sides an additional reduction of the concentration at the surface of the carrier type which
has to be blocked from recombining at the metal electrode. But respectively on the other side
these offsets lead to a spike in the band structure and to a blocking of the carrier type that should
be able to pass. Especially the holes are blocked at the a-Si(p+)/c-Si-junction by the valence
band offset. The requirements for perfect hole and electron selective contacts can not be meet
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1.2 High Efficiency Silicon Solar Cells

Figure 1.10: a) Schematic of a HIT solar cell and b) the corresponding band diagram. For
simplification the pyramidal texturing of the front and back side is not shown.

by one material for both contacts. Nevertheless in the present case this does not seem to majorly
inhibit the performance of the solar cells. This is very likely due to carrier tunneling through the
band offset spikes directly or via defects at the interface [31]. The necessary high doping of the
a-Si layers leads to a poor passivation of the c-Si surface with a high density of defect states in
the band gap [29]. Intrinsic a-Si on the contrary passivates dangling bonds on the silicon sur-
face quite well, exhibiting surface recombination velocities as low as 2 cm/s [32]. Introduced in
Equation 1.26, the contributions of the a-Si(p+)/a-Si(i)/c-Si(n) emitter and a-Si(n+)/a-Si(i)/c-
Si(n) collector to the dark saturation current density have been measured to be 2-22 fA/cm2 [33].
A schematic of the a-Si/c-Si heterojunction solar cell as well as the corresponding energy level
alignment without the electrodes is depicted in Fig. 1.10. The a-Si/c-Si technology with the in-
trinsic amorphous interlayers as presented here is called ’Heterojunction with intrinsic thin layer’
(HIT), and was made available commercially by Sanyo, Japan. Today Panasonic, who toke over
Sanyo, offers modules from mass production with a reliable efficiency of up to 19.7 % [34]. Lab
sized HIT cells, with an interdigitated back contact (IBC), hold the single junction solar cell effi-
ciency record with 25.6 % and an open-circuit voltage of 740 meV [7], due to the very low dark
saturation current density (cf. Equation 1.20). The characteristic values of this highly efficent
silicon solar cell are collected in Table 3.1, located in the discussion part of this thesis.
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1.3 Motivation: The Hybrid Heterojunction Silicon Solar Cell

The high efficiency solar cells introduced in the previous section all rely on all-inorganic materi-
als. The motivation of this thesis is to contribute to the development of a highly efficient hybrid
heterojunction solar cell; combining an inorganic light absorbing material with perfect organic
charge carrier selective contacts and high transparent low-cost carrier collecting electrodes.
The discovery of conductive molecules and polymers in 1977 initiated the exciting new research
area of organic electronics [35], starting from different simple conjugated polymers like deriva-
tives of polyaniline or polyacetylene expanding to a large variety of different compounds. Con-
ductivity and optical excitation in organic materials is based on conjugated systems of p-orbitals
with delocalized electrons from sp2-orbital hybridization in alternating single and double carbon
bonds. The overlapping pz-orbitals form the π-bonds exhibit a bonding and anti-bonding state.
This leads to a band gap defined by the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO), analog to EV and EC in inorganic semiconductors.
While the latter are in this thesis also used for extended organics like polymers, relating their
band structure to inorganic materials. Compared to inorganic semiconductors, the field of or-
ganic conductors intrigues with a high degree of tunability of the energy levels through chemical
engineering. This holds the promise for compounds with tailored band alignment matching per-
fectly the requirements of true charge carrier selective contacts for any absorbing semiconductor.
Furthermore in comparison to many inorganic elements and compounds, many organic materials
do not need costly vacuum deposition and high temperature processes but can be cheaply solu-
tion processed involving only low temperature treatments. Based on the concepts introduced in
the previous sections the criteria for a perfect hole / electron selective organic contact for highly
efficient solar cells are:

• Alignment of the valence band / conduction band to the absorber, so a band offset neither
inhibits hole / electron collections nor reduces the voltage

• High p-doping / n-doping, EF close to the valence / conduction band, to access the full
Fermi level splitting in the absorber

• A large offset to the conduction band / valence band of the absorber, to provide blocking
of electrons / holes

• A wide band gap or a low absorption coefficient for a low parasitic absorption

• High conductivity for effective charge transport

• Defect-free heterointerface
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1.3 Motivation: The Hybrid Heterojunction Silicon Solar Cell

This hybrid heterojunction concept can be applied to all kinds of solar absorbing semiconduc-
tors. A prominent example are the currently strongly investigated methylammonium lead halide
perovskites as novel solar absorbers. So far perovskite solar cells have been exclusively het-
erojunction devices. While this perovskite itself is a hybrid material, also the device structure
relies on inorganic and organic charge carrier selective contacts. In nearly all devices the hole
selective contact is provided by an organic molecule or polymer (e.g. spiro-MeOTAD [36], PE-
DOT:PSS [37, 38]). In most cases the electron selective contact is provided by a metal oxide
(e.g. titanium oxide [36]), but there are also a few reports were the fullerene derivative PCBM
was used [37, 38]. This new solar cell technology is a perfect example for the key importance of
proper contact engineering.
As silicon solar cells are dominating the PV market and will be especially relevant for the future
of all-renewable energy production, applying this hybrid heterojunction concept to crystalline
silicon will be the focus of this thesis. Fig. 1.11 a and b show a schematic of such device and the
corresponding energy level alignment under illumination. This ideal illumiated band diagram
is essentially independent of the doping of the silicon substrate. As the bulk lifetime of n-type
silicon wafers is generally better than for p-type, the band diagram in dark is shown for n-type
in Fig. 1.11 c. The criteria above imply that for silicon two high conductive wide-band gap or-
ganic materials have to be found, one highly p-doped with a HOMO at 5.17 eV and one highly
n-doped with a LUMO at 4.05 eV. While there are already some approaches towards an organic
hole selective contact, which will be reviewed in the following and is the focus of this thesis,
there has been no report of organic electron selective contacts for silicon and this will be further
specified in the discussion.
The first approach towards a hybrid rectifying junction on silicon has been made in the 1990 by

Sailor et al. [39]. They used a polymer based on a polyacetylene (PA) backbone with (CH3)3Si
side groups doped with iodine, reaching a specific resistivity as low as 1-0.2 Ωcm, to form a
junction with n-doped silicon. The corresponding solar cells exhibited high open-circuit volt-
ages of up to 640 meV, showing a large improvement compared to similar devices with a gold

Figure 1.11: a) Schematic of an ideal hybrid heterojunction silicon solar cell and b) the
corresponding energy level alignment under homogenous illumination independent of the
silicon doping. c) Band diagram in the dark for a n-doped silicon base.
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Schottky junction. Measurements were not performed under standard conditions, allowing no
determination of the efficiency. In the following decade there was rarely any research following
this topic. In 2007 polyaniniline (PANI), by that time reaching conductivities of up to 100 S/cm,
was also tested as a hole selective contact for crystalline silicon [40] and amorphous silicon [41].
Exhibiting a low FF and a reduced JSC due to low lateral resistance and parasitic absorption of
the polymer, the VOC reached around 0.5 eV [40]. For both approaches based on PA and PANI
the energy levels of the polymers used in these cases are not known. One can only speculate
that due to the high observed open-circuit voltages the HOMO must have been close to the EV

of silicon and the derivatives must have been in a highly doped state.
Another class of organic semiconductors, that has reached high conductivities are polythio-
phenes. Poly(3-hexylthiophene) (P3HT), extensively used in all-organic bulk heterojunction
solar cells as active material [42], has also been investigated as a hole selective contact for sil-
icon [43]. The HOMO of P3HT is at 5.1 eV [44], almost perfectly matching the EV of silicon.
Hybrid solar cells based on P3HT and n-type silicon have reached efficiencies of up to 10 % [43].
When combined with an inorganic electron selective back contact based on a-Si a VOC of up to
617 meV could be reached [45]. In comparison to other organic semiconductors it exhibits ac-
ceptable conductivity (up to 1 S/cm [46]) and mobility (µ ≈ 10−4cm2/V s [47]) through strong
doping. But to prevent efficiency limitation in solar cells by high series resistance the polymer
thickness has to be kept low and it has to be combined with a continuous carrier collecting elec-
trode. P3HT has a band gap of around 1.85 eV [42] and therefore absorbs a non negligible part
of the solar spectrum. In organic semiconductors the absorption of photons does not directly lead
to generation of free carriers but to a rather strongly bound exciton. Exciton dissociate demands
additional energy provided at a charge separating interface, an necessary over-potential. Also
the exciton diffusion is usually only some nm, making it difficult to dissociate them in a planar
layer. So the part of the light absorbed by the polymer in the hybrid solar cell is lost as parasitic
absorption. A perfect charge carrier selective contact as suggested would therefore be a material
with very low absorption.
As discussed in the previous sections, besides proper energy level alignment at a heterojunction,
the suppression of recombination due to interface defects states by a proper passivation is as
important. To realize perfect hybrid heterojunction solar cells energy level alignment as well as
the chemical structure at the interface has to be investigated and optimized in detail.
Additionally to the perfect organic charge carrier selective contacts for a highly efficient hybrid
heterojunction, also suitable charge carrier collecting electrodes have to be implement as shown
in Fig. 1.11 a. Especially for the front electrode the costly metal grid should be replaced by a
low cost highly transparent electrode ideally also providing encapsulation of the organic charge
carrier selective contact.
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2 Cumulative Part

The work presented in the cumulative part of this thesis has contributed to research towards an
highly efficient hybrid heterojunction silicon solar cell in two topics. The main focus lies on
the investigation of an organic hole selective contact for silicon. Furthermore, the work has
contributed to the development of a new high transparent charge carrier collecting electrode for
solar cells.

2.1 PEDOT:PSS as a Hole Selective Contact for Silicon

Figure 2.1: Chemical formula
of PEDOT:PSS (Celvios PH
1000).Thesis Publication [48]

Another conjugated polymer based on sulfur heterocycles
(thiophenes), like the previously discussed P3HT, is the
polythiophene poly(3,4-ethylenedioxythiophene) (PEDOT).
As other conjugated polymers it becomes conductive when
electrons are removed or added from the π-orbitals via dop-
ing. Especially in a complex with poly(styrene sulfonate)
(PSS) which acts as a charge counter balance to the oxidized
(removal of electrons) PEDOT backbone during polymeriza-
tion, highly doped states can be achieved [49]. The chemical
structure of PEDOT:PSS is depicted in Fig. 2.1. The light
absorption of PEDOT strongly depends on the doping. In
its undoped state PEDOT exhibits a band gap absorption at
around 2.2 eV, while with doping only weaker absorption re-
lated to the formation of bipolaron bands is observed [50].
This is also supported by theoretical calculations for polythiophenes [51]. In its highly doped
state PEDOT is mostly transparent in the visible region [50]. It shows a weak broad band ab-
sorption in the visible and high absorption only for wavelength ≤ 300 nm related to excitation
of the benzene ring in PSS and thiophene in PEDOT [52, 53]. Fig. 2.2 shows the optical spectra
of the PEDOT:PSS solution used in this thesis (PH1000 [54]) on glass. The ∼ 100 nm thick
polymer layer absorbs less than 10 % of the light in the visible region. Besides acting as a
counter balance in syntheses accordingly as doping, PSS also leads to a stable micro dispersion
in water, making it an easy-to-process solution [49]. By adding a polar solvent to the polymer
mixture, like dimethyl sulfoxide (DMSO), known in the literature as ‘secondary doping‘, par-
ticularly high conductivities of up to 1000 S/cm can be reached [55, 56]. In Fig. 2.3 the sheet
resistance of PEDOT:PSS (PH1000) mixed with 5 % DMSO is shown for various polymer layer
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Figure 2.2: Optical spectra in the vis-
ible region of ∼ 100 nm PEDOT:PSS
(PH1000) on glass. The inset shows a
picture of a glass substrate partly cov-
ered by PEDOT:PSS.

Figure 2.3: Sheet resistance measured
in a van der Pauw setup of differently
thick PEDOT:PSS layers on glass as
well as the specific conductivity ex-
tracted from the red fit curve.

thicknesses, realized by variation of spin-coating parameters during solution processing. The
specific conductivity of the solution is ∼ 680 S/cm, extracted by fitting the values in Fig. 2.3.
An additional post-treatment by immersion of PEDOT:PSS films in polar solvents after prepara-
tion has recently been suggested in literature to increase the specific conductivity of the polymer
films even further to values of 1200 - 3000 S/cm [57–59].

Figure 2.4: Ultraviolet photoelectron spectrum of a PEDOT:PSS film using 6.5 eV excita-
tion energy. (a) Secondary electron cut-off (SECO) fitted by a Boltzmann sigmoid function
for extraction of the work function qΦP and (b) valence band states near the Fermi level EF
with a linear extrapolation to the valence band edge EV,P. Thesis Publication [60]
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2.1 PEDOT:PSS as a Hole Selective Contact for Silicon

Depending on the particular solution PEDOT:PSS exhibits a work function of around 5.0-5.2 eV [61–
63]. By probing the density of valence band states (DOVS) with ultraviolet photoelectron spec-
troscopy (UPS), the work function as well as the position of the valence band edge EV relative to
the Fermi level EF can be determined. The PEDOT:PSS solution used in this thesis was probed
with an excitation energy of 6.5 eV [60]. The photoemission close to the secondary electron
cut-off (SECO) and close to EF is depicted in Fig. 2.4, respectively. The extracted work function
of the here used PEDOT:PSS solution is 5.15 ± 0.02 eV. Furthermore, the UPS spectrum shows
filled (valence) states up to the Fermi level, as expected for a very highly p-doped polymer as
PEDOT:PSS. The valence band edge EV lies 80 ± 20 meV above EF , so at about ∼5.1 eV. This
large DOVS at EF has also been shown for other highly doped PEDOT solutions [64].
The valence band at about ∼5.1 eV, the work function at about 5.1-5.2 eV, the low absorp-
tion in the visible and the high conductivity makes the polymer mixture PEDOT:PSS a very
promising candidate for a hole selective contact matching to silicon, while efficient blocking of
electrons and a low recombination at the interface has to be investigated. Photovoltaic devices
combining PEDOT:PSS and crystalline silicon have first been proposed in 2010 [65].

2.1.1 Contact Type and Band Alignment

Figure 2.5: Schematic of the fabricated n-
Si/PEDOT:PSS solar cell device structure used
in the following two publications. The surface
of the silicon wafer is structured by resist to de-
fine an active area for the spin coated polymer.
The front electrode is a top evaporated Au grid
and the back electrode a scratched In/Ga eutec-
tic Thesis Publications [60].

Hybrid solar cells relying on an interface be-
tween highly doped PEDOT:PSS and silicon
have been treated as Schottky junction de-
vices [65–68], owing to the description of PE-
DOT:PSS for being in its metallic state [49,
64]. This assumption has been tested in the
following work of this thesis. To do so, so-
lar cell devices with a long monocrystalline
silicon base, to exclude significant contribu-
tion from the back contact, featuring a PE-
DOT:PSS front contact have been fabricated.
As only the front contact is used for charge
carrier separation a n-doped silicon wafer is
used for maximal solar cell performance in
this device structure. A schematic of a hybrid
n-Si/PEDOT:PSS solar cell, as investigated in
the following thesis publications, is sketched
in Fig. 2.5.
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Thesis Publication: Interface investigation of planar hybrid n-Si/PEDOT:PSS solar cells
with open-circuit voltages up to 645 mV and efficiencies of 12.6 %

Matthias Pietsch, Sara Jäckle, and Silke Christiansen. Interface investigation of planar hybrid

n-Si/PEDOT:PSS solar cells with open-circuit voltages up to 645 mV and efficiencies of 12.6 %.

Appl. Phys. A, 115(4):1109-1113, 2014.

Summary In this work we have studied the influence of the silicon substrate doping concen-
tration (ND) on the performance of planar n-Si/PEDOT:PSS solar cells. Fig. 2.6 illustrates the
measured illuminated J-V curves of the fabricated devices. They show a high open-circuit volt-
age (VOC) with a maximum value of 645 mV, which was to our knowledge the highest so far
reported value, and a short-circuit current density (JSC) of ∼ 30 mA/cm2. Power conversion effi-
ciencies (PCE) of up to 12.6 % are achieved. It is observed that the VOC increases with increasing
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Figure 2.6: J-V-characteristics of photovoltaic
behavior of PV devices under AM1.5 irradia-
tion spectrum with different substrate doping
concentrations.
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Figure 2.7: Graphical summary of n-
Si/PEDOT:PSS solar cell device pa-
rameters for different substrate doping
concentration.

ND, while the JSC slightly decreases as depicted in Fig. 2.7. Assuming an ideal diode under il-
lumination at open-ciruit (J = 0), the VOC of a solar cell mainly depends on the dark saturation
current density J0 and the short-circuit current density JSC.

VOC ≈
kBT

q
ln
(

JSC

J0

)
Schottky junction: J0 = A∗∗T 2 exp

(
qφB

kBT

)
With the small decrease in JSC with higher ND, the increase of the VOC has to rely on a decrease
in J0. In a Schottky diode, however, the dark current is dominated by thermionic emission of
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2.1 PEDOT:PSS as a Hole Selective Contact for Silicon

majority carriers in the semiconductor at the junction while the contribution of minority carrier
recombination in the bulk is neglectable. J0 following the thermionic emission diffusion theory
mainly depends on the Schottky-barrier height φB. φB is given by the difference between the
metal work function and the electron affinity of silicon slightly decreased by image force low-
ering. It follows that φB is almost independent of ND and should if at all slightly increase with
higher ND. Accordingly J0 should also slightly increase, leading to a lower VOC with higher ND,
in contrast to the observed trend. Therefore the formation of n-Si/PEDOT:PSS interfaces can not
rely on a Schottky junction. The high VOC, achieved for the hybrid solar cells in this work, is
comparable to the one in conventional pn-homojunctions.

Own Contribution All presented work, from preparation of structured substrates, sample
characterization, up to data analysis was conducted by Matthias Pietsch and the thesis author.
The preparation of samples includes the development of the device design and appropriate
shadow masks, UV lithography, spin coating and metal evaporation. Sample characterization
includes dark J-V, photo response and EQE measurements. The scripting of the manuscript was
carried out by Matthias Pietsch. The thesis author contributed by discussion, corrections and
changes together with Silke Christiansen.

Thesis Publication: Junction formation and current transport mechanisms in hybrid n-
Si/PEDOT:PSS solar cells

Sara Jäckle, Matthias Mattiza, Martin Liebhaber, Gerald Brönstrup, Mathias Rommel, Klaus

Lips, and Silke Christiansen. Junction formation and current transport mechanisms in hybrid

n-Si/PEDOT:PSS solar cells. Sci. Rep., 5:13008, 2015.

Summary In this work we investigated the junction formation and the current transport mech-
anism governing silicon solar cells with a charge separating PEDOT:PSS front contact in great
detail. Following the investigation of the previously presented publication, additionally to the
photoresponse of the solar cells also capacitance and dark current-voltage measurements in de-
pendence of the silicon doping concentration ND were analyzed. To quantify the VOC, expected
when assuming that n-Si/PEDOT:PSS can be described as a Schottky diode, we extract the build-
in voltage ψbi at the junction and ND of the silicon substrate from the capacitive response (C-V)
of the solar cells. The measured band bending ψbi shows that the n-type silicon is completely
inverted to p-type silicon on the surface by PEDOT:PSS. The polymer actually induces a strong
inversion (qψbi > Eg−2(EC−EF)) on all tested silicon substrates with different ND. Assuming
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ideal band bending, as being given by the work function difference of the two materials, the
work function of PEDOT:PSS qΦP can be estimated as 5.00-5.06 eV, very well matching the
value extracted by UPS measurements (see Fig. 2.4). This proves that Fermi level pinning at
the defects of the silicon surface, which is usually observed at n-Si/metal Schottky junctions and
often at heterojunctions with silicon, does not occur for this hybrid junction. These results are
expressed in a band diagram in Fig. 2.8 for the n-Si/PEDOT:PSS interface, exemplary for the
silicon substrate with the highest doping concentration. With the values extracted from the C-V

Figure 2.8: Junction formation at hybrid n-
Si/PEDOT:PSS interfaces. Schematic of the
band structure for a silicon bulk doping con-
centration of ND = 1.6 × 1017 cm−3 using val-
ues extracted from capacitance (C-V), UV pho-
toelectron spectroscopy (UPS) measurements
and literature data [10].
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Figure 2.9: Dependence of the mea-
sured VOC on silicon doping concen-
tration ND of n-Si/PEDOT:PSS so-
lar cells compared to calculated val-
ues using parameters from capac-
itance (C-V), surface photovoltage
(SPV) measurements and literature
data [69].

measurements, a Schottky-barrier height of φB ≈ 0.95 eV is calculated, accounting for image
force lowering. The dark saturation current density J0 and accordingly the VOC for an ideal diode
assuming a Schottky junction can be determined, following the equations presented in the pre-
vious publication. J0 is in the range of 0.1-1 nA/cm2. Fig. 2.9 shows that the measured VOC

(black) lies well above the calculated values between 441 mV and 470 mV assuming a Schottky
junction (green). Even though the n-Si/PEDOT:PSS junction exhibits a large build-in voltage,
strongly inverting silicon at the interface, explaining the dark current transport in the device by
thermionic emission of majority carriers is insufficient. The Schottky junction assumption is
neither reflecting the observed ND dependency nor the high values of the VOC.
The minority carrier diffusion length Lp in the four differently doped n-type silicon wafers was
determined by surface photovoltage (SPV) measurements. As intended for a long-base de-
vice, for all substrates used Lp is smaller than the wafer thickness. If we now premise that
n-Si/PEDOT:PSS is not a Schottky junction but a heterojunction providing a sufficient barrier
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2.1 PEDOT:PSS as a Hole Selective Contact for Silicon

for majorities, the diffusion and recombination of the minority carriers in the silicon bulk will
dominate the dark saturation current density. If only accounting for bulk recombination outside
the space charge region the dark saturation current density is given by the Shockley equation,
describing an one-sided abrupt p+n-junction.

Shockley equation: J0 =
ni

2µPkBT
LPND

J0 calculated with the Shockley equation shows a clear decrease with increasing ND from 8 to
0.04 pA/cm2. The magnitude differs at least by a factor of 100 compared to J0 assuming a Schot-
tky diode. The calculated VOC from 563 mV to 696 mV (blue in Fig. 2.9) replicates the doping
dependency of the measured values very well and only slightly overestimates the magnitude.
This small deviation can be reduced by not only assuming bulk recombination but also include
recombination in the space charge region as well as parallel and series resistance of the solar cell
using the the two-diode model. Fitting the dark J-V curves to the two-diode model by a least
square routine, leads to extracted J0 correctly predicting the measured VOC.
Treating long-base n-Si/PEDOT:PSS solar cells like a conventional p+n-junction and not, like
commonly assumed, a Schottky junction leads to a comprehensive explanation of the high ob-
served open-circuit voltages of up to 634 mV connected to high conversion efficiency of almost
14 %, achieved even for simple planar device structures without anti-reflection coating or an op-
timized back contact. This work proves that hybrid n-Si/PEDOT:PSS interfaces should be con-
sidered abrupt p+n-semiconductor-semiconductor-heterojunctions. Furthermore it shows that
PEDOT:PSS promises to be a great hole selective contact for silicon as in these long-base solar
cells not the front junction but the bulk diffusion of minority carriers governs the dark current
and restricts the open-circuit voltage.

Own Contribution The thesis author fabricated all polymer films and devices and carried out
the device measurements. Gerald Brönstrup numerically analyzed the dark J-V curves. Mathias
Rommel conducted and evaluated the SPV measurements. UPS measurements were done and
analyzed by Martin Liebhaber in discussion with Klaus Lips. All further data interpretation and
calculations were carried out by the thesis author in close collaboration with Matthias Mattiza
and discussion with Silke Christiansen. The manuscript was prepared by the thesis author and
edited by all authors.
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2.1.2 Chemical Structure of the Interface

At a heterojunction besides proper band alignment, the state of the interface is as important.
Defects related to the interface can be strong centers of recombination, corrupting the perfor-
mance as a charge carrier selective contact. Depending on the quality of the interface and the
device structure this can limit the efficiency of solar cells. All high efficiency silicon solar cell
concepts rely on a short silicon base. Assuming proper band-alignment, different to long-base
devices, bulk recombination will usually not be the limiting mechanism but recombination at the
contacts. Keeping this in mind, the primal question that arises for the junction between silicon
and PEDOT:PSS is; what is the chemical structure of the buried interface.

Thesis Publication: Unveiling the hybrid n-Si/PEDOT:PSS interface

Sara Jäckle, Martin Liebhaber, Jens Niederhausen, Matthias Büchele, Roberto Félix, Regan G.

Wilks, Marcus Bär, Klaus Lips, and Silke H. Christiansen. Unveiling the hybrid n-Si/PEDOT:PSS

interface. ACS Appl. Mater. Interfaces, 8(13):8841-8848, 2016.

Summary In this work, we produced PEDOT:PSS layers that are sufficiently thin to allow for
non-destructive probing of the buried hybrid interface with silicon by synchrotron-based hard
X-ray photoelectron spectroscopy (HAXPES). We show that a post-treatment of the polymer
films by immersion in DMSO reduces the layer thickness almost by half. PEDOT:PSS exhibits
a fine grain-like structure, visible in AFM images, matching the in literature suggested morphol-
ogy of ∼ 20 nm large conductive PEDOT:PSS grains surrounded by excess PSS. The change

Figure 2.10: Schematic of the morphology of PEDOT:PSS on silicon before and after the
DMSO post-treatment probed by hard X-rays.

40



2.1 PEDOT:PSS as a Hole Selective Contact for Silicon

in chemical composition of PEDOT:PSS related to the DMSO post-treatment is observed us-
ing HAXPES. Contributions from the different chemical states of sulfur related to PEDOT and
PSS (compare chemical formula in Fig. 2.1) are visible in the surface sensitive S 1s core level
spectrum. The post-treated PEDOT:PSS clearly displays a strongly increased PEDOT to PSS
signal ratio from 1:2.5 to 1:1.1. This suggests that the DMSO post-treatment removes most or all
excess PSS shell material in the PEDOT:PSS film. The sheet resistance increases only slightly
after the post-treatment, accordingly the specific conductivity doubles, indicating that the excess
PSS was not actively taking part in the charge transport through the polymer layer. Furthermore,
we prove that the immersion in DMSO has no negative impact on the principle functionality
of hybrid n-Si/PEDOT:PSS solar cells. Especially an unchanged open-circuit voltage suggest
that the mechanisms at the hybrid interfaces with and without post-treatment are comparable.
Devices with post-treated layers show a slightly reduced efficiency due to a less favorable anti-
reflective behavior of the thinner polymer on silicon. PEDOT:PSS layers from standard solution
processing are too thick to probe the buried hybrid interface with silicon using HAXPES, but
the DMSO post-treatment removes enough material to detect a clear signal from silicon, while
still maintaining a closed layer, as illustrated in Fig. 2.10. The Si 2s core level spectra of sili-
con covered by PEDOT:PSS with DMSO post-treatment freshly prepared and after being stored
for two weeks in a nitrogen glovebox are shown in Fig. 2.11. For reference, spectra of a bare
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Figure 2.11: Si 2s photoemission spectra of silicon substrates which are a) freshly HF-
dipped and b) 2 weeks oxidized in ambient as well as covered with PEDOT:PSS and post-
treatment with DMSO c) directly after preparation and d) after storage of two weeks in
nitrogen. Besides the elemental silicon, silicon dioxide and silicon sub-oxides are indicated.
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freshly HF-dipped and a two weeks in ambient oxidized silicon substrate are also presented. As
expected, the silicon substrate with an H-passivated surface shows essentially only one peak re-
lated to elemental silicon (Si0), while the two weeks in ambient air oxidized silicon wafer shows
additional a distinct shoulder located at ∼ 3.6 eV higher Ebind corresponding to silicon dioxide
(Si4+). Close inspection of the Si 2s core level spectra of the freshly prepared n-Si/PEDOT:PSS
sample also reveals a clear shoulder at the high binding energy side of the main Si0 feature. It is
slightly less shifted with respect to the elemental silicon peak (∼ 2.4 eV), pointing to the pres-
ence of a sub-oxide species (i.e. Si2+ and/or Si3+). A rough estimation through comparison of
photoemission intensities let us estimate the thickness of the interfacial sub-oxide layer - that is
already present at the freshly prepared n-Si/PEDOT:PSS interface - to be approximately 1.5 nm.
The spectra of the n-Si/PEDOT:PSS sample being stored for two weeks in nitrogen immediately
after preparation shows an even more pronounced shoulder, exhibiting features related to sub-
oxides as well as one indicating the presence of silicon dioxide. The estimated thickness of the
interfacial mixed silicon dioxide and silicon sub-oxide is approximately 1.9 nm. This shows that
the silicon surface at the buried hybrid interface continues to oxidize even if stored in nitrogen.
Our results prove that hybrid n-Si/PEDOT:PSS solar cells fabricated under ambient conditions,
as usually done, will always have a thin interfacial sub-oxide layer present in the device, which
will continue to oxidize even when stored under inert conditions. Although solar cells featuring
a Si/SiOx/PEDOT:PSS charge carrier selective junction initially work quite well, the continuous
oxide growth will most likely deteriorate the interface with time, eventually leading to a degra-
dation of the initial cell performance. Also native oxide might not be the ideal passivation of the
silicon surface providing low interface recombination, essential for high efficiency silicon solar
cells. Therefore we conclude that a stable interface guaranteeing passivation of all defects on
the silicon surface will be indispensable, e.g. by a defined inorganic tunnel layer or an organic
termination through stable covalent bonds of the silicon surface.

Own Contribution The thesis author and Martin Liebhaber developed in discussion with and
supervision by Klaus Lips and Silke Christiansen the basic idea of this work. The thesis author
fabricated all polymer films and devices and carried out the device measurements. HAXPES data
was acquired by Martin Liebhaber and the thesis author under the supervision of Roberto Félix
and Regan G. Wilks. The HAXPES data was analyzed and all further calculations were carried
out by the thesis author, Jens Niederhausen and Martin Liebhaber in discussion with Roberto
Félix, Regan G. Wilks, Marcus Bär and Klaus Lips. AFM measurements were conducted and
evaluated by Matthias Büchele and the thesis author. The manuscript was prepared by the thesis
author and edited by all authors.
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2.2 Encapsulated Silver Nanowires as Carrier Collecting Front Electrode

In addition to perfect organic charge carrier selective contacts for a highly efficient hybrid hetero-
junction solar cell also suitable carrier collecting electrodes have to be implemented. Especially
the front contact should be provided by a low cost highly transparent electrode ideally also pro-
viding encapsulation for the organic charge carrier selective contact, because of the sensitivity of
organic conductive materials to oxygen and moisture [70]. All-organic solar cells are commonly
encapsulated by glass and sealed with epoxy [71]. Alternatively thin insulating metal oxides
like aluminum oxide (Al2O3) deposited by atomic layer deposition have been shown promising
for encapsulation [72, 73]. In an ideal case, also for the perfect hybrid heterojunction silicon
solar cell, one could combine the necessity of a low resistive highly transparent charge carrier
collecting electrode with encapsulation in one layer.
Inorganic solar cells, especially wafer-based, mostly rely at least additionally on metal grids
as front electrodes. Very common in conventional devices are grids from screen printing silver
(Ag). Grid-like electrodes reflect parts of the incident sunlight and shadow countable areas of the
active solar cells. About∼ 3 g of silver are needed per m2 for a proper front grid [21], essentially
adding to the cost of solar cells.

Figure 2.12: Electrical resistance of AgNW network with
time and temperature. Inset: (a) Scanning electron micro-
scope (SEM) images of AgNWs before and (b) after an-
nealing at 250 ◦C for 3 minutes. Thesis Publication [74]

Recently metal nanowire networks
have been suggested as highly trans-
parent electrodes [75]. Especially
silver nanowire (AgNW) networks
seem to be a promising candi-
date as transparent conducting ma-
terial. Silver can be synthesized
in its nanoscale particle form (e.g.
colloids, nanowires, platelets etc.)
by a reduction from silver nitrate
(AgNO3) containing solutions [76].
AgNW networks from such solu-
tions exhibit a transparency of about
80 % at a sheet resistance of below
10 Ω/sq [77, 78]. To reach this low
resistivity removal of residuals from
the synthesis and local sintering at the contact between the wires is necessary, e.g by a heat
treatment [74, 79], also demonstrated in Fig. 2.12. These networks promise far less material
consumption than even optimized screen printed grids due. However, AgNW networks as front
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electrodes for solar cells have to be sufficiently chemically, thermally and mechanically stable.
Already established as highly transparent electrodes are transparent conductive oxides (TCO)
based on doped metal oxide showing low electrical resistivity. They are an essential part of op-
toelectronic devices such as flat-panel displays (FPD) or light emitting diodes (LEDs) [80] as
well as HIT PV-technology [81]. But currently industrially used metal oxides such as indium tin
oxide (ITO) suffer from high material costs and relatively low abundance (e.g. indium (In)) and
thus still seek alternatives. Ongoing research focuses on other TCO, especially doped zinc oxide
(AZO) [82]. The wide band gap semiconductor ZnO is an attractive candidate for transparent
electrodes because of its optical properties, non-toxicity and low cost. However, intrinsic ZnO
exhibits a high resistivity, depending on non-stoichiometry, unintentional doping and growth pa-
rameters. To increase conductivity, ZnO can be degenerately n-doped e.g. by aluminum reaching
a resistivity as low as 0.2-0.3 mΩcm [82]. One deposition technique to prepare AZO is atomic
layer deposition (ALD) [83]. With this method a slightly higher resistivity of about 2-3 mΩcm
is achieved [84] but also conformal and homogeneous AZO coatings even on three- dimensional
architectures with high aspect ratios can be realized.
Combining AgNWs and AZO films in a nanocomposite systems appears to be a promising way
to eliminate disadvantages of both separate materials.Very recently AgNW networks have been
combined with sputtered ZnO [85] and solution processed AZO [86] as high quality electrodes
for thin film solar cells. Deposition of the metal oxide by ALD has the advantage of promising
truly homogenous coverage of the AgNWs, and first results published present an electrode with
a sheet resistance of ∼ 30 Ω/sq at 80 % transparency [87].

Thesis Publication: Encapsulation of silver nanowire networks by atomic layer deposition
for indium-free transparent electrodes

Manuela Göbelt, Ralf Keding, Sebastian W. Schmitt, Björn Hoffmann, Sara Jäckle, Michael

Latzel, Vuk V. Radmilović, Velimir R. Radmilović, Erdmann Spiecker, and Silke Christiansen.

Encapsulation of silver nanowire networks by atomic layer deposition for indium-free transpar-

ent electrodes. Nano Energy, 16:196-206, 2015.

Summary In this work we have systematically investigated wet-chemically synthesized AgNW
networks encapsulated in the transparent conductive oxide AZO and their application as highly
transparent electrodes in solar cells. The AgNWs were synthesized using polyol reduction of
AgNO3, having an average length of 5.81 µm and diameter of 118 nm. Random networks of
AgNWs are drop-casted. To increase the electrical contact between the wires the samples are
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heated, following the results presented in Fig. 2.12. Such AgNW networks with a transparency
of∼ 80 % on glass exhibits a sheet resistance of 18 Ω/sq. However, if this electrode is applied to
silicon wafer based solar cells with a diffused pn-junction the solar cell shows only poor perfor-
mance. The solar cell exhibits a low fill factor (FF) and high series resistance (RS) because of the
insufficient adhesion (small contact area) of the AgNWs to the silicon surface. AZO films were
fabricated by atomic layer deposition at 200 ◦C, by combing cycles of ZnO and Al2O3 resulting
in a Al concentration between 1.5 and 3.37 at% in the film. A 100 nm AZO layer exhibits a
transparency of about 80 % but a high sheet resistance of 368 Ω/sq, and is therefore not suitable
as an electrode for solar cells (see Fig. 2.14).

Figure 2.13: SEM images of annealed AgNWs encapsulated by a 100 nm thick layer of
AZO: (a) overview of the AgNW network, (b) close-up of a FIB cut cross section of the
AgNWs and (c) close-up of an encapsulated AgNW junction.

We have combined these two materials by coating the deposited and heated AgNWs networks
with 100 nm of AZO. Fig. 2.13 shows an overview of the encapsulated wires and reveals full
coverage of the substrate between them. The focused ion beam (FIB) cross section in Fig. 2.13 b
highlights the very conformal and uniform coating of the annealed AgNWs by the AZO layer.
Scanning transmission electron microscope (STEM) cross section images reveal that the AZO
also grows underneath the AgNWs. In Fig. 2.13 c the granular structure of the AZO coating is
visible and selected area electron diffraction measurements performed in the STEM prove that
it is nano-crystalline. For high conductive electrodes the percolation of the AgNWs is essential.
Therefore the surface coverage of AgNWs encapsulated with AZO is analyzed with an advanced
image processing routine on large areas of stitched together SEM pictures. A coverage of the
surface with 16.36 % encapsulated AgNWs is below the percolation threshold and 34.04 % is
above. An electrode combining percolated AgNW networks and AZO exhibits a very low sheet
resistance of 12 Ω/sq at a transmittance of∼ 60 %. While the sheet resistance is comparable
to pure AgNW network electrodes the transmittance is increased due to scattering of light from
AgNWs into the AZO film.
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Figure 2.14: Illuminated current density-voltage (J-V)
characteristics of silicon wafer-based solar cells with a
diffused pn-junction featuring different top electrodes.

Solar cells featuring the perco-
lated AgNW/AZO composite elec-
trode show improved performance,
as seen in Fig. 2.14, compared to
the ones with the separate mate-
rials as well as in comparison to
a reference with a thermally evap-
orated Ag metal grid. All solar
cells without the metal grid show
an improved photocurrent density
but only the one with the perco-
lated AgNW/AZO electrode also ex-
hibits a low series resistance of
4.4 Ωcm2, and correspondingly a
large FF. Compared to the pure AgNW network, this shows that the AZO contributes to the
electrode also by drastically decreasing the contact resistance to the silicon surface, due to
an increased contact area by coverage of the whole substrate. The high JSC and the low RS,
which is in the same order of magnitude as for a thermally evaporated silver grid, prove that
AgNW/AZO composite electrode are a technologically relevant alternative to metal grids. A
rough estimation of the amount of silver used reveals that only ∼ 0.3 g/m2 are needed for the
percolated AgNW/AZO composite electrode, so a tenth of what is required for a conventional
front grid [21].

Own Contribution Manuela Göbelt fabricated all samples, including silver nanowires, encap-
sulation by ALD and heat treatment. The thesis author contributed to the work by performing,
analyzing and discussion of electrical measurements of electrodes and solar cells with Manuela
Göbelt and Sebastian Schmitt. Ralf Keding analyzed the percolation of NW networks by image
processing. SEM images were taken by Manuela Göbelt and of the cross section through FIB
milling by Björn Hoffmann. STEM imaging was carried out by Vuk V. Radmilović, Velimir R.
Radmilović and Erdmann Spiecker. The manuscript was prepared by Manuela Göbelt and edited
by all authors.
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3 Discussion - Recent Related Research

In this section the results of the cumulative part will be discussed in the context of additional
work that has been done by the thesis author as well as recent research that has been published
in the field.

3.1 Degradation and Encapsulation of n-Si/PEDOT:PSS Solar Cells

Concerning the development of novel transparent conductive electrodes replacing metal grids,
pure AgNW networks already find a wide range of application, being commercially available [88].
The AgNW/AZO composite electrode is especially interesting for applications were the elec-
trode could act as carrier collector and protection of the underlying material. A common problem
in all electronic devices containing organic materials is degradation. In commercial silicon-wafer
based solar modules the main degradation is traced back to degradation of contacts, glass and
cabling [89], while silicon itself is long-term stable. On the other hand, chemical degradation of
organic based solar cells due to oxygen, water and UV-light can very fast and effectively reduce
their efficiency [70].
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Figure 3.1: Illuminated J-V-curves of degrading n-
Si/PEDOT:PSS solar cells, similarly fabricated as in
Thesis Publication [48].

When a n-Si/PEDOT:PSS solar cell is
stored for 2 weeks in daylight and air
(ambient conditions), it shows a strong
degradation of performance, depicted in
Fig. 3.1. The J-V curve than exhibits a so
called s-shape resulting in a very low effi-
ciency. There are two degradation mech-
anisms effecting the solar cell. As pre-
sented in the cumulative part an unstable
oxide is present at the interface growing
thicker with time [48]. As a reference
Fig. 3.1 shows the performance of a fresh
solar cell prepared on a 2 weeks natively
oxidized silicon wafer. The presents of a
thick oxide at the interface has a negative
effect on the performance but the device does not show a strong s-shape as in the degraded solar
cell. If the solar cell is stored in nitrogen instead only a very small degradation is observed,
possibly also related to oxide thickening at the interface as discussed before [48]. The second
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degradation mechanism dominant under ambient conditions is the degradation of the polymer
itself. The polymer mixture PEDOT:PSS shows a degradation of the conductivity under illumi-
nation, especially for the UV-range, seemingly related to light-induced oxidation, most strongly
if exposed to ambient air [52]. In Fig. 3.2 the degradation of the conductivity of PEDOT:PSS
with storage time is depicted (black). In contrast to many other organic conducting materials PE-
DOT:PSS is considered to be very temperature stable [90] and the main stability problem seems
to arise from the hydroscopic behavior of PSS [62]. The up-take of water also from ambient air
increase the resistivity of the PEDOT:PSS layers, possibly leading to larger insulating areas of
the non-conductive PSS [91]. Just as the hybrid solar cell, if the polymer layer is stored under
inert conditions the conductivity is almost constant (red in Fig. 3.2). Commonly s-shapes in the
J-V curves, as observed in Fig. 3.1 for the degraded solar cell, are related to energy barriers at
the interfaces and contacts or to unbalanced or very slow charge transport. As the effect of the
thicker oxide is not that strong, the s-shape is most likely due to unbalanced transport because of
the low conductivity of the degraded polymer.
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Figure 3.2: Normalized conductivity of PEDOT:PSS on glass stored under ambient con-
ditions partly encapsulated with differently thick Al2O3 layers and as reference stored in
nitrogen. The indicated Al2O3 thicknesses were measured by ellipsometry on separate sili-
con wafer pieces.

To prevent degradation in all-organic electronic devices commonly encapsulation by glass and
sealing with epoxy is used [71], but there is a vibrant research field working on thin film encap-
sulation (TFE). For a device involving organic conductive materials, coatings providing water
vapor transition rates (WVTR) below 1×10−6 g/m2day would be ideal [92]. Deposition by
ALD is very utile in this area because of the possibility to produce pinhole-free, highly uniform
and conformal films at low temperatures (RT-200 ◦C). Thin insulating metal oxides like Al2O3
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Figure 3.3: Upper picture shows n-Si/PEDOT:PSS solar cells, fabricated as in Thesis Pub-
lication [60], encapsulated with 0, 49.9, 78.1 and 102 nm of Al2O3. The lower SEM micro-
graph shows a cross section of PEDOT:PSS on silicon covered by 82 nm of Al2O3.

deposited by ALD show low WVTR of 10−3-10−5 g/m2day and promising results as encapsu-
lation e.g. of all-organic solar cells and organic light emitting diodes (OLEDs) [72, 73, 93, 94].
Especially concerning PEDOT:PSS, it has been observed for OLEDs that while a ∼ 100 nm
Al2O3 layer can provide effective protection of the organic electronic materials, small imper-
fections in the coating can lead to humidity reaching through, causing swelling of PEDOT:PSS
leading to a chain reaction of cracks forming in the encapsulation [95]. Fig. 3.2 shows the evo-
lution of the normalized conductivity of PEDOT:PSS encapsulated by differently thick Al2O3

films. The polymer films are still well conductive after encapsulation with ∼ 650 S/cm, as a
room-temperature plasma-enhanced ALD process was used to not damage the polymer by high
temperatures. While encapsulation with 10.6 nm Al2O3 is not sufficient, a layer > 50 nm only
shows slight initial degradation, similar to the polymer layer stored in nitrogen. In the SEM-
micrograph in Fig. 3.3 the quite rough PEDOT:PSS layer on silicon is covered by 82 nm of
Al2O3, exhibiting no pin holes and a smooth coverage, evening out irregularities of the polymer.
In the upper part of Fig. 3.3 a photograph of hybrid n-Si/PEDOT:PSS solar cells encapsulated
with varying Al2O3 layer thicknesses is shown. The different colors arise from a changed reflec-
tivity of the silicon substrate depending on thicknesses of the PEDOT:PSS-Al2O3 layer system
on top of the silicon wafer (see reflection in Fig. 3.4 b). The room-temperature ALD encapsula-
tion is not harming the hybrid solar cell performance, displayed in Fig. 3.4 a. Only the JSC varies
with the Al2O3 thickness as expected because of the changed EQE in Fig. 3.4 b due changed
reflectivity (see Equation 1.5 and 1.6). The encapsulated solar cells show an improved stability,
also observed by Schmidt et al. for 30 nm Al2O3 [96]. Comparing the less pronounced degrada-
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Figure 3.4: a) Illuminated J-V curves of n-Si/PEDOT:PSS solar cells partly encapsulated
with Al2O3 directly after preparation and 27 days later being stored under ambient condi-
tions (dashed lines). b) External quantum efficiency (EQE) of these solar cells as well as
their reflection (dotted lines) directly after preparation.

tion of the encapsulated devices to Fig. 3.2, suggests that with encapsulation the polymer is not
degrading but the interface is still oxidizing. As discussed in the cumulative part, the oxide at
the interface is growing with time even under inert storage conditions [48], so it might be argued
that it also grows regardless of encapsulation. For a stable performance of PEDOT:PSS as a hole
selective contact for silicon, both, a good interface passivation and encapsulation is necessary.
For better encapsulation, recently different ultrathin-layer systems (nanolaminates) deposited via
ALD e.g. Al2O3/TiO2 have been presented, showing very low WVTR down to 3×10−6 g/m2day
and stability improvement of OLED devices [92, 97]. A potential conductive encapsulation is
AZO deposited by ALD, exhibiting WVRT > 5×10−4 g/m2day [98]. Using the AgNW/AZO
composite electrode introduced in the cumulative part [74] as a front contact and encapsulation
on PEDOT:PSS in the hybrid heterojunction silicon solar cell, however is not strait-forward but
needs some additional research. Drop casting the AgNW solution on the organic polymer as well
as heating at 250 ◦C is not an option, but spray coating of AgNW while heating the substrate
to 110 ◦C has been shown to lead to networks with low resistivity [99]. To protect the organic
from any solvent, one possible solution might be to first deposit a layer of metal oxide, than
apply the AgNW and encapsulate them with a second layer of metal oxide. As the resistivity of
the electrode itself is governed by the AgNWs, the metal oxide could also easily be deposited at
temperatures below 200 ◦C. When depositing at 100 ◦C the resistivity of AZO is about 10 Ωcm,
still leading to AgNW/AZO composite electrode with a sheet resistance of 31 Ω/sq at 80 %
transparency [87]. A major drawback concerning the application of these types of electrodes as
encapsulation is that Al2O3, ZnO as well as AZO all eventually show a degradation themselves
in their function as gas barriers when exposed to damp heat conditions (85 ◦C and 85 % relative
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humidity or water vapor) [93, 100]. Recently it has been shown that SnOx deposited by ALD
at 150 ◦C reaches conductivities of 2 S/cm and WVTR of 1×10−5 g/m2day, showing very little
aging under harsh conditions. A SnOx/Ag(7nm)/SnOx stack system reaches a sheet resistance of
9 Ω/sq at 82 % transparency [100]. A reduction of temperature will lead to a lower conductiv-
ity but in combination with AgNW networks this might lead to a stable transparent conductive
encapsulating front contact.

3.2 Highly Efficient Hybrid Heterojunction Silicon/PEDOT:PSS Solar Cells

The solar cells in the cumulative part were fabricated with a long monocrystalline silicon base,
to exclude significant contribution from the back contact. Fig. 3.5 compares the performance
of two solar cells with a moderately doped long silicon base featuring two different back con-
tacts, a standard metal electrode by InGa eutektik and an a-Si(n+)/a-Si(i)/c-Si(n)-junction as
introduced in the section about highly efficient HIT solar cells with an aluminum electrode.
As expected the back contact does not significantly differ the performance of the long-base so-
lar cells. In the cumulative part it was shown that the performance of long-base silicon solar
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Figure 3.5: Illuminated J-V curves of long-base silicon solar cells with PEDOT:PSS as hole
selective front contact and either a standard metal back contact or a HIT a-Si(n+)/a-Si(i)/c-
Si(n) back junction.

cell with a PEDOT:PSS hole selective contact, depends on the diffusion of the minority car-
riers in the base and therefore on the properties of the bulk such as the doping concentration
ND [60, 101]. In short-base device on the other hand the performance should be independent of
the doping concentration of the silicon absorber as all generated carriers reach the junctions (see
Equation 1.26). This is shown in Fig. 3.6 for the extreme case of a very thin silicon absorber,
presented by an epitaxial ∼ 5 µm thin silicon moderately n-doped layer grown on an 525 µm-
thick highly n-doped (≥1019 cm−3) silicon wafer with a PEDOT:PSS front contact. The lower
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Figure 3.6: a) Iluminated J-V curves and b) EQE of solar cells with PEDOT:PSS as hole
selective front contact and a very short silicon base with different n-type doping densities.
The base is an epitaxial silicon layer grown on a n++-wafer.

photocurrent density can be attributed to the thin epitaxial layer of only a few µm while charge
carriers in the heavily doped substrate are mainly not contributing to the current, which just acts
as a back junction and electrode. The low absorption of the few µm thick absorber is also ob-
vious in the EQE of the solar cells. But most notably Fig. 3.6 a shows that the performance,
especially the open-circuit voltage, does not change under variation of the doping concentration
of the silicon absorber in contrast to a long-base device. To fully discuss the potential of PE-
DOT:PSS as an organic hole selective contact for silicon solar cells it has to be combined with an
efficient electron selective back contact in a short-base but sufficiently absorbing silicon device.
As discussed in Section 1.2.2 the band structure of amorphous silicon fits quite good as an elec-
tron selective contact to crystalline silicon, as the conduction band offset is small and the valence
band offset large. Fig. 3.7 shows a sketch and a band diagram of the suggested double hetero-
junction featuring a hybrid organic-inorganic front contact and a HIT back contact. It includes
the band offsets between c-Si and a-Si as well as the band offsets between PEDOT:PSS and c-Si.

Figure 3.7: a) Schematic and b) band diagram of heterojunction solar cell with a hybrid
PEDOT:PSS/SiOx/Si front junction and HIT back junction.
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3.2 Highly Efficient Hybrid Heterojunction Silicon/PEDOT:PSS Solar Cells

The valence band offset can be calculated with the position of the HOMO level of PEDOT:PSS
determined in this thesis by UPS [60] to be about ∆EV ≈ 0.1 eV. As the HOMO of PEDOT:PSS
is slightly above the valence band of silicon this has no negative blocking effect. The position
of the LUMO of PEDOT:PSS PH1000 as recently been determined by inverse photoemission
spectroscopy (IPES) to be 3.6 eV [102], yielding a conduction band offset of ∆EC ≈ 0.45 eV
to c-Si. Measurements of a first attempt of realizing this device is shown in Fig. 3.8 in com-
parison to a long-base device as presented before [60, 101]. Both have a silicon base with a
similar n-doping concentration of around ∼ 1×1015 cm−3. The long-base device is fabricated
on a d = 525 µm-thick wafer with a minority carrier diffusion length of L ≈ 260 µm [60], about
half the wafer thickness. The short-base solar cell is fabricated on high quality float zone wafers
with d = 280 µm. The short-base solar cell exhibits an improved VOC of 590 meV compared
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Figure 3.8: a) Illuminated J-V curve and b) EQE of a short-base silicon heterojunc-
tion solar cell with a PEDOT:PSS/SiOx/Si hole selective contact and a HIT a-Si(n+)/a-
Si(i)/c-Si(n) electron selective back contact. As comparison a long-base solar cell with a
PEDOT:PSS/SiOx/Si front contact and a metal back contact.

to 544 meV for the long-base device as well as an improved JSC of 33.1 mA/cm2 compared to
30.8 mA/cm2. A similar influence on short-base devices with PEDOT:PSS as a front junction
has been observed by comparing a pure metal back junction to one with an additional diffused
BSF [96] and to one with an additional thin TiO2 interlayer [102] as electron selective contact.
As discussed in the introduction the VOC depends on the dark saturation current density due to
recombination in the emitter, collector and the bulk. Schmidt et al. measured the dark emitter
saturation current density of a planar PEDOT:PSS/SiOx/Si emitter to be J0e = 80 fA/cm2 [96].
For the long-base solar cell in Fig. 3.8 this can be added to the contribution from the minority
carrier diffusion in the bulk (see Equation 1.25), which has been calculated for a similar wafer
in this thesis to be in the range of a few pA/cm2 [60]. Therefore J0e has no limiting influence
on the performance. In the short-base solar cell the emitter and collector are contributing to
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the dark saturation current density (see Equation 1.26). The contributions of very optimized
a-Si(n+)/a-Si(i)/c-Si(n)-junctions to the dark saturation current density has been measured to be
below 20 fA/cm2 [33]. This would lead to a total dark saturation current density and open-circuit
voltage of:

J0 = J0e + J0c ≈ 80 f A/cm2 +20 f A/cm2 = 100 f A/cm2

VOC ≈
kT
q

(
JSC

J0

)
=

kT
q

(
33.1mA/cm2

100 f A/cm2

)
= 676 meV

Obviously the here used HIT back junction does not have such a low dark collector saturation
current density, leading to an improved but still significantly lower VOC than calculated. On
long-base devices presented in the cumulative part high VOC above 630 meV could be reached
by high doping of the base but this also eventually reduces the photocurrent [60]. Using moder-
ately doped short-base devices with a PEDOT:PSS/SiOx/Si emitter and an improved a-Si(n+)/a-
Si(i)/c-Si(n) collector combined with optimized electrodes has the potential to reach VOC of al-
most 680 meV while maintaining a high photocurrent.
The EQE in Fig. 3.8 shows that most of the additional contribution to the photocurrent in the
short-base devices stems from the long wave infrared region. The indirect semiconductor silicon
exhibits a low absorption coefficient for the photons with energies just above the band gap and
therefore they will be absorbed at the back junction. In the long base they are lost if outside
the diffusion length, in the short-base devices they can be lost due to interface and surface re-
combination at the back contact. The biggest loss in EQE over a broad wavelength range and
therefore in photocurrent is due to reflection respectively transmission through the planar PE-
DOT:PSS/Si surface. To give a very rough estimate of this, the current lost to reflection can be
estimated with Equation 1.5. Using the reflection measured for a equivalent n-Si/PEDOT:PSS
solar cell (see reflection without encapsulation in Fig. 3.4) leads to a loss in photocurrent den-
sity of ∼ 8 mA/cm2. Another loss is due to parasitic absorption of PEDOT:PSS (see Fig. 2.2).
Scaling the absorption presented in Fig. 2.2 to an about 60 nm thick PEDOT:PSS layer, the loss
in photocurrent density can be similarly estimated to be about 2 mA/cm2. At least the loss in re-
flection could be greatly reduced by implementing additional surface texturing or light trapping
structures. By using an improved a-Si(n+)/a-Si(i)/c-Si(n) collector and decreasing losses in the
photocurrent due to reflection and parasitic absorption in principle it should be possible to obtain
devices with a JSC ≈ 40 mA/cm2 and a VOC ≈ 680 meV. With the FF of ∼ 0.73, achieved for
the short-base device in Fig. 3.8, this would lead to a limiting efficiency of ∼ 20 %.
However smooth coverage of a textured silicon surface has been shown to be difficult to realize.
A pyramidal structure [96, 103] as well as nanowire arrays [66, 104, 105] are most often not
completely covered by the polymer. They exhibit a lower VOC than planar devices due to the
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3.2 Highly Efficient Hybrid Heterojunction Silicon/PEDOT:PSS Solar Cells

structure η VOC JSC FF ref.
[%] [mV] [mA/cm2] [%]

frontPEDOT
PEDOT:PSS/SiOx/c-Si(n)/a-Si(i)/a-Si(n+) 14.2 590 33.1 72.7 this thesis

backPEDOT
Al2O3/c-Si(n+)/c-Si(p)/unknown/PEDOT:PSS 20.9 657 38.9 80.6 [107]

world record HIT (IBC)
a-Si(p+)/a-Si(i)/c-Si(n)/a-Si(i)/a-Si(n+) 25.6 740 41.8 82.7 [7]

upper limit
ideal 29.4 761.3 43.31 89.26 [9]

Table 3.1: Comparison of the performance of different silicon solar cell concepts.

partly free silicon surface having a greater surface recombination and therefore larger dark emit-
ter saturation current density, as shown for a pyramidal surface by KOH etching [96]. Zielke et
al. have evaded this problem by reversing the structure, so PEDOT:PSS provides a hole selective
back junction while the front junction is a diffused homojunction with a Al2O3 passivation to the
aluminum grid, additionally featuring a SiNx passivation and anti-reflective coating on the KOH
etched surface. This leads to an efficiency of above 17 % [106]. By using a new PEDOT:PSS
solution and a new surface treatment, which are both not further specified, they have recently pre-
sented efficiencies of above 20 % with PEDOT:PSS as a back side hole selective contact [107].
By additionally using an interdigitated back contact and a front surface passivation with silicon
nitride, they estimated that efficiencies of ∼ 25 % could be possible [108]. The performance of
the best silicon solar cell using PEDOT as a front contact and as back contact compared to the
world record and the upper limit silicon solar cell are collected in Table 3.1. In these advanced
high efficiency solar cells the PEDOT:PSS contact is the limiting junction, efficiency-wise but
also concerning stability. As shown in this thesis the junction is actually a Si/SiOx/PEDOT:PSS
interface. A native oxide is far from being an ideal stable passivation of the silicon surface. By
introducing a stable interlayer passivating nearly all surface defects on the silicon surface, the
dark emitter saturation current, probably mostly limited by this interface recombination, could
still be further reduced. There has been a few attempts by implementing thin layers through wet
oxidation [109], aluminum oxide [110] or organic interlayers [111, 112] as well as passivation
by covalent bonding to methyl, tiophene or EDOT [113, 114]. But as all of these have been
tested on long-base devices limited by bulk diffusion of minority carriers in the silicon base the
effect of the passivation of the interface is not significant. Testing the performance of these pas-
sivated interfaces in short-base devices with a superior back contact, measure the corresponding
dark emitter saturation current density and even use HAXPES to test the chemical structure at
the buried interface would be truly interesting to further assess the potential of PEDOT:PSS as a
perfect hole selective contact for silicon.
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4 Conclusion and Outlook

The work presented in this thesis has contributed to the development of a highly efficient hy-
brid heterojunction silicon solar cell; ideally featuring perfect organic charge carrier selective
contacts and high transparent cheap carrier collecting electrodes for both carrier types. PE-
DOT:PSS was investigated as a hole selective contact for silicon. It was shown that the junction
n-Si/PEDOT:PSS can not be described by a Schottky junction. The dark saturation current den-
sity in long-base devices is not dominated by the contribution of the majority carrier recombi-
nation at the junction described by thermionic emission but instead by minority carrier diffusion
in the silicon bulk, similar to an abrupt p+n-homojunction or semiconductor-semiconductor het-
erojunction with a well passivated interface. This gives a comprehensive explanation of the high
open-circuit voltages and promising efficiencies observed for solar cells featuring PEDOT:PSS as
a hole selective contact. Furthermore it was shown that at the interface of silicon to PEDOT:PSS
there is always a thin sub-oxide layer present, even right after standard fabrication under am-
bient conditions. The n-Si/SiOx/PEDOT:PSS junction should therefore be considered a SIS-
heterojunction. To fully comprehend the potential of PEDOT:PSS as an organic hole selective
contact for silicon, a first attempt of combining it with a good electron selective contact, in this
case a-Si(n+)/a-Si(i)/c-Si(n), in a short-base solar cell was made. Even though the solar cell
exhibits a good performance with an efficiency above14 %, recent results from literature con-
cerning the dark emitter saturation current density, suggest that in the presented case still the
electron selective back contact is limiting the solar cell. This additionally points out the quality
of PEDOT:PSS as a hole contact with high selectivity and already low interface recombination
provided by the native oxide. Nevertheless it is know from other silicon solar cell device con-
cepts, that native oxide is not an ideal passivation for silicon surfaces, so optimization of the
interface by intentional surface passivation with a tunnel oxide or organic termination through
covalent bonds might even reduced the dark emitter saturation current of the junction introduced
by PEDOT:PSS further.
Furthermore the degradation of the n-Si/SiOx/PEDOT:PSS junction was investigated. There are
two degradation mechanisms; under ambient conditions the dominant one is the degradation of
PEDOT:PSS itself, while under inert conditions or encapsulation also the instability of the in-
terfacial sub-oxide is unveiled. With storage time the thickness of the oxide interlayer increases
as does the degree of oxidation state, eventually deteriorating device performance. This again
points out that an interface layer or termination is needed, which not only passivates the silicon
surface better but also guarantees a stable, long-life device performance. The stability of the
polymer itself can be tackled by encapsulation, as shown in this thesis by an aluminum oxide
layer deposited by ALD. Ideally this encapsulation could at the same time also provide for a
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transparent conductive front electrode of the device. In the frame of this thesis a novel full-area
electrode was introduced by AgNW networks encapsulated by AZO, providing a high trans-
parency and large conductivity, needing far less material then conventional metal grids. Though
some additional research and engineering is needed to apply this electrode to hybrid heterojunc-
tion silicon solar cells and testing the ability to provide a proper encapsulation.
In this thesis a suitable organic hole selective contact for silicon was presented, for the highly
efficient hybrid heterojunction silicon solar cell a matching organic electron selective contact is
still missing. An organic semiconductor suited as an electron selective contact for silicon should
exhibit a LUMO / valence band at about 4.05 eV, high n-doping and conductivity, a wide band
gap providing a large conduction band offset and high transparency. Additionally the organic
should be stable at least with encapsulation and it should be possible to establish passivation of
the silicon surface by the organic itself or an interlayer. The range of highly conductive n-type
organic semiconductors is essentially smaller than for p-type conductors. Especially stability
issues are a major problem [115]. If considering small molecules one possibility are fullerene
derivatives, but the ones commonly used in organic [42] and also perovskite [37] solar cells have
too high LUMOs (e.g. PCBM at about ∼ 3.7 eV [116]). An interesting class of organics are
the perylene and naphtalen diimides (PDI and NDI) and their copolymers. One potential candi-
date as a electron selective contact for silicon could be the NDI-based polymer P(NDI2OD-T2)
(Polyera ActivInk N2200) exhibiting a LUMO of ∼ 4.0 eV, a band gap of ∼ 1.45 eV and a high
mobility [117, 118], but there are also various PDI copolymers showing promising energy levels
and properties [116].
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Abstract We have studied interface formation properties

of hybrid n-Si/PEDOT:PSS solar cells on planar substrates

by varying the silicon substrate doping concentration (ND).

Final power conversion efficiencies (PCE) of 12.6 % and

open circuit voltages (Voc) comparable to conventional

diffused emitter pn junction solar cells have been achieved.

It was observed, that an increase of ND leads to an increase

of Voc with a maximal value of 645 mV, which is, to our

knowledge, the highest reported value for n-Si/PEDOT:PSS

interfaces. The dependence of the solar cell characteristics

on ND is analyzed and similarities to minority charge carrier

drift-diffusion limited solar cells are presented. The results

point out the potential of hybrid n-Si/PEDOT:PSS inter-

faces to fabricate high performance opto-electronic devices

with cost-effective fabrication technologies.

1 Introduction

Among the diversity of material combinations for hybrid

photovoltaics (PV) [1], a promising approach is the type III

hybrid interface [2] with a transparent highly conductive

polymer and an absorbing inorganic semiconductor, which

permits an efficient charge carrier separation and charge

transport. As recently demonstrated, the combination of

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) and n-type silicon holds promise for some

outstanding properties of solar cells [3].

Unlike other polythiophene-based organic materials used

for hybrid solar cells, PEDOT:PSS is a water-soluble

polymer in its metallic state [4, 5] with an excellent

chemical and thermal stability. It exhibits a high conduc-

tivity and a transmission window in the visible spectral

range, constituting a suitable anode material to be combined

with n-Si as a cathode. Silicon, as a semiconducting mate-

rial, offers excellent charge carrier transport properties and

a good absorption, if light trapping structures or sufficient

material thickness are applied. Since the first publication of

crystalline n-Si/PEDOT:PSS hybrid solar cells in 2010 [6],

there was an increasing interest to control the n-Si/PE-

DOT:PSS interface for photovoltaic applications. Nano-

structured [7–10] as well as thin film substrates [8, 11] have

been used to fabricate solar cells with power conversion

efficiencies (PCE) above 11 and 6 %, respectively.

The device operation is based on a charge selective

interface between n-type Si and the synthetic, hole-con-

ducting metal PEDOT:PSS, as schematically shown in Fig.

1. High Voc values are attained [8, 11], which are com-

parable to conventional diffused pn junction solar cells.

Few publications on detailed studies of n-Si/PEDOT:PSS

interfaces [2, 12] ascribed the high Voc’s to an un-pinning

of Fermi level at the assumed ’Schottky-like’ junction.

Comparable studies at inorganic semiconductor/polymeric

metal interfaces have been reported at n-Si/poly-(CH3)3 Si-

cyclo-octatetraene junctions. Here, an influence of Si-sub-

strate doping level on the solar cell performance has been

measured [13].
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In a previous study, we have already demonstrated the

effect of ‘secondary doping’ of PEDOT:PSS on the PCE’s

[3]. It was shown, that by optimizing the hole transport

properties of the polymer primarily the short circuit current

of the hybrid solar cell has been improved. In this work, we

presented the influence of doping level (ND) of the Si-wafer

on solar cell characteristics. We make use of current den-

sity-voltage (J–V) photo response and external quantum

efficiency (EQE) measurements to monitor the dependence

of solar cell parameters on ND and show, that high PCE’s

can be achieved by a proper choice of ND. Particularly, Voc

can be tuned by ND with final values of 645 mV. Com-

paring our n-Si/PEDOT:PSS interface data with the

experimental data obtained for all-inorganic metal/semi-

conductor (MS), metal/insulator/semiconductor (MIS) and

semiconductor /insulator/semiconductor (SIS) junction

models, our measurements reveal discrepancies with the

proposed and now generally accepted Schottky junction

formation and thus suggest a revision of this model which

will be provided on experimental grounds in this paper.

2 Experimental

Hybrid n-Si/PEDOT:PSS heterojunction solar cells were

fabricated on planar n-type Si(100) CZ wafers with a

thickness of 525 lm, as schematically illustrated in

Fig. 2. To investigate the dependence of doping concen-

trations on device performance, wafers were carefully

selected to cover the range from ND = 7.0 9 1014 -

2.6 9 1017 cm-3. Samples (15 9 15mm2) were cleaned by

sonification in acetone and isopropanol. To prevent edge

leakage currents, active areas of 1.13 mm2 were defined by

UV lithography using a photoresist (nLof, Microchemicals)

and a mask aligner (Karl Süss). PEDOT:PSS (PH1000,

Clevios) was filtered with a PVDF membrane (0.45 lm

porosity) to remove agglomerations. To increase the con-

ductivity of the final film, 5 vol% DMSO was added to the

PEDOT:PSS solution. Because PEDOT:PSS is a water-

based solution, it was necessary to add a wetting agent

(0.1 vol% FS31, Capstone) to the solution to ensure a

proper interface formation on hydrophobic H-passivated

silicon. Prior to polymer deposition, the native oxide on

silicon samples was removed by hydrofluoric acid (5 % HF

for 30 s). PEDOT:PSS was spin coated at 2,000 rpm for

10 s and subsequently annealed at 130 �C for 15 min,

which results in a PEDOT:PSS layer thickness of 70 nm. A

front contact gold grid (80 lm finger thickness, 3.5 mm

finger length, 1 mm finger distance) was evaporated

through a shadow mask with a thickness of 200 nm. The

grid reduces the photoactive area to 0.81 cm2. Back contact

was fabricated by an In/Ga eutectic.

To characterize the photovoltaic properties of the

device, samples were irradiated trough the transparent

PEDOT:PSS layer by an AM1.5 reference spectrum

(Sun2000 by ABET-Technology). During illumination,

sample areas covered with the transparent photoresist were

capped by a shadow mask to prevent charge carrier gen-

eration outside the active area. Characteristic solar cell

parameters are extracted from measurements, as well as the

series resistance [14]. The external quantum efficiency

(EQE) was measured using light from a 300 W Xenon

source coupled through a CS260 Monochromator (New-

port) and a calibrated silicon reference cell. The spot

diameter was approximately 0.9 mm. Short circuit current

densities (JEQE
sc ) were determined by convoluting the EQE

spectra with the solar standard reference spectrum ASTM

G-173-03 at global tilt.

3 Results and Discussion

Figure 3 illustrates photo response measurements of the

fabricated hybrid n-Si/PEDOT:PSS solar cells. Solar cell

parameters extracted from the illuminated J–V-curves are

summarized in Table 1. Depending on ND, Voc increases

from 545 to 645 mV, which are to the best of our

Fig. 1 Schematic band diagram and operation principle of the hybrid

inorganic/organic n-Si/PEDOT:PSS heterojunction

PEDOT:P
SS

back contact

n-type Silicon wafer

mask

front contact

light

Fig. 2 Illustration of the fabricate n-Si/PEDOT:PSS solar cells and

their operation scheme
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knowledge, the highest Voc values reported so far. The

increase of fill factors from 0.57 to 0.69 with increasing

ND is due to a reduction of series resistance of the solar

cells from 5 to 3.5 X. Jsc values between 27.3 and

30.6 mA/cm2 have been realized and remain almost con-

stant for doping concentrations in the range of

ND = 7.0 9 1014 - 2.5 9 1016 cm-3, while decreasing

for ND = 2.6 9 1017 cm-3. Final PCE’s range from 9.4 to

12.6 %. The best PCE of 12.6 % has been measured on

substrates with a doping concentration of ND = 2.5 9 1016

cm-3.

External quantum efficiency (EQE) measurements in

figure 4 reflect the good absorption properties of the silicon

wafers and desirable AR coating properties of PEDOT:PSS

[15]. Short circuit current densities calculated from con-

volution of EQE measurements and the AM1.5 irradiation

spectrum (JEQE
sc ), also summarized in Table 1, range from

24.1 to 27.9 mA/cm2. Due to small lightspot masking

effects by the front contact grid, the JEQE
sc values (Table 3)

are slightly lower than Jsc values extracted from the pho-

toresponse J–V-characteristics.

The substrate doping dependence of Voc, Jsc and PCE,

extracted from illuminated J-V measurements, are visual-

ized in Fig. 5.

One reason for the high PCE’s of hybrid n-Si/PE-

DOT:PSS solar cells is the metallic character of PE-

DOT:PSS. In contrast to chromophors like P3HT which

have good absorption but modest conducting properties

[16, 17], PEDOT:PSS is a transparent polymer and able to

transport holes much more efficient, as we reported else-

where [3]. As a result, high Jsc values and fill factors (FF)

can be achieved. The decrease of Jsc for ND =

2.6 9 1017 cm-3 can be explained by a higher recombi-

nation probability and therefore a shorter lifetime of

minority charge carriers in the Si substrate [18, 19].

The more fundamental fact illustrated in Fig. 5 is the

improvement of Voc with increasing substrate doping

concentration. This behavior was also reported at hetero-

junctions between the polyacetylene derivative poly-

(CH3)3 Si-Cyclo-octatetraene and n-Si [13] and has also

been observed at Si/PEDOT:PSS interfaces by other groups

[2]. This is contradictory to a commonly assumed Schottky

junction at n-Si/PEDOT:PSS interfaces [2, 9, 11, 20–23].

Assuming an ideal diode model (n = 1), Voc can be

determined at J = 0 by

Voc ¼
kT

q
ln

Jsc

J0

: ð1Þ

According to equation 1, the observed small decrease in Jsc

with increasing doping level should lead to a slight, almost

negligible, decrease of Voc. Hence, the measured increase

of Voc with increasing ND has to be due to a decrease in

saturation current density (J0). At Schottky junctions,

however, J0 is determined by

J0 ¼ A��T2 exp½qUBn=kT �: ð2Þ

Concerning the materials used, it only depends on the

barrier height UBn ¼ /m � vSi , where /m and vSi are the

work functions of the metal and the electron affinity of Si,
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Table 1 Summary of n-Si/PEDOT:PSS solar cell device parameters

for different substrate doping levels (all abbreviations are defined in

the text)

ND (cm)-3 Voc

(mV)

Jsc

(mA/cm)2
JEQE

sc

(mA/cm2)

FF PCE

(%)

RsX

7.0 9 1014 545 30.0 27.9 0.57 9.4 5.0

2.0 9 1015 569 30.6 25.8 0.63 10.9 4.0

2.5 9 1016 619 29.6 24.1 0.69 12.6 3.3

2.6 9 1017 645 27.3 25.5 0.69 12.2 3.5

Interface investigation of planar hybrid n-Si/PEDOT:PSS solar cells 1111

123

72



respectively. As both, /m and vSi , are constants, J0 is

constant and has to be independent of ND assuming a

Schottky junction and can therefore not influence Voc.

Hence, the increase of Voc, illustrated in Fig. 5, clearly

contradicts the common assumption of the formation of a

Schottky junction at n-Si/PEDOT:PSS interfaces. The

prevention of Fermi level pinning, which accounts for a

more favorable barrier formation at Schottky junctions, is

often identified as the origin of high Voc values. But

although the barrier height is increased, it remains constant

and results in a constant J0 and Voc, which is in direct

contrast to the measured ND dependent increase of Voc. In

this way, our results and analysis clearly show that n-Si/

PEDOT:PSS interfaces cannot be described adequately

within a metal/semiconductor Schottky junction theory.

We propose that the behavior at n-Si/PEDOT:PSS inter-

faces is more related to minority charge carrier MIS or SIS

tunnel diode solar cells [19, 24, 25], where Si bulk

recombination rather than Schottky junction thermionic

emission accounts for the diode operation mechanism [2,

13]. In fact, the best PCE for the hybrid n-Si/PEDOT:PSS

solar cell has not been measured on a substrate with the

highest doping concentration but for ND = 2.5 9 1016

cm-3, as expected from bulk diffusion limited pn-junctions

[19, 24–26], where an increasing Voc (favorable barrier

formation) and a decreasing Jsc (shorter lifetime of

minority charge carriers) compete against one another.

4 Conclusion

We have studied the influence of substrate doping con-

centration ND on solar cell parameters of planar n-Si/PE-

DOT:PSS interfaces. It was observed, that an increase of

ND leads to an increase of Voc with a maximal value of 645

mV, which is, up to our knowledge, the highest reported

value for n-Si/PEDOT:PSS interfaces. A PCE of 12.6 %

has been achieved by an optimized interface formation.

The excellent performance is based on the improvement of

Voc, which is comparable to conventional pn junction

emitter diffusion solar cells. Because of the dependence of

Voc on ND, as discussed in the text, the formation of n-Si/

PEDOT:PSS interfaces cannot rely on a Schottky junction

theory, but has similarities of minority charge carrier drift-

diffusion limited solar cells, like MIS or SIS tunnel diodes.

Independent determination of small signal saturation cur-

rents and built-in electric fields by C–V measurements are

currently conducted to reveal a more detailed picture of

interface properties and the mechanism of charge carrier

separation. The high Voc values and PCE’s encourage

further improvements for hybrid n-Si/PEDOT:PSS solar

cells by decreasing recombination during charge carrier

diffusion using nanostructured substrates and advanced

passivation methods [10, 27–29]. In general, the results

points out the potential of hybrid inorganic–organic inter-

faces to fabricate high performance opto-electronical

devices with cost-effective fabrication technologies.
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Nawion. M.P. thanks G. Döhler and J. Ristein of the Friedrich-

Alexander-University Erlangen-Nürnberg for useful discussions.

References

1. T. Xu, Q. Qiao, Energy Environ. Sci. 4, 2700 (2011). doi:10.

1039/C0EE00632G

2. M.J. Price, J.M. Foley, R.A. May, S. Maldonado, Appl. Phys.

Lett. 97(8), 083503 (2010). DOI 10.1063/1.3480599. URL http://

link.aip.org/link/?APL/97/083503/1

3. M. Pietsch, M. Bashouti, S. Christiansen, J. Phys. Chem. C

117(18), 9049 (2013). doi:10.1021/jp308349f

4. S. Kirchmeyer, K. Reuter, J. Mater. Chem. 15, 2077 (2005).

doi:10.1039/B417803N

5. S. Garreau, J.L. Duvail, G. Louarn, Synth. Metals 125(3), 325

(2002). DOI 10.1016/S0379-6779(01)00397-6. URL http://www.

sciencedirect.com/science/article/B6TY7-44KM0ST-B/2/fd49d16

23167e61fde927c478ad28803

6. S.C. Shiu, J.J. Chao, S.C. Hung, C.L. Yeh, C.F. Lin, Chem.

Mater. 22(10), 3108 (2010). doi:10.1021/cm100086x

7. P. Yu, C.Y. Tsai, J.K. Chang, C.C. Lai, P.H. Chen, Y.C. Lai, P.T.

Tsai, M.C. Li, H.T. Pan, Y.Y. Huang, C.I. Wu, Y.L. Chueh, S.W.

Chen, C.H. Du, S.F. Horng, H.F. Meng, ACS Nano. 7(12), 10780

(2013). doi:10.1021/nn403982b

8. L. He, C. Jiang, H. Wang, D. Lai, Y.H. Tan, C.S. Tan, Rusli,

Appl. Phys. Lett. 100(10), 103104 (2012). DOI 10.1063/

1.3692590. URL http://link.aip.org/link/?APL/100/103104/1

9. S. Jeong, E.C. Garnett, S. Wang, Z. Yu, S. Fan, M.L. Bron-

gersma, M.D. McGehee, Y. Cui, Nano Lett. 12(6), 2971 (2012).

doi:10.1021/nl300713x

1E15 1E16 1E17
0,50

0,55

0,60

0,65

0,70

N
D

[cm-3]

V
oc

[V
]

5

10

15

20

25

30

35

V
oc

J
sc

P
C

E
[%

]
&

J sc
[m

A
/c

m
²]

PCE

Fig. 5 Graphical summary of experimental data from Table 1

1112 M. Pietsch et al.

123

73



10. M.Y. Bashouti, M. Pietsch, G. Brönstrup, V. Sivakov, J. Ristein,

S. Christiansen, Progress in Photovoltaics: Research and Appli-

cations, published online (2013). DOI 10.1002/pip.2315.

11. E. Garnett, C. Peters, M. Brongersma, Y. Cui, M. McGehee, in

Photovoltaic Specialists Conference (PVSC), 2010 35th IEEE

(2010), pp. 000,934–000,938. DOI 10.1109/PVSC.2010.5614661.

12. J. Schmidt, V. Titova, D. Zielke, Appl. Phys. Lett.103(18),

183901 (2013). doi:10.1063/1.4827303

13. M.J. Sailor, E.J. Ginsburg, C.B. Gorman, A. Kumar, R.H.

Grubbs, N.S. Lewis, Science 249, 1146 (1990). doi:10.1126/sci

ence.249.4973.1146

14. G. Araujo, E. Sanchez, Electron Devices. IEEE Transactions On

29, 1511 (1982)

15. E. Yablonovitch, J. Opt. Soc. Am. 72(7), 899 (1982). doi:10.

1364/JOSA.72.000899

16. G. Dennler, M.C. Scharber, C.J. Brabec, Adv. Mater. 21(13),

1323 (2009). URL http://dx.doi.org/10.1002/adma.200801283

17. L.J.A. Koster, V.D. Mihailetchi, P.W.M. Blom, Appl. Phys. Lett.

88(9), 093511 (2006). doi:10.1063/1.2181635

18. S.M. Sze, K.K. Ng, Physics of semiconductor devices, 3rd edn.

(WILEY-Interscience, 2007)

19. J. Shewchun, J. Dubow, A. Myszkowski, R. Singh, J. Appl. Phys.

49(2), 855 (1978). DOI 10.1063/1.324616. URL http://link.aip.

org/link/?JAP/49/855/1

20. W. Lu, Q. Chen, B. Wang, L. Chen, Appl. Phys. Lett. 100(2),

023112 (2012). URL http://dx.doi.org/10.1063/1.3676041

21. Y. Zhang, F. Zu, S.T. Lee, L. Liao, N. Zhao, B. Sun, Adv. Energy

Mater., published online (2013). DOI 10.1002/aenm.201300923.

22. P.R. Pudasaini, F. Ruiz-Zepeda, M. Sharma, D. Elam, A. Ponce,

A.A. Ayon, ACS Appl. Mater. Interfaces 5(19), 9620 (2013).

doi:10.1021/am402598j

23. Y. Zhu, T. Song, F. Zhang, S.T. Lee, B. Sun, Appl. Phys. Lett.

102(11), 113504 (2013). doi:10.1063/1.4796112

24. R. Singh, M. Green, K. Rajkanan, Solar Cells 3(2), 95 (1981).

doi:10.1016/0379-6787(81)90088-0

25. M. Doghish, F. Ho, Electron Devices. IEEE Transactions On

40(8), 1446 (1993). doi:10.1109/16.223704

26. A. Goetzberger, B. Voss, J. Knobloch, Sonnenenergie: Photo-

voltaik: Physik und Technologie der Solarzelle (Teubner, 1997).

27. W.J. Royea, A. Juang, N.S. Lewis, Appl. Phys. Lett. 77(13), 1988

(2000). DOI 10.1063/1.1312203. URL http://link.aip.org/link/

?APL/77/1988/1

28. S. Maldonado, K.E. Plass, D. Knapp, N.S. Lewis, J. Phys. Chem.

C 111(48), 17690 (2007). doi:10.1021/jp070651i

29. M.Y. Bashouti, R.T. Tung, H. Haick, Small 5(23), 2761 (2009).

URL http://dx.doi.org/10.1002/smll.200901402

Interface investigation of planar hybrid n-Si/PEDOT:PSS solar cells 1113

123

74



1Scientific RepoRts | 5:13008 | DOi: 10.1038/srep13008

www.nature.com/scientificreports

Junction formation and current 
transport mechanisms in hybrid 
n-Si/PEDOT:PSS solar cells
Sara Jäckle1,2, Matthias Mattiza1, Martin Liebhaber3, Gerald Brönstrup1,2, Mathias Rommel4, 
Klaus Lips3 & Silke Christiansen1,2

We investigated hybrid inorganic-organic solar cells combining monocrystalline n-type silicon (n-
Si) and a highly conductive polymer poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) 
(PEDOT:PSS). The build-in potential, photo- and dark saturation current at this hybrid interface are 
monitored for varying n-Si doping concentrations. We corroborate that a high build-in potential 
forms at the hybrid junction leading to strong inversion of the n-Si surface. By extracting work 
function and valence band edge of the polymer from ultraviolet photoelectron spectroscopy, a 
band diagram of the hybrid n-Si/PEDOT:PSS heterojunction is presented. The current-voltage 
characteristics were analyzed using Schottky and abrupt pn-junction models. The magnitude as well 
as the dependence of dark saturation current on n-Si doping concentration proves that the transport 
is governed by diffusion of minority charge carriers in the n-Si and not by thermionic emission of 
majorities over a Schottky barrier. This leads to a comprehensive explanation of the high observed 
open-circuit voltages of up to 634 mV connected to high conversion efficiency of almost 14%, 
even for simple planar device structures without antireflection coating or optimized contacts. The 
presented work clearly shows that PEDOT:PSS forms a hybrid heterojunction with n-Si behaving 
similar to a conventional pn-junction and not, like commonly assumed, a Schottky junction.

In recent years the promising combination of organic and inorganic materials, often termed hybrids, 
has led to the emerging research field of hybrid optoelectronic devices. Especially hybrid solar cells 
combining the now commercially available highly conductive polymers with established but also emerg-
ing inorganic semiconductor materials have triggered intensive research. Starting from different simple 
conjugated polymers like derivatives of polyaniline or polyacetylene by far the highest conductivity has 
been reached by polytiophenes, in particular poly(3,4-ethylenedioxythiophene) (PEDOT)1,2. Especially 
in a complex with poly(styrene sulfonate) (PSS) which acts as a charge counter balance to the oxi-
dized PEDOT backbone during polymerization, highly doped states can be achieved3. This makes the 
‘metal-like’ polymer PEDOT a very efficient hole transporter with a transmission window in the visible 
spectral range4. Moreover, by the addition of PSS a stable micro dispersion can be realized in water, mak-
ing it an easy-to-process solution3. In a previous study we were able to show that optimizing the transport 
properties in PEDOT:PSS films, by adding the organic solvent dimethyl sulfoxide (DMSO), known in the 
literature as ‘secondary doping’5,6, is essential for achieving highly efficient hybrid solar cells4.

For various hybrid photovoltaic device concepts PEDOT:PSS has been combined with common inor-
ganic semiconductors such as silicon or gallium arsenide but is also used as a hole extraction layer for the 
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comparably new perovskite solar cells4,7–9. One promising approach are cells with a type (iii) hybrid inter-
face7 consisting of a transparent highly conductive polymer and an absorbing inorganic semiconductor, 
thereby permitting an efficient charge separation and charge transport. Photovoltaic devices combining 
PEDOT:PSS and crystalline silicon have first been proposed in 20107. In past years planar hybrid n-Si/
PEDOT:PSS junctions have reached efficiencies beyond 12%10,11. By improving passivation, contacting, 
and back junction formation as well as by including a thin tunneling oxide layer in the hybrid interface, 
Zielke et al. were even able to realize efficiencies around 17%, with the potential to reach 22%12. This 
device concept has also been implemented on nanostructured silicon substrates, however so far with 
lower efficiencies13.

Despite the enormous success of this device concept, the working principal has so far not been com-
pletely resolved. For instance, the interface between the highly doped PEDOT:PSS and silicon, which is 
responsible for charge separation, was mostly treated as a Schottky junction7,13–16, assuming that the poly-
mer has ‘quasi-metallic’ behavior. Erikson and co-workers were able to show for hybrid n-Si/PEDOT:PSS 
field effect transistors with differently doped silicon substrates, that the created built-in potential is so 
high, that an inversion layer forms at the surface of the silicon substrate17. In a recent study10 we have 
pointed out that the strong dependence of the open circuit voltages (Voc) on the doping concentration of 
the silicon substrate observed for hybrid n-Si/PEDOT:PSS solar cells cannot be explained by assuming a 
Schottky junction. Already in the 1990s Sailor et al. suggested for a similar hybrid system, highly doped 
poly-(CH3)3Si-COT/n-Si, a bulk-diffusion limited Voc but still assuming a Schottky junction15. Price et al. 
showed the advantage of a silicon junction with PEDOT:PSS for solar cells compared to a junction with 
gold. They assumed a Schottky junction but concluded that a very low thermionic recombination velocity 
of the electrons from the silicon into PEDOT:PSS is responsible for the high Voc values7. Furthermore, 
results from different approaches using conducting polymers as interlayers between carbon nanotubes 
or other polymer/Si material systems state a similar enhancement of Voc and power conversion efficiency 
(PCE)18–21. Recently published studies show highly efficient n-Si/PEDOT:PSS solar cells, with dark satu-
ration current densities being magnitudes smaller than expected for a Schottky junction11,22.

In the present study the junction and the device performance of hybrid planar n-Si/PEDOT:PSS 
photovoltaic cells are investigated in great detail. Following our previous work, where we have pointed 
out that a solar cell based on the spin coated highly conductive polymer PEDOT:PSS and n-type sil-
icon does not show the characteristics of a majority carrier driven Schottky junction10, the scope of 
our present work is to prove that this hybrid interface can be described by a minority carrier driven 
conventional pn-heterojunction instead. For this, we extract junction parameters and solar cell char-
acteristics of hybrid devices based on silicon substrates with different doping concentrations. We use 
current density-voltage (dark J-V) and small signal capacitance-voltage (C-V) measurements as well as 
the photovoltaic response (illuminated J-V) to extract the solar cell parameters. We compare our exper-
imental findings with predictions of minority carrier drift-diffusion and Schottky junction models. In 
addition, ultraviolet photoelectron spectroscopy (UPS) is used to complete our findings and establish a 
band diagram for the hybrid n-Si/PEDOT:PSS junction.

Junction models
There are two approaches to describe the junction between a moderately doped n-type semiconductor 
and a highly doped p-conducting ‘metal-like’ organic layer. One is based on the Schottky junction theory 
that explains the interface of a semiconductor to a metal. The other is the description of a one-sided 
abrupt junction between a moderately doped n-type semiconductor region and a highly doped p-type 
semiconducting region. For both cases the current density-voltage characteristic of such a photovoltaic 
junction is in the simplest form described by the ideal diode equation under illumination (Equation 
1)23. Rewriting Equation 1 at open circuit conditions (J =  0) shows that the open circuit voltage Voc of a 
solar cell mainly depends on the dark saturation current density J0 and the short circuit current density 
Jsc, see Equation 2.
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At a Schottky junction between a metal and a high-mobility semiconductor like silicon, the domi-
nating transport mechanism is the thermionic emission of majority carriers over the potential barrier 
φB that forms at the interface24. Equation 3 describes J0 for a Schottky junction. A** denotes the reduced 
effective Richardson constant including effects of tunneling and scattering of majority carriers at pho-
nons as well as a correction factor for a small contribution of majority carrier diffusion for moderately 
doped silicon. At room temperature, in a reasonably small applied field, A** is about 110 A/(cm∙K)2 25. 
Equation 3 shows that for a Schottky junction J0 mainly depends on the Schottky barrier height φB. 
Ideally at a junction of a metal with an n-type semiconductor φBn is given by the difference between the 
metal work function qφM and the electron affinity of the semiconductor qχS, reduced by the attractive 
force between electrons in the semiconductor and induced positive image charges in the metal, described 
by the so-called Schottky-barrier lowering Δ φ23.

φ φ χ φ= − − Δ ( )5Bn M S

Therefore φBn only very slightly decreases with higher doping concentration ND of the inorganic sem-
iconductor because φΔ ∝ N D

1
4 23. Following Equation 3, J0 should then slightly increase with higher ND, 

leading to a weakly decreased Voc if Jsc stays constant (cf. Equation 2). At most common n-Si/metal 
junctions, φBn is lower than expected from Equation 5 and becomes independent of the metal work 
function. This is due to Fermi level pinning at a high density of surface states located in the semicon-
ductor band gap that are induced by the tunneling and decay of the metal electron wave functions into 
the semiconductor26. In this case φBn is still independent of the doping concentration of the semiconduc-
tor. The Fermi level can also be pinned at a non-passivated free standing silicon surface27 and corre-
spondingly in semiconductor heterojunctions.

In contrast to a Schottky diode, in a junction between a p-type and a n-type semiconductor the 
transport processes are dominated by the diffusion of minority carriers. Assuming that the doping profile 
between the two semiconductors changes abruptly at the junction the diode equation, Equation 1, can 
be given following Shockley28. If the doping of the p-type semiconductor is substantially larger than that 
of the n-type semiconductor, the dark saturation current density J0 of the so called one-sided abrupt 
p+n-junction is defined by Equation 4. In this μp denotes the mobility, Lp the diffusion length of the 
minority carriers (holes for n-Si) and ni the intrinsic carrier concentration. J0 solely depends on proper-
ties of the moderately doped n-type semiconductor and is inversely proportional to its doping concen-
tration ND. Therefore, following Equation 2, the Voc in a p+n-junction should increase with larger ND. In 
the Shockley equation only diffusion, which is limited by bulk recombination mechanisms outside of the 
space-charge region, is considered. This is adequate only for semiconductors with large intrinsic carrier 
densities23. For silicon, with its low intrinsic charge carrier concentration, it is more suitable to addition-
ally consider recombination and generation at traps inside the space-charge region29. By also including 
the area specific parallel Rp and serial resistance Rs of the device, the current density-voltage characteris-
tics of an abrupt p+n-junction solar cell is then described by the two-diode model (Equation 6)23. In this 
implicit equation J01 corresponds to the dark saturation current density from bulk diffusion (cf. Equation 
4) while J02 represents trap-assisted generation and recombination processes in the space-charge region.
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Results and Discussion
Hybrid n-Si/PEDOT:PSS solar cells, displayed in Fig. 1, based on four differently doped silicon substrates 
with ND ranging between 1014 cm−3 and 1017 cm−3 have been fabricated. Fig. 2 illustrates the photovol-
taic response of the four different solar cells illuminated through the polymer contact by an AM1.5 
spectrum. All relevant solar cell parameters extracted from the illuminated J-V-curves are collected in 
Table 1. The hybrid solar cells presented show high efficiencies above 13%, as was previously achieved 
by other groups12,30. The short circuit current density Jsc is essentially constant at around ~31 mA/cm2 
for moderate doping concentrations and only slightly decreases for the highest doped silicon substrate 
to 29.1 mA/cm2. The fill factor (FF) slowly increases with higher ND from 64% to 75%. A reason for the 
high Jsc and FF of hybrid n-Si/PEDOT:PSS solar cells is the metallic character of PEDOT:PSS, as reported 
before4. In contrast to chromophores like P3HT, which have good absorption but modest conducting 
properties31,32, PEDOT:PSS is a highly conductive transparent polymer. Because of the high transparency, 
most of the light is absorbed in the silicon wafer, reflected in the high Jsc of the hybrid solar cells. Due 
to its high conductivity the polymer is able to transport holes very efficient, leading to a high FF. The 
outstanding performance of n-Si/PEDOT:PSS solar cells results in particular from the high Voc values 
of up to 630 mV, that are comparable with conventional high-temperature emitter diffused solar cells33. 
As indicated by the arrow in Fig. 2, Voc strongly increases with increasing doping concentration ND of 
the silicon substrates. Following the conclusions in our recent publication10, the increase of Voc, while 
Jsc is almost constant or even decreasing, has to have its origin in a decreasing J0 with increasing ND (cf. 
Equation 2).

77



www.nature.com/scientificreports/

4Scientific RepoRts | 5:13008 | DOi: 10.1038/srep13008

As addressed in the introduction the hybrid interface between the highly conductive ‘metal-like’ 
polymer PEDOT:PSS and silicon is commonly assumed to be a Schottky junction7,13,16. In this case J0 
mainly depends on the barrier height φBn (cf. Equation 3). φBn, as it is defined in Equation 5, can also be 
expressed in terms of the built-in potential ψ bi, describing the band bending due to Fermi level alignment 
at the interface23.

φ ψ ∆φ= + −
( )

kT
q
ln
N
N 7Bn bi

C

D

Figure 1. Schematic of the device structure of a fabricated n-Si/PEDOT:PSS solar cell. The surface of 
the monocrystalline n-type silicon wafer is structured by resist to define an active area for the spin coated 
polymer. The device is contacted by a top evaporated Au grid and a back side scratched In/Ga eutectic.

Figure 2. Photovoltaic properties of n-Si/PEDOT:PSS solar cells. J-V-characteristics under AM1.5 
spectrum irradiation of the hybrid PV-devices with differently doped (ND) silicon substrates.

Capacitance–Measurements Solar cell parameter SPV

ND [cm−3] ψbi [V] φBn [V] Voc [V] Jsc [mA/cm2] FF PCE [%] Lp [μm]

4.9 ×  1014 0.672 0.96 0.542 31.6 0.64 11.0 332

1.5 ×  1015 0.712 0.97 0.564 31.1 0.66 11.5 257

1.4 ×  1016 0.803 0.95 0.608 31.3 0.73 13.8 187

1.6 ×  1017 0.878 0.94 0.634 29.1 0.75 13.9 120

Table 1.  Summary of n-Si/PEDOT:PSS interface, solar cell and silicon substrate parameters for all 
differently doped n-type silicon wafers (all abbreviations are defined in the text).
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The second term in Equation 7 denotes the difference between the Fermi level and electron affinity 
of the silicon substrate where NC is the effective density of states in the conduction band. To determine 
the barrier height at the n-Si/PEDOT:PSS junctions the capacitive response (C-V) of the solar cells was 
investigated. While with applying a forward voltage to a rectifying junction the diffusion capacitance 
from injected charges starts to be dominant, with increasing reverse voltage the decreasing capacitance 
of the depletion layer capacitance can be observed23. Plotting 1/C2-V allows the determination of ψbi 
at the junction and ND of the silicon substrate from the progression of the depletion layer capacitance,

( )ψ

ε ε
=

− −

( )C

V

qA N
1 2

8

kT
q bi

Si D
2 2

0

where A is the diode area and ε0εSi the permittivity of silicon. Fig.  3 depicts the characteristic 1/C2-V 
plots for differently doped n-Si/PEDOT:PSS devices. The linear parts are fitted and extrapolated to obtain 
ψbi from V-axis intercepts and ND from the slopes, relating to Equation 8. The derived doping concen-
trations for all differently doped silicon are very well in the range of values given by the wafer manufac-
tures. φBn is calculated following Equation 7. All values extracted from the capacitance measurements 
are summarized in Table 1. As expected from Equation 5 and 7 ψbi increases with increasing ND while 
φBn stays constant. Following Equation 5 the work function of PEDOT:PSS (qφP =  qφM) can be calcu-
lated, with the electron affinity of silicon being qχS =  4.05 eV23. qφP between 5.00 eV and 5.06 eV are 
extracted from the data, which is in good agreement with literature values34–36. This would suggest a 
nearly ideal Schottky barrier height formation. Fermi level pinning at the defects of the silicon surface, 
which is usually observed at n-Si/metal Schottky junctions and often at heterojunctions with silicon, 
does not occur for this hybrid junction. Plotting the dependence of the extracted ψbi on ND in Fig.  4 
shows that due to the band bending the intrinsic energy level of silicon is forced to cross the Fermi level 
at the surface to the polymer, referred to as inversion. PEDOT:PSS even induces a strong inversion, 
qψbi >  Eg −  2(EC −  EF), at the silicon surface for all four hybrid solar cells based on the differently doped 
substrates. The n-type silicon is completely inverted to a p-type silicon at the interface to the polymer 
without any additional doping, as also recently observed for hybrid n-Si/PEDOT:PSS field effect transis-
tors17. It has been demonstrated that PEDOT:PSS does provide a surprisingly effective surface passivation 
for silicon12, but the exact passivation mechanism is still unknown.

The parameters extracted from the C-V measurements, the doping concentration ND of the silicon 
substrate and the built-in potential ψbi of the hybrid junction in Fig. 3, can be used to construct a band 
diagram for the n-Si/PEDOT:PSS interface. While the material parameters for silicon are well known, 
the electron affinity being qχS =  4.05 eV and the band gap Eg,Si(300 K) = 1.12eV23, the energy levels of 
the polymer PEDOT:PSS depend on the particular used blend37, additives35 and post-treatment (heat, 
water absorption)34,36. For the PEDOT:PSS used in this study the work function qφP as well as the posi-
tion of the valence band edge EV,P relative to the Fermi level EF were determined by UPS measurements 
using an excitation energy of 6.5 eV. The UPS spectrum close to the secondary electron cut-off (SECO) 

Figure 3. C-V characteristics of n-Si/PEDOT:PSS junctions. 1/C2-V plots for differently doped silicon 
substrates. The built-in voltage ψbi is extracted from the V-axis intercept of the extrapolation of the linear 
part of the data while the silicon substrate doping concentration ND is given by the slope of the linear fit.
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and close to EF is depicted in Fig. 5(a,b), respectively. The work function is calculated from the differ-
ence between the excitation energy 6.5 eV and the binding energy at the SECO. For this the drop of 
the photoemission is fitted by a standard Boltzmann sigmoidal fit where the center position is defined 
as the SECO, shown as a vertical black line in Fig. 5(a). The extracted work function of PEDOT:PSS 
is qφP =  5.15 ±  0.02 eV. This is in good agreement with the values of 5.0 eV to 5.2 eV measured by 
other groups with UPS and Kelvin probe looking at similarly mixed and treated PEDOT:PSS34–38. qφP 
extracted from UPS is slightly higher than the work function extracted from the C-V measurements 
(5.00–5.06 eV). While the capacitance-voltage measurements are carried out under ambient conditions 
after the complete device processing, the UPS is performed in vacuum on a separate, but identically in 
the ambient prepared, PEDOT:PSS layer on silicon. It has been shown before that residual or absorbed 

Figure 4. Inversion at the n-Si/PEDOT:PSS interface. Built-in potential ψbi (apapted from Fig. 3) for 
differently doped silicon substrates with the treshold values for inversion and strong inversion.

Figure 5. Ultraviolet photoelectron spectrum of a PEDOT:PSS film using 6.5 eV excitation energy. 
(a) Secondary electron cut-off (SECO) fittet by a Boltzmann sigmoid function for extraction of the work 
function qφP and (b) valence band states near the Fermi level EF with a linear extrapolation to the valence 
band edge EV,P.
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water from ambient air leads to a decreased work function compared to a vacuum dried polymer film36, 
possibly also explaining the slight difference observed here. The UPS spectra in Fig. 5(b) exhibits filled 
(valence) states up to the Fermi level, as expected for a highly p-doped polymer as PEDOT:PSS. Often 
the surface sensitive UPS spectra are dominated by the insulating PSS shell instead of by the conduct-
ing PEDOT:PSS grains38. In this study we used a low excitation energy (monochromized Xenon light at 
6.5 eV). The inelastic mean free path of the generated photoelectrons is considerably larger than in the 
commonly used He-UPS34,37–39, as it is reflected in the universal curve40. This leads to a higher infor-
mation depth of the UPS 6.5 eV spectra, so that a significant signal of PEDOT itself can be detected. 
Also in the binding energy range from 0 to 2 eV only PEDOT and not PSS should show a signal 
from filled valence states39. Therefore, the signal shown in Fig. 5 clearly corresponds to the density of 
valence band states (DOVS) of PEDOT itself. The position of the valence band edge EV,P relative to the 
Fermi level EF (Ebind =  0) was obtained by linear extrapolation of the DOVS leading edge to zero (cf. 
Fig.  5(b)). The determined valence band edge EV,P lies 80 ±  20 meV above EF. Bubnova et al. recently 
showed a similar UPS spectrum for the highly conductive PEDOT:Tos also showing a large DOVS at 
EF

37. As suggested before this could be traced back to the bipolaron band merging with the valence 
band at these high doping levels41. For p-doping the bipolaron bands are empty and this would lead to 
a Fermi level position below the valence band edge42.

Combining the work function qφP and the valence band edge position EV,P (relative to EF) of 
PEDOT:PSS determined from UPS with the build-in voltage ψbi and the position of the Fermi level  
relative to the conduction band in silicon EC,Si −  EF calculated by ND (cf. second term in Equation 7) 
from the C-V measurements, a band diagram for the n-Si/PEDOT:PSS junction can be obtained. Fig. 6  
shows the band diagram for the hybrid junction based on a silicon substrate doping of ND =  1.6 ×  1017 cm−3. 
The illustrated values show that ψbi forms ideally at the junction as the difference between the work 
function of PEDOT:PSS qφP and silicon qχS +  (EC,Si −  EF). This leads to an inversion of the silicon at 
the  surface, embossed by a crossing of the Fermi level EF by the intrinsic Fermi level EI,Si. As already 
illustrated in Fig. 4 the silicon is even strongly inverted by the polymer for all doping concentrations.

With φBn (Table  1) extracted from the capacitance-voltage measurements, the dark saturation cur-
rent density J0 (Equation 3) and subsequently the open-circuit voltage Voc (Equation 2) can be assessed 
assuming a Schottky junction. The calculated J0 and Voc are collected in Table 2 and depicted in Fig. 7 
(green dots). J0 is in the range of 1 nA/cm2 to 0.1 nA/cm2. As expected from the almost constant φBn J0 
shows only a slight variation with ND. With a constant Jsc, this leads also to only slightly varying calcu-
lated Voc between 441 mV and 470 mV (cf. Fig. 7(a)). Even though there is no Fermi level pinning at the 
silicon surface and the band bending leads to a strong inversion of the silicon, as discussed before, the 
calculated Voc is still considerably smaller than the Voc measured for the hybrid n-Si/PEDOT:PSS solar 
cells (cf. black dots in Fig. 7(a)). Also the distinct increase of the measured Voc with increasing ND is not 
reflected by the Voc values calculated assuming a Schottky junction. This manifests the assumption that 

Figure 6. Junction formation at hybrid n-Si/PEDOT:PSS interfaces. Schematic of the band structure for 
a silicon bulk doping concentration of ND =  1.6 ×  1017 cm−3 using values extracted from capacitance (C-V), 
UV photoelectron spectroscopy (UPS) measurements and literature data23.
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the thermionic emission of majority carriers cannot be the dominant transport mechanism in hybrid 
n-Si/PEDOT:PSS solar cells, as pointed out in our previous work10.

Therefore, the hybrid n-Si/PEDOT:PSS interface is instead assumed to be a pn-junction, where the 
dominant transport mechanism is the diffusion of minority carriers. Following the UPS measurements 
showing the high doping of the polymer in the previous section, the interface is described by a one-sided 
abrupt p+n-junction, where J0 is given by Equation 4. The minority carrier diffusion length LP in the four 
differently doped n-type silicon wafers was determined by surface photovoltage (SPV) measurements 
(see Supplementary Fig. S1 online). The extracted values are summarized in Table 1. J0 is calculated from 
Equation 4, using commonly accepted hole mobilities μ p43. J0 shows a clear decrease with increasing ND 

ND [cm−3]

J-V-curves Schottky junction p+n-junction

J01 [A/cm2] Voc [V] J0 [A/cm2] Voc [V] J0 [A/cm2] Voc [V]

4.9 ×  1014 1.3 × 10−11 0.542 9.7 × 10−10 0.441 8.0 × 10−12 0.563

1.5 ×  1015 3.1 × 10−12 0.564 6.8 × 10−10 0.450 3.4 × 10−12 0.585

1.4 ×  1016 4.5 × 10−13 0.608 3.1 × 10−10 0.470 4.4 × 10−13 0.637

1.6 ×  1017 3.2 × 10−13 0.634 4.6 × 10−10 0.458 4.1 × 10−14 0.696

Table 2.  Summary of open circuit voltage Voc and saturation current density J0 extracted from the 
illuminated and dark J-V-curves (Figs 2 and 8) as well as calculated assuming a Schottky junction (Eq. 
3) and an abrupt p+n-junction (Eq. 4) for different silicon substrate doping (ND).

Figure 7. Dependence of (a) measured and calculated Voc and (b) fitted and calculated J0 on the silicon 
substrate doping concentration ND for n-Si/PEDOT:PSS solar cells.
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from 8 to 0.04 pA/cm2 (cf. Table 2 and blue dots Fig. 7(b)). Following Equation 2, Voc is calculated from 
J0. The blue dots in Fig. 7(a) show that the Voc steadily increases from 563 mV to 696 mV with increasing 
doping concentration ND. The calculated Voc shows the same dependence on ND as the measured Voc 
of the solar cells, indicating that the diffusion of minority carriers in an abrupt p+n-junction describes 
the transport properties clearly better than the thermionic emission of majority carriers over a Schottky 
junction. Even though the doping dependence of Voc is well replicated, the very simple assumption of 
an ideally abrupt p+n-junction for the hybrid n-Si/PEDOT:PSS solar cell overestimates Voc compared to 
the measured values.

The magnitude of calculated J0 for both junction models differ at least by a factor 100. To determine 
the dark saturation current density J0 of the prepared hybrid n-Si/PEDOT:PSS solar cells the dark current 
density-voltage (J-V) characteristics were measured, shown in Fig. 8. Deviating from the ideal diode law 
(Equation 1), the current density for high and very low forward bias is governed by the serial and parallel 
resistance of the device. In the mid forward bias range one typically determines J0 by linear extrapolation 
of the J-V curve to V =  0, as it is frequently done for polymer/Si devices7,11,20,30. The n-Si/PEDOT:PSS 
junction clearly shows a dependence of J0 on ND, indicated by the arrow in Fig.  8, as expected from 
Equation 4 for an abrupt p+n-junction. As mentioned before the extrapolation procedure assuming the 
simple Shockley equation overestimates the value of J0. Instead this non-ideal abrupt p+n-junction with 
silicon is better described by the two–diode model (Equation 6). This model includes area specific serial 
and parallel resistances as well as current contributions from diffusion and recombination in the bulk, 
and generation and recombination at defects in the space charge region. A least square routine was used 
to obtain the best fit of Equation 6 to the dark J-V curves (see Supplementary Fig. S2 online), shown as 
dashed lines in Fig. 8. The fits describe the trend of the dark J-V-curves of the n-Si/PEDOT:PSS solar 
cells quite well. The fit parameter J01, describing the dark saturation current density from the diffusion of 
minority carriers in the bulk, is extracted in Table 2 and presented in Fig. 7(b) (black dots). J01 decreases 
with increasing ND from 13 to 0.3 pA/cm2. The fit parameters reproduce well the calculated J0 values if 
considering an ideal abrupt p+n-junction (blue dots), both in magnitude and ND dependence. Compared 
to the calculated values assuming a Schottky junction (green dots), the extracted values for J0 are orders 
of magnitude smaller, leading to a clearly larger Voc. This difference in magnitude for J0 assuming a 
Schottky or pn-junction for Si/polymer solar cells has been pointed out by other groups for dark J-V 
measurements on one single solar cell11 or by estimations of the Voc calculating the J0 with measured 
carrier lifetime7,22. The ND-dependence and magnitude of J0 and subsequently of Voc, shown in this work, 
confirm that the ruling transport mechanism at n-Si/PEDOT:PSS interface is not thermionic emission 
of majority carriers but diffusion of minorities in the silicon bulk. Hence, a n-Si/PEDOT:PSS solar cell 
should be described as a pn-heterojunction.

Conclusion and Outlook
In this work we have combined capacitance-voltage measurements on hybrid n-Si/PEDOT:PSS junctions 
with photoelectron spectroscopy of PEDOT:PSS to develop a complete band diagram showing that sili-
con is strongly inverted at the interface to the polymer. This was verified for hybrid solar cells based on 
differently doped silicon wafers. By measuring and modeling the dark and illuminated current-voltage 
characteristics and comparing the extracted open-circuit voltage and dark saturation current density 
with values calculated from transport equations based on different junction models, we could show that 

Figure 8. J-V characteristic of the n-Si/PEDOT:PSS interfaces. The dark J-V plots of n-Si/PEDOT:PSS 
solar cells are fitted by the two-diode model following Equation 6 (dashed lines). The arrow illustrates the 
increase of the dark saturation current density J0 with decrasing doping concentration ND.
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only considering the strong inversion is an insufficient explanation for the high open-circuit voltages and 
promising efficiencies that are also observed in this work for n-Si/PEDOT:PSS solar cells. In fact we have 
demonstrated that the transport mechanism dominating the hybrid inorganic/organic n-Si/PEDOT:PSS 
junction is the diffusion of minority carriers in the silicon bulk and not the thermionic emission of 
majority carriers at the interface. With this we give a comprehensive explanation of the measured high 
open-circuit voltages and promising efficiencies for n-Si/PEDOT:PSS solar cells. This shows that hybrid 
n-Si/PEDOT:PSS solar cells should be described as abrupt p+n-heterojunctions and not as commonly 
done by Schottky junctions. In general, the results corroborate that hybrid inorganic/organic heteroint-
erfaces can be great charge carrier selective contacts for photovoltaic and other opto-electronic devices.

Methods
All devices were fabricated on planar n-type silicon < 100>  substrates, based on four wafers covering 
a doping concentration, ND, between 1014 cm−3 and 1017 cm−3. The minority carrier diffusion length, LP 
(holes for n-Si), in the differently doped silicon was extracted by surface photovoltage (SPV) measure-
ments on complete 4″  to 6″  wafers (see Supplementary online). Smaller samples (1.5 ×  1.5 cm2) were 
cleaned by ultrasonification in acetone and isopropanol. To define and isolate the active area (1.17 cm2) the 
photoresist (nLof, Microchemicals) was spin-coated onto the samples and developed by UV lithography. 
The native oxide on the silicon surface was removed by hydrofluoric acid (5% HF for 30 s). PEDOT:PSS 
(PH1000, Heraeus Clevios) was filtered with a polyvinylidene fluoride membrane (0.45 μ m porosity) 
to remove agglomerations. To increase the conductivity of the final film, 5 vol% DMSO were added to 
the PEDOT:PSS solution. Since PEDOT:PSS is a water based solution it was necessary to add a wetting 
agent (0.1 vol% FS31, Capstone) to ensure a proper interface formation on hydrophobic H-passivated 
silicon. PEDOT:PSS was spin coated at 2000 rpm for 10 s and subsequently annealed at 130 °C for 15 min 
under standard atmospheric conditions. The thickness of the polymer layer was approximately 115 nm 
as determined by ellipsometry.

The density of valence band states (DOVS) of PEDOT:PSS was probed by UPS. Therefore, polymer 
layers on silicon were transferred into the ultrahigh vacuum system (base pressure < 5 ×  10−10 mbar) 
immediately after complete fabrication. The UPS measurements were conducted using an excitation 
energy of 6.5 eV, provided by a high-pressure Xenon lamp and a double grating monochromator. A spot 
of approx. 10 mm2 was illuminated with an integration time of 40 s. Photoemission spectra were collected 
by an energy analyzer with a resolution of 125 meV. The kinetic energy of the detected photoelectrons 
was converted to binding energy (Ebind) by calibrating the position of the Fermi level EF (Ebind =  0) with 
a gold standard.

For complete photovoltaic devices an In/Ga eutectic was scratched into the silicon as a back contact 
and a gold grid (finger width 80 μ m) was evaporated by an electron beam through a shadow mask on 
the polymer as a front contact. Fig. 1 shows a schematic of the n-Si/PEDOT:PSS device.

Electrical device characterization was carried out with a Keithley SCS 4200 semiconductor char-
acterization system equipped with preamplifiers and a capacitance-voltage unit using a four-terminal 
configuration for contacting. capacitance-voltage (C-V) measurements were performed at 10 kHz with 
an ac amplitude of 10 mV and a voltage sweep between − 2 V and 2 V. The built-in voltage of the hybrid 
n-Si/PEDOT:PSS junction as well as the doping concentration of the silicon wafer were obtained from 
the V-axis intercept and the slope of the linearly fitted data, respectively. Current density-voltage (J-V) 
characteristics were measured in the dark and under illumination. The dark J-V plots were analyzed by 
a numerical algorithm based on the two-diode model including area specific parallel and serial resist-
ance (see Supplementary online). The saturation current density is extracted as a model parameter. To 
characterize the photovoltaic response of the devices, samples were irradiated through the transparent 
PEDOT:PSS layer by an AM1.5 reference spectrum (Oriel Sol3A Class AAA Solar Simulators, Newport). 
All standard solar cell parameters where derived from these illuminated J-V measurements.
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Junction formation and current transport mechanisms in hybrid n-Si/PEDOT:PSS solar cells 

 

Sara Jäckle*, Matthias Mattiza, Martin Liebhaber, Gerald Brönstrup, Mathias Rommel, Klaus 

Lips, Silke Christiansen 

  

 

Surface Photovoltage (SPV) 

 

The minority carrier diffusion length Lp (for holes) of the differently n-doped silicon wafers 

was determined by surface photovoltage measurements on full wafers (diameter 4″ - 6″, 

thickness 525 - 615 µm). SPV was chosen because for this method the measurement is not 

influenced by surface recombination at the wafer frontside (illuminated side). All measurements 

were performed using a WT-2500 Semilab SPV system using eight excitation wavelengths with 

an 8 mm Kelvin probe head. Thus, points close to the wafer edge cannot be correctly measured. 

4″ n-Si  𝑁𝐷 =  4.9 × 1014 cm
−3

 4″ n-Si  𝑁𝐷 =  1.5 × 1015 cm−3 

  

4″ n-Si  𝑁𝐷 =  1.4 × 1016  cm−3 6″ n-Si  𝑁𝐷 =  1.6 × 1017 cm−3 

  

 

 

Figure S1. Diffusion length maps of differently doped whole silicon wafers. Minority carrier 

diffusion length LP depicted in a 2 mm raster by a colour code. 

320 µm 340 µm 180 µm 275 µm 

180 µm 195 µm 115 µm 130 µm 
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The diffusion length collected in Table 1 of the paper was obtained by averaging over the 2 mm 

raster with an edge exclusion of 5 mm. Very high regression coefficients were obtained for the 

SPV results (minimum value of 0.995 for the sample with the smallest doping concentration) 

which indicates that the obtained diffusion length values are reliable. 

 

 

Fitting algorithm based on the two-diode model 

 

The two-diode model is commonly used to describe the current density-voltage (J-V) 

characteristic of solar cells based on an indirect semiconductor. It includes the diffusion current 

in the bulk and the recombination current in the space charge region and is described by 

Equation 6 in the paper.1 For a diode measured in the dark it reduces to: 

This implicit equation is analytically not solvable. Therefore, iterative methods are used to 

extract the four model parameters: saturation current density for diffusion 𝐽01  and 

recombination 𝐽02, area specific shunt resistance 𝑅𝑝  and series resistance 𝑅𝑠 . The dark J-V-

curves of the hybrid n-Si/PEDOT:PSS solar cells are numerically fitted with the Levenberg-

Marquardt algorithm for the equations based on Hovinen.2 The relative weighted deviation 

|𝐽exp−𝐽calc|

|𝐽exp|
 of the experimental current densities 𝐽exp and the calculated  𝐽calc was minimized. A 

large range of starting parameters was used and the best fits were chosen. Here, the best fits are 

those with the smallest sum of the squared deviations scaled with the squared value of the 

experimental values and are collected in Table S1. In Figure S2 the measured (blue) and fitted 

(red) curves are shown for the solar cells based on the differently doped silicon substrates. Table 

S1 also summarizes the extracted model parameters. 

𝐽 = 𝐽01 (𝑒𝑥𝑝 (
𝑞(V − 𝑅𝑠𝐽)

𝑘𝑇
) − 1) + 𝐽02 (exp (

𝑞(V − 𝑅𝑠𝐽)

2𝑘𝑇
) − 1) +

V − 𝑅𝑠𝐽

𝑅𝑝
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𝑵𝑫 [cm−𝟑] 𝑱𝟎𝟏 [A/cm2] 𝑱𝟎𝟐 [A/cm2] 𝑹𝒑 [Ωcm2] 𝑹𝒔 [Ωcm2] 𝟏

𝑵
∑

|𝑱𝐞𝐱𝐩 − 𝑱𝐜𝐚𝐥𝐜|𝟐

|𝑱𝐞𝐱𝐩|𝟐
 

4.9 x 1014 1.3 x 10-11 1.7 x 10-8 8.0 x 106 4.6 8.73 x 10-2 

1.5 x 1015 3.1 x 10-12 2.8 x 10-8 2.7 x 105 3.1 2.09 x 10-2 

1.4 x 1016 4.5 x 10-13 2.9 x 10-8 7.9 x 105 2.6 5.85 x 10-2 

1.6 x 1017 3.2 x 10-13 9.4 x 10-9 8.8 x 104 3.6 3.64 x 10-2 
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Figure S2. Dark current density - voltage characteristics of n-Si/PEDOT:PSS solar cells. 

Experiementaly determined (Jexp) and calculated (Jcalc) current densities of devices based on 

differently doped (ND) silicon substrates. 

Table S1. Summary of the model parameters extracted from the fitted curves in Figure S2. 

All abriviations are defined in the text. 
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ABSTRACT: We investigated the buried interface between monocrystalline n-type silicon (n-Si) and the highly conductive
polymer poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), which is successfully applied as a hole
selective contact in hybrid solar cells. We show that a post-treatment of the polymer films by immersion in a suitable solvent
reduces the layer thickness by removal of excess material. We prove that this post-treatment does not affect the functionality of
the hybrid solar cells. Through the thin layer we are probing the chemical structure at the n-Si/PEDOT:PSS interface with
synchrotron-based hard X-ray photoelectron spectroscopy (HAXPES). From the HAXPES data we conclude that the Si substrate
of a freshly prepared hybrid solar cell is already oxidized immediately after preparation. Moreover, we show that even when
storing the sample in inert gas such as, e.g., nitrogen the n-Si/SiOx/PEDOT:PSS interface continues to further oxidize. Thus,
without further surface treatment, an unstable Si suboxide will always be present at the hybrid interface.

KEYWORDS: solar cells, hybrid materials, conducting polymers, interface, hard X-ray photoelectron spectroscopy, inorganic/organic,
device stability

■ INTRODUCTION

The rectifying hybrid inorganic−organic interface between the
semiconductor silicon and the polymer blend poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT:PSS) is widely investigated for application in solar
cells.1 Numerous approaches aiming toward highly efficient n-
Si/PEDOT:PSS solar cells have been presented, including
interface engineering by the incorporation of inorganic
interlayers,2 passivation with organic molecules,3 or nano-
structured surfaces.4 By using advanced solar cell device

concepts, efficiencies up to 17% have been reached.5 The
inorganic semiconductor silicon as well as the very conductive
polymer PEDOT:PSS are used in many applications, and thus
the individual materials have been thoroughly investigated in
recent decades.6 Although the n-Si/PEDOT:PSS junction has
been characterized indirectly by multiple electrical and optical
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device measurements,7,8 the structural and chemical details of
the interface are still unresolved.
While n-Si/PEDOT:PSS solar cells are commonly fabricated

on H-passivated silicon substrates,7−11 numerous groups have
intentionally grown a native oxide on the silicon surface prior to
solution processing the PEDOT:PSS on top.12−16 These
studies have shown that n-Si/PEDOT:PSS solar cells produced
with and without the intentionally introduced interfacial oxide
perform well. Detrimental effects on device performance are
only observed when the oxide layer is too thick and inhibits
charge carrier transport.12,13 In general, the polymer is cast and
post-treated under ambient conditions. To our best knowledge,
there is no study found in the literature that reports how this
might affect the interface.
In terms of the long-term photovoltaic device performance of

hybrid n-Si/PEDOT:PSS solar cells, the dominant degradation
mechanism in air is the degradation of the polymer itself. The
polymer exhibits a reduced conductivity, most likely due to the
uptake of water,17 greatly effecting the solar cell performance.
Even with encapsulation of the polymer layer18 or of the
complete n-Si/PEDOT:PSS solar cell,14 this process can so far
be only slowed down. Because this strong degradation of the
polymer dominates and possibly overshadows other effects, it is
unclear whether the buried n-Si/PEDOT:PSS interface is stable
or might change with storage time, which would represent
another inherent source of degradation.
Although chemically stripping off the PEDOT:PSS layer after

complete preparation has been used to probe the underlying
silicon surface,19 a direct study of the buried n-Si/PEDOT:PSS
interface after preparation and with storage time was yet to be
reported.
An additional post-treatment of the PEDOT:PSS films by

immersion of the whole sample in polar solvents after
preparation has recently been suggested in the literature to
increase the specific conductivity of the polymer films.20−22 It
has been observed that such a post-treatment also reduces the
thickness of the films by up to 50%.20,21 These studies were
performed on the PEDOT:PSS material, leaving open how
such a post-treatment might affect the performance of n-Si/
PEDOT:PSS solar cells.
In this work, we produce PEDOT:PSS layers that are

sufficiently thin to allow for nondestructive probing of the
buried hybrid n-Si/PEDOT:PSS interface by synchrotron-
based hard X-ray photoelectron spectroscopy (HAXPES), while
making sure that the electronic properties required for efficient
hybrid solar cells are maintained. We take a detailed look at the
effect of solvent post-treatment on the morphology and
chemical composition of the PEDOT:PSS layers. With this
post-treatment, we are able to probe the buried inorganic−
organic hybrid interface on freshly prepared n-Si/PEDOT:PSS
sample as well as test its stability when stored under inert
conditions.

■ EXPERIMENTAL SECTION
Sample Preparation and Device Measurements. All samples

were prepared on n-type silicon (100) wafers with a resistivity of 1−5
Ω cm, cut into smaller samples (1.5 × 1.5 cm2 for solar cell fabrication;
0.7 × 0.7 cm2 for HAXPES measurements) and cleaned by
ultrasonication in acetone and isopropyl alcohol. The native oxide
on the silicon surface was removed by hydrofluoric acid (5% HF for 30
s), followed by a subsequent dip in deionized (DI) water. PEDOT:PSS
(PH1000, Heraeus Clevios, chemical formula displayed in Figure 1)
was filtered with a polyvinylidene fluoride membrane (0.45 μm
porosity) to remove agglomerations. To increase the conductivity of

the final film, 5 vol % dimethyl sulfoxide (DMSO) was added to the
PEDOT:PSS solution. Since PEDOT:PSS is dispersed in water, it was
necessary to add a wetting agent (0.1 vol % FS31, Capstone) to ensure
a proper layer/interface formation on hydrophobic H-passivated
silicon. PEDOT:PSS was spin coated at 4000 rpm for devices and at
10000 rpm for HAXPES samples for 20 s and subsequently annealed
at 130 °C for 15 min in ambient air. To define an active area for the
hybrid junction in solar cells and to reduce edge effects, an area of 1.17
cm2 was masked and the surrounding polymer was etched away by a
strong oxygen plasma. For complete photovoltaic devices, an In/Ga
eutectic was scratched into the silicon as a back-contact and a gold grid
(finger width, 80 μm) was evaporated by an electron beam through a
shadow mask on the polymer as a front contact. As a post-treatment to
obtain thinner PEDOT:PSS layers, the samples were additionally
immersed for 15 min in a DMSO bath following the standard
annealing step. After removal from the bath, the excess DMSO was
blown off with a nitrogen gun and the samples were dried a second
time for 15 min on a hot plate under ambient conditions at 120 °C.

The average thickness of the polymer layer on different sized silicon
substrates was determined by a stylus profiler (Vecco Dektak 150,
Bruker). The thickness profile, the roughness, and the morphology of
the polymer layers were recorded by a Bruker AFM in nontapping
mode on an area of 5 × 5 μm2 in the center of the smaller silicon
substrates. The sheet resistance of the polymer layers was determined
by the van der Pauw method with a Hall measurement system
(HMS5000, Ecopia). Electrical device characterization was carried out
with a Keithley SCS 4200 semiconductor characterization system.
Current density−voltage (J−V) characteristics were measured in the
dark and under illumination. To characterize the photovoltaic
response of the devices, samples were irradiated through the
transparent PEDOT:PSS layer with an AM1.5 reference spectrum
(Oriel Sol3A Class AAA Solar Simulators, Newport) by using a
shadow mask for the active area. The external quantum efficiency
(EQE) was measured using light from a 300 W xenon source coupled
through a CS260 monochromator (Newport) and a calibrated silicon
reference cell.

HAXPES Measurements. The measurements were conducted at
the HIKE end-station23 installed at the KMC-1 bending magnet
beamline24 that is located at the storage ring BESSY II (Helmholtz-
Zentrum Berlin). To prevent any possible beam-induced sample
degradation, the measurements have deliberately been performed
using BESSY II’s low-α multibunch hybrid mode A with an initial ring
current of 15 mA (compared to 300 mA that are reached during top-
up operation). All measurements were performed with an excitation
energy of 3 keV. A VG Scienta R4000 electron analyzer was used to
record HAXPES spectra. The binding energy (Ebind) was calibrated
with a gold reference (setting Au 4f7/2 = 84.0 eV). WinSpec 2.09
(University of Namur, Belgium) was used for data analysis, subtracting

Figure 1. Chemical formula of the PEDOT:PSS solution (Celvios PH
1000)30
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linear backgrounds, and fitting the core level peaks with Shirley
backgrounds and symmetric as well as asymmetric Gaussian/
Lorentzian line shapes. A fresh and a natively oxidized (2 weeks in
ambient conditions) bare HF-dipped silicon wafer were measured for
comparison.

■ RESULTS AND DISCUSSION

The standard solution-processed fabrication of efficient hybrid
n-Si/PEDOT:PSS solar cells is spin coating PEDOT:PSS
solution mixed with DMSO at a moderate spin speed (e.g.,
between 2000 and 4000 rpm). This leads to a polymer film
thickness of 50−150 nm,8,25 depending mainly on the spin
speed but also slightly on the substrate size used. We made
solar cells on HF-dipped silicon with a size of 1.5 × 1.5 cm2 by
spin coating the PEDOT:PSS (PH1000, chemical formula
depicted in Figure 1) mixed with 5% DMSO at 4000 rpm. This
yields an average thickness of around 62(2) nm. By increasing
the spin speed to 10000 rpm and decreasing the sample size to
0.7 × 0.7 cm2 (i.e., the sample size for HAXPES measurements
discussed below), the average thickness could be decreased to
around 36(2) nm. The sheet resistivity of these polymer films,
measured in a van der Pauw setup on the smaller substrates, is
170 Ω/sq, with a corresponding specific conductivity of around
470(30) S/cm, as expected for the solution PH 1000 mixed
with 5% DMSO.6,20,22 The results are summarized in Table 1.
We post-treat our PEDOT:PSS layers on silicon by

immersing them for 15 min in DMSO. After this post-
treatment the polymer layers exhibit a reduced average
thickness of 34(2) nm for the moderate spin speed and 1.5
× 1.5 cm2 substrates, while for the high spin speed 0.7 × 0.7
cm2 samples they are 21(1) nm thin. The sheet resistance of
the latter films only slightly increases to 200 Ω/sq upon the
post-treatment. Since the thickness is almost decreased by half,
the corresponding specific conductivity doubles to 950(20) S/
cm. The same effect has also been observed previously for
immersion in ethylene glycol.21 This leads to the assumption
that, by immersion in a suitable solvent, mainly material from

the polymer film that does not actively take part in the
conduction mechanism is removed.
The surface topology of the polymer films was recorded on a

5 × 5 μm2 spot in the middle of the sample by AFM in
nontapping mode, displayed in Figure 2. Additionally, the
thickness of the polymer layer is measured by partially
scratching off the polymer from the substrate and averaging
the step height over a larger AFM scan. Table 1 shows that the
middle of the sample is slightly thicker compared to the average
thickness of the whole sample, as measured by a stylus profiler.
Figure 2 shows that the surface of the polymer films is quite
rough, with a mean roughness of 1.6−1.7 nm, which is in good
agreement with values from literature.6,20−22 Note that the
minimal values in film thickness are well below the average. The
DMSO post-treated sample even exhibits small plateaus at the
minimum regions in the AFM image in Figure 2b, which are
most likely artifacts due to the inability of the AFM tip to
penetrate the troughs further. The true mean roughness is
therefore slightly larger, and some areas in the polymer layer
are thinner than the minimum value shown in Table 1. After
the DMSO post-treatment the PEDOT:PSS layer exhibits a
fine grain-like structure. In literature it is suggested that
PEDOT:PSS consists of ∼20 nm large conductive PEDOT:PSS
grains surrounded by excess PSS,6,9,26−28 depending very much
on the particular PEDOT:PSS solution used. This leads to the
assumption that the structure in Figure 2a is mainly excess
material that is removed by the DMSO post-treatment,
uncovering the grain-like structure of PEDOT:PSS in Figure
2b, an interpretation that has also been supported for a similar
post-treatment.29

The change in chemical composition of PEDOT:PSS related
to the DMSO post-treatment was observed using HAXPES.
Within our experiments, no degradation of the samples due to
X-ray radiation was observed (see Supporting Information
section S1). The 3 keV excitation energy allows one to probe
the S 1s core level in addition to the S 2p core level accessible
also by standard laboratory-based X-ray photoelectron spec-
troscopy (XPS) experiments. The fact that the S 1s line shows

Table 1. Thicknesses of PEDOT:PSS Layers from Standard Processing and with DMSO Post-treatment, Measured by a Stylus
Profiler Averaging over the Whole Sample (solar cell: 1.5 × 1.5 cm2, 4000 rpm; HAXPES: (0.7 × 0.7 cm2, 10 000 rpm)a

solar cell HAXPES

sample
profiler thickness

(nm)
profiler thickness

(nm)
sheet resist.
(Ω/sq)

specific conduct.
(S/cm)

AFM av
(nm)

AFM max
(nm)

AFM min
(nm)

AFM rms
(nm)

standard 62(2) 36(2) 170 470(30) 42(2) 48 34 1.7
post-
treated

34(1) 21(1) 200 950(20) 25(2) 31 18 1.6

aFor the HAXPES samples, the sheet resistance, as measured by the van der Pauw method, the conductivity, and statistics of AFM measurements at
the center of the substrates (see Figure 2) are also presented.

Figure 2. AFM images of PEDOT:PSS films (a) before and (b) after the additional DMSO post-treatment. The images show an area of 5 × 5 μm2.
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no spin−orbit splitting slightly simplifies the data analysis. The
S 1s core level spectra of PEDOT:PSS with and without the
DMSO post-treatment are shown in Figure 3. The chemical
structure in Figure 1 exhibits three different chemical states of
sulfur, related to the thiophene ring in PEDOT as well as to
sulfonic acid groups in the neutral PSSH and the charged PSS−.
The analysis of the S 1s core level spectra in Figure 3 is
analogous to the work of Greczynski et al. for the S 2p core
level spectra of PEDOT:PSS28 (also compare the S 2p spectra
in Supporting Information section S2). The signals from the
strongly positive sulfur atoms related to PSS are at higher Ebind
than the one related to PEDOT. Furthermore, the ionic PSS− is
at slightly lower Ebind than the neutral PSSH. The signal from
PEDOT has an asymmetric shape due to a tail at the higher
binding energy side resulting from the delocalized positive
charge on the polymer chain.28 The peaks are fitted with the
ionic PSS− component shifted by 5.06 eV to higher binding
energies with respect to the PEDOT peak and the neutral
PSSH component by 5.63 eV. Both PEDOT:PSS samples (i.e.,
before and after the DMSO post-treatment) exhibit distinct
signals from PEDOT and PSS. The intensity ratio of PEDOT-
to-PSS derived from the S 1s spectrum of the standard
prepared polymer film is 1:2.5, in very good agreement with the
given ratio of 1:2.5 in the used PEDOT:PSS solution (Clevious,
PH 1000).30 This is unexpected as most of the signal for the
high binding energy core level S 1s originates from the surface,
even when using an excitation energy of 3 keV. Films cast from
the pristine solution are reported to have a morphology
consisting of PEDOT:PSS grains surrounded by a PSS-enriched

shell,27,28 and consequently a significantly higher PSS
contribution in the surface-sensitive photoemission data is
expected. In the present case, however, the used PH 1000
solution is mixed with 5% DMSO, which has been shown to
increase the PEDOT-to-PSS ratio,9,31 leading to the here
measured value of 1:2.5. The S 1s spectrum of the PEDOT:PSS
layer post-treated with DMSO, shown in Figure 3b, clearly
displays a strongly increased PEDOT-to-PSS signal ratio of
1:1.1. It has also been demonstrated by other groups that an
immersion in polar solvents or acids reduces the PSS content
drastically.21,29,31,32

The presented result suggests that the DMSO post-treatment
removes most or all PSS shell material in the PEDOT:PSS film,
leading to a thickness reduction by approximately 40%. The
sheet resistance increases only slightly after the post-treatment,
indicating that the excess PSS was not actively taking part in the
charge transport through the polymer layer.
Hybrid n-Si/PEDOT:PSS solar cells with and without the

DMSO post-treatment were produced as described in the
Experimental Section. Figure 4a shows the illuminated J−V
curves of the solar cells. All solar cell parameters are collected in
Table 2. The solar cell characteristics and the power conversion
efficiency (PCE) of the standardly processed hybrid n-Si/
PEDOT:PSS solar cell are in good agreement with recently
published results,8,14,33,34 while small deviations can be ascribed
to a different doping density of the silicon substrate, variation in
polymer film thickness, and device optimization. The post-
treatment barely deteriorates the functionality of the hybrid n-
Si/PEDOT:PSS solar cells. The immersion in DMSO has no

Figure 3. S 1s core level spectra of PEDOT:PSS (a) before and (b) after the additional DMSO immersion treatment. Fitting of the spectra is based
on Greczynski et al.28 The residual plot of the fit sum (red) is shown in gray.

Figure 4. (a) Illuminated J−V characteristics and (b) EQE spectra of hybrid n-Si/PEDOT:PSS solar cells with and without the additional DMSO
post-treatment. The AM 1.5G solar spectrum is shown for comparison. The values at the curves represent the average polymer layer thicknesses in
the solar cell.
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negative effect on the hybrid interface, apparently from the
unchanged open-circuit voltage (VOC). Also the fill factor (FF)
is hardly affected, consistent with the finding that the DMSO
decreases the layer thickness of the polymer but does not
considerably increase the sheet resistance (compare Table 1).
Only the short-circuit current (JSC) is reduced by the DMSO
treatment from 30.5 to 28.0 mA/cm,2 also accounting for the
lower PCE. Figure 4b shows that the external quantum
efficiency (EQE) of the hybrid solar cell with the polymer
thinned down by the DMSO treatment is reduced over a broad
wavelength range in the solar spectrum. This reduction of the
EQE and correspondingly lower JSC is due to a less favorable
antireflective behavior of the thinner polymer layer, as can be
estimated by the principle of quarter-wavelength antireflective
coating.35 The reflection of silicon with a 34 nm thick
PEDOT:PSS layer is almost as high as for bare silicon,
resulting in a reflection of more than 30% of the incoming light
as also visible in the EQE. Even though the efficiency is slightly
reduced by this effect, the functionality of the hybrid n-Si/
PEDOT:PSS solar cell characterized by VOC and FF is not
significantly affected by the DMSO treatment.
The PEDOT:PSS layers from standard solution processing

are too thick to probe the buried hybrid interface with silicon
using HAXPES, but the DMSO post-treatment removes
enough material so that a clear signal from the Si 2s core
level spectrum is visible (spectra for both systems are shown in
the Supporting Information Figure S2a). An unambiguous
indicator that the complete Si 2s signal exclusively stems from
buried silicon covered by the polymer film is the absence of the
Si 1s core level peak (see Supporting Information Figure S2b)
for which photoelectrons have a considerably smaller inelastic

mean free path (IMPF) due to the higher binding energy. The
Si 1s peak would be visible if the signal derived from silicon
patches left uncovered due to scratches or pinholes in the
polymer films or alternatively silicon-derived contaminants on
the surface. The IMPF in PEDOT:PSS can be approximated
with the TPP2M formula,36 using the chemical formula of the
polymer and assuming a density of 1 g/cm3.6 The calculated
IMPF of the Si 2s (Ekin = 2.85 keV) and Si 1s (Ekin = 1.15 keV)
photoelectrons in the polymer are ∼6.5 and ∼3 nm,
respectively. Assuming a homogeneous coverage and consider-
ing that the Si signal will be exponentially attenuated to 1/e3

(i.e., to less than 5%) compared to the signal of the bare Si
wafer, if the thickness of the polymer layer exceeds 3 × IMFP,
this approximation suggests that the PEDOT:PSS layer is in the
order of 10−20 nm. Although the values from the AFM
measurements in Table 1 indicate an average thickness of 25
nm in the middle of the DMSO post-treated PEDOT:PSS
layer, it can be seen from the AFM scan in Figure 2b that many
thinner areas exist. PEDOT:PSS is a soft polymeric material
with a grain-like structure, visible in Figure 2b. It has been
shown before that for soft organic materials, in particular
porous materials, the IMFP is largely increased.23 This
rationalizes why it is possible to probe the interface through
the polymer layer.
The Si 2s core level spectra of PEDOT:PSS films on silicon

with DMSO post-treatment freshly prepared and after being
stored for 2 weeks in a nitrogen glovebox are shown in Figure
5c,d, respectively. For reference, spectra for a bare freshly HF-
dipped and a 2 weeks in ambient oxidized silicon substrate are
also presented in Figure 5a,b. Because the Si 2s signal intensity
from the bare silicon references is significantly higher than from
the buried silicon, they show a higher signal-to-noise ratio. As
expected, the silicon substrate with an H-passivated surface
shows essentially only one peak related to elemental silicon
(Si0).37,38 The 2 weeks in ambient air oxidized silicon wafer
shows a distinct shoulder related to silicon oxide on the
surface.39 The peak is located at ∼3.6 eV higher Ebind,
corresponding well to the reported positions for silicon dioxide
(Si4+)37 that dominates native oxide formation on bare H-
terminated silicon surfaces.40 SiOx suboxide (x < 2) signals are
located between this position and the elemental silicon
peak.37,39 A corresponding signal is hardly detectable for the

Table 2. Solar Cell Parameters of n-Si/PEDOT:PSS Solar
Cells from Standard Processing and with Additional DMSO
Post-treatmenta

solar cell sample VOC (mV) JSC (mA/cm2) FF PCE (%)

standard 548 30.5 0.73 12.2
DMSO post-treated 550 28.0 0.72 11.1

aOpen-circuit voltage (VOC), short-circuit current (JSC), fill factor
(FF), and the power conversion efficiency (PCE) are extracted from
the illuminated J−V curves in Figure 4a.

Figure 5. Si 2s spectra of silicon substrates that are (a) freshly HF-dipped and (b) 2 weeks oxidized in ambient, as well as those that are covered with
PEDOT:PSS and post-treated with DMSO (c) directly after preparation and (d) after storing 2 weeks in nitrogen. Besides the elemental silicon,
silicon dioxide and silicon suboxides (if present) at the surfaces are indicated. The peaks in each spectra are fitted simultaneously, and the
backgrounds are subtracted for good comparison.
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natively oxidized Si substrate (also compare the Si 1s core level
spectra in Supporting Information Figure S3). Close inspection
of the Si 2s core level spectra of the freshly prepared n-Si/
PEDOT:PSS sample in Figure 5c also reveals a clear shoulder
at the high binding energy side of the main Si0 feature. A
reasonable fit of the spectrum can be achieved assuming two
components. Compared to the SiO2 contribution of the Si 2s
peak of the natively oxidized silicon substrate, here the position
of the shoulder is less shifted with respect to the elemental
silicon peak (ΔE ∼ 2.4 eV), pointing to the presence of a
suboxide species (i.e., Si2+ and/or Si3+).37,39 This indicates that
upon deposition and processing of the PEDOT:PSS on the H-
passivated silicon substrate, the latter partially oxidizes.
Although to our best knowledge nobody has reported on the
chemical structure of a buried n-Si/PEDOT:PSS interface so
far, it has been reported that the surface that is exposed by
stripping off the polymer with water, acetone, and isopropyl
alcohol after processing is oxidized.19

To give a rough upper estimate of the thickness of the
interfacial oxide layer, the intensity ratio of the elemental and
suboxide peak of the fresh n-Si/PEDOT:PSS sample is
compared with the intensity ratios of Si 2s and Si 1s of the
natively oxidized silicon substrate (for details see Supporting
Information section S3). This procedure allows us to estimate
the interfacial suboxide layerthat is already present at the
freshly prepared n-Si/PEDOT:PSS interfaceto be approx-
imately 1.5 nm. For comparison, a monolayer of silicon oxide
corresponds to about 0.3 nm.40 A moist atmosphere can greatly
enhance oxide growth on silicon,41 suggesting that the
hygroscopic PEDOT:PSS17 promotes fast oxidation of the
silicon surface. Furthermore, it has been shown that especially
in hot DI water the oxidation is a very rapid process.42 Since
PEDOT:PSS is a colloidal dispersion in water, and the
produced samples are heated after solution processing, the
remaining water in the films and the preparation conditions
(i.e., annealing step) might generate an environment that leads
to a very fast oxidation of the silicon surface. Note that from
these results the possibility that other PEDOT:PSS-related
species might also bind to the silicon at the surface (e.g., Si−
O−C or Si−S) cannot be excluded, as the chemical shifts of
these potential chemical species would place them in the same
binding energy region as the oxide peak.43,44 However,
compared to the oxide peak, these additional peaks would be
of lower intensity as they can at most form a monolayer on the
silicon surface. Therefore, we interpret the results as a clear
indication of an immediate oxidation of the silicon surface upon
n-Si/PEDOT:PSS interface formation.
Figure 5d presents the Si 2s core level spectra of a n-Si/

PEDOT:PSS sample that has been stored for 2 weeks in
nitrogen after preparation. Although stored under inert
conditions, it shows a more pronounced shoulder at the high
binding energy side of the main Si0 feature than the freshly
prepared sample. In this case, the spectrum can only be fitted
by assuming an additional contribution to the Si 2s photo-
emission line that we interpret as being indicative for the
presence of silicon dioxide in comparison to the natively
oxidized silicon reference. The thickness estimation for the
interfacial mixed silicon dioxide and silicon suboxide layer
reveals an increase to approximately 1.9 nm (see Supporting
Information section S3). This shows that the silicon surface at
the buried hybrid interface continues to oxidize even if stored
in nitrogen. It has been pointed out that PEDOT:PSS easily
takes up water because of the hygroscopic behavior of PSS.6,21

Although a large fraction of PSS was removed by the DMSO
post-treatment, it is still very likely that the polymer takes up
some water during processing under ambient conditions. As
water on the silicon surface steadily leads to further oxidation of
the silicon surface with time,45 this could explain that even if
stored in nitrogen, the silicon surface is not stable and
continues to oxidize. This shows that for long-term stable
hybrid n-Si/PEDOT:PSS solar cells, in addition to a proper
encapsulation of the polymer itself, also a stable interface has to
be ensured. Corresponding optimization approaches include
the addition of a thin interfacial aluminum oxide layer2 or
methyl passivation3,46 of the silicon surface prior to solution
processing. However, detailed studies of these passivated buried
interfaces have not been presented yet.

■ CONCLUSION AND OUTLOOK
By immersion of PEDOT:PSS on silicon in DMSO, a large
amount of excess PSS, not actively taking part in the charge
transport, is removed from the film leaving conductive
PEDOT:PSS grains behind. Hence the thickness of the layer
is reduced, while the sheet resistance remains mostly
unchanged. We were able to reproduce these morphological
changes shown in the literature for a similar post-treatment and,
furthermore, prove that the immersion in DMSO has no
negative impact on the principle functionality of hybrid n-Si/
PEDOT:PSS solar cells. Especially the unchanged open-circuit
voltage suggests that the mechanisms at the hybrid interfaces
with and without post-treatment are comparable. Thus, the
tailored reduction of the PEDOT:PSS layer thickness available
by the post-treatment allows the direct study of the chemical
structure at the buried n-Si/PEDOT:PSS interface via
HAXPES, by matching the polymer layer thickness to the
information depth of the emitted core level electrons while
maintaining a closed layer.
As the main conclusion, our results prove that hybrid n-Si/

PEDOT:PSS solar cells fabricated under ambient conditions, as
usually done, will always have a thin interfacial suboxide layer
present in the device. Moreover, we also find that this suboxide
layer increases in thickness and in degree of oxidation state
when storing the device even in an inert atmosphere such as
nitrogen. Hence, the thickness of this interfacial oxide layer will
not only vary with the preconditioning of the substrate and
humidity of the atmosphere during preparation but also with
the time until measurement.
Although n-Si/SiOx/PEDOT:PSS solar cells work initially

quite well, the continuous oxide growth will deteriorate the
interface with time, eventually leading to a degradation of the
initial cell performance. Therefore, we conclude that a stable
interface passivation, by, e.g., a defined inorganic tunnel layer or
an organic termination through stable covalent bonds of the
silicon surface, will be indispensable to guarantee device
stability and, thus, further advancement of this intriguing
hybrid photovoltaic technology.
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S1 Stability of PEDOT:PSS during HAXPES measurements  

 

 
 

Figure S1. S 2p/Si 2s core level spectra of n-Si/PEDOT:PSS. Comparison of the first 

(green) and last (blue) single scan and the summed up spectrum (black). The black and 

white image plot shows all taken single scans in a 3D intensity plot. No significant change of 

the spectra can be observed over 20 scans. 

 

Figure S1 shows that the core level spectra of S 2p (related to PEDOT:PSS) and Si 2s (related 

to silicon at the interface) do not change during the HAXPES measurement. Over 20 scans 

(corresponding to ~1 h of X-ray irradiation) no change in spectral intensity, shape or position 

of the peaks is observed. Additionally, for samples with thicker PEDOT:PSS films (data not 

shown) no silicon peak arises upon increasing exposure time and none of the C, S, O core level 

peaks of the bulk PEDOT:PSS exhibit an energy shift or changes in peak shape or intensity 

ratio. In addition, inspection of the samples after measurement using an optical microscope 

showed no visual change in the film surface at the spot of irradiation. In summary, we observe 

no indications for beam-induced degradation of the samples when exposed to a moderate flux 

(low intensity mode of storage ring with current of 13.75 mA, bending magnet beamline) of 

3 keV photons.  
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S2 Combined core level spectra of S 2p and Si 2s as well as of Si 1s 

 

 
 

Figure S2. a) S 2p/Si 2s and b) Si 1s core level spectra of PEDOT:PSS before (black) and 

after the additional DMSO immersion (red).  

 

Figure S2a shows the core level spectra of S 2p and Si 2s. The S 2p peaks at higher binding 

energies are related to PEDOT and PSS. As for the S 1s core level, the PSS peaks are at higher 

binding energy than those for PEDOT.1 In contrast with the S 1s, the S 2p peaks exhibit a spin-

orbit splitting of ~1.2 eV. As in the S 1s spectra (see main text), it is clearly visible that after 

the DMSO treatment the peaks corresponding to PEDOT are enhanced compared to those 

related to PSS. At approximately 150 eV, the peak related to the Si 2s core level is visible.2 The 

thicker, as-cast polymer layer shows only a very weak Si 2s signal, while after the removal of 

excess PSS by DMSO post-treatment the signal from the silicon substrate is clearly visible. At 

the same time, no Si 1s signal can be observed (cf. Figure S2b) for the n-Si/PEDOT:PSS 

sample before and after the DMSO post-treatment. Due to the higher binding energy (Ebind) and 

therefore a lower kinetic energy (Ekin) photoelectrons related to the Si 1s core level have a 

considerably smaller IMFP compared to photoelectrons related to the Si 2s core level and thus 

are much more surface sensitive. The fact that Si 2s peaks can be clearly observed in Figure 

S2a while the Si 1s line is not visible in Figure S2b proves that the Si 2s signal exclusively 

stems from the buried n-Si/PEDOT:PSS interface and that uncovered silicon patches due to 

scratches or pinholes in the polymer films or alternatively silicon-derived contaminants on the 

surface can be excluded. 

 

 

S3 Approximation of the thickness of the interfacial oxide 
 

When assuming a simple bilayer of thin, smooth silicon oxide of uniform thickness d on top of 

a thick (dSi >> λ) smooth silicon wafer, the photoemission intensity of a particular core level is 

given by:3 

 

𝑰𝑺𝒊𝑶𝒙
∝  ∫ 𝒆−𝒙/𝝀 ⅆ𝒙   and 

ⅆ

𝟎
  𝑰𝑺𝒊 ∝  ∫ 𝒆−𝒙/𝝀 ⅆ𝒙 

∞

ⅆ
 

 

where λ is the inelastic mean free path (IMPF) of the photoelectrons of a given kinetic energy 

(i.e., of a particular core level). By integration, the ratio of the intensities follows as:  
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𝑹 =
𝑰𝑺𝒊𝑶

𝑰𝑺𝒊
∝  𝒆

ⅆ

𝝀 − 𝟏 

 

Using the ratios from the core level spectra of Si 1s and 

Si 2s of the oxidized silicon reference sample, the 

thickness can be estimated: 

𝑹𝟏(𝐒𝐢 𝟏𝐬)

𝑹𝟐(𝐒𝐢 𝟐𝐬)
=  

(𝒆
ⅆ

𝝀𝟏 − 𝟏) 

(𝒆
ⅆ

𝝀𝟐 − 𝟏)

        

 

From the Si 1s and Si 2s core level spectra we find: 

𝑹𝟏(𝐒𝐢 𝟏𝐬) ≈ 𝟎. 𝟐 

𝑹𝟐(𝐒𝐢 𝟐𝐬) ≈ 𝟎. 𝟎𝟕 

  

The IMPF for the corresponding kinetic energies are:4 

𝝀𝟏(𝐒𝐢 𝟏𝐬 ≈ 𝟏. 𝟐 𝐤𝐞𝐕) ≈ 𝟐𝟒 Å  

𝝀𝟐(𝐒𝐢 𝟐𝐬 ≈ 𝟐. 𝟖 𝐤𝐞𝐕) ≈ 𝟒𝟖 Å  

 

The approximated thickness of the silicon oxide that 

natively grows on the initially H-terminated silicon 

surface that has been left in ambient air for two weeks (cf. 

Figure S3, for the respective Si 1s spectrum) is: 

 

ⅆ ≈ 𝟑 𝒏𝒎 

 

Keeping in mind that this is only an approximation, the 

thickness is in good agreement with results for the 

saturated silicon oxide thickness forming on Si(100) 

reported in literature 5.  

 

By comparing the ratios of the Si 2s core level of the n-

Si/PEDOT:PSS samples with the ratio of the oxidized 

reference sample, also the interfacial thickness at the 

hybrid interface can be estimated: 

𝑹𝟏(𝐨𝐱𝐢𝐝𝐢𝐳𝐞𝐝 𝐒𝐢 𝐰𝐚𝐟𝐞𝐫)

𝑹𝟐(𝐧𝐒𝐢/𝐏𝐄𝐃𝐎𝐓: 𝐏𝐒𝐒)
=

(𝒆
ⅆ𝟏
𝝀 − 𝟏)

(𝒆
ⅆ𝟐
𝝀 − 𝟏)

 

 

From the Si 2s core level spectrum of the freshly prepared n-Si/PEDOT:PSS we find: 

𝑹(𝐒𝐢 𝟐𝐬) ≈ 𝟎. 𝟎𝟑        
This results in a thickness of: 

ⅆ ≈ 𝟏. 𝟓 𝒏𝒎 

 

From the Si 2s core level spectrum of the n-Si/PEDOT:PSS stored for two weeks in nitrogen 

we find: 

𝑹(𝐒𝐢 𝟐𝐬) ≈ 𝟎. 𝟎𝟒  
resulting in a thickness of 

ⅆ ≈ 𝟏. 𝟗 𝒏𝒎 

 

 

Figure S3. S 1s core level 

spectrum of the natively 

oxidized silicon substrate 

surface that has been left in 

ambient air for two weeks. 
Besides the elemental silicon, a 

shoulder to higher binding 

energies (shifted by ~4.3 eV) 

corresponding to silicon dioxide 3,6 

is visible. The residual plot is 

shown in gray. 
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Abstract
We report on the development of a novel nano-composite transparent electrode material to be
used in various energy applications e.g. as contacts for solar cells, composed of a wet-
chemically synthesized silver nanowire (AgNW) network encapsulated in a transparent
conductive oxide (TCO) which was deposited with nano-scale precision by atomic layer
deposition (ALD). The AgNWs form a random network on a substrate of choice when being
drop casted. ALD encapsulation of AgNWs guarantees a conformal and thickness controlled
coating of the wires e.g. by the selected aluminum doped zinc oxide (AZO). Annealing of the
AgNWs prior to ALD coating, yield a local sintering of AgNWs at their points of intersection,
which improves the conductivity of the composite electrodes by reducing their sheet
resistance. To demonstrate the performance of these AgNW/AZO composite transparent
electrodes, they were used as a top electrode on wafer-based silicon (Si) - solar cells. A novel
combination of scanning electron microscopy and image processing is used to determine the
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degree of percolation of the AgNWs on large areas of the nano-composite AgNW/AZO electrodes.
Our results show that the solar cell with percolated AgNW/AZO electrode show the highest short
circuit current density (28 mA/cm2) and a series resistance in the same order of magnitude
compared to reference solar cells with a thermally evaporated silver grid electrode. The
electrode example we chose reveals that the developed AgNW/AZO electrode is a technologically
relevant and cheap alternative to conventional solar cell screen printed grid electrodes, which
contain �95% more Ag per device area, with a high potential to be further systematically
optimized by the presented image processing method.
& 2015 Elsevier Ltd. All rights reserved.

Introduction

Highly transparent electrodes with low electrical resistivity
are an essential part of optoelectronic devices such as flat-
panel displays (FPD), light emitting diodes (LEDs) or solar
cells [1]. Currently, doped metal oxide films such as indium
tin oxide (ITO), are the predominant electrodes for displays,
LEDs and thin film solar cells, whereas wafer-based silicon
solar cells, which account for about 80% of the current
photovoltaic (PV) world market share [2], still rely on screen
printed silver (Ag) grid electrodes. While grid-like electrodes
reflect parts of the incident sunlight and shadow countable
areas of the active solar cells, the currently industrially used
conventional electrodes suffer from high material costs (e.g.
noble metals) and relatively low abundance (e.g. indium (In))
and thus still actively seek alternatives. To replace such
electrodes by new cost and material-saving alternatives,
ongoing research focuses on the application of graphene
[3], conducting polymers [4], carbon nanotubes [5], conduct-
ing transparent oxides (e.g. aluminum doped zinc oxide
(AZO), fluorine doped tin oxide (FTO)) [6], metal nanowire
networks [7] and a combination of those materials [8,9].

Especially silver nanowire (AgNW) networks seem to be a
highly promising candidate as a transparent conducting mate-
rial, since these networks contain far less material than
conventional screen printed grids in which about 20 g of silver
per m2 of electrode surface is used (calculation based on [10]).
Silver can be synthesized in its nanoscale particle form (e.g.
colloids, nanowires, platelets etc. [11,12]) by a reduction from
silver nitrate (AgNO3) containing solutions. AgNW networks from
such solutions exhibit sheet resistance and a tunable, high
transmittance in combination with a relatively low Ag con-
sumption [13,14]. Additionally, the possibility of low-cost
solution processing of AgNWs, like spin coating [15], drop
casting [16] or spray coating [17,18] for coating large area
substrates, present in thin film photovoltaics, or even roll-to-
roll processing, offers a major advantage over alternative
electrode materials. However, AgNW networks as front electro-
des for solar cells have to be sufficiently chemically and
thermally stable to guarantee long term stability of modules.
Moreover, as in conventional grid electrodes, the AgNWs will
not cover the whole underlying substrate, limiting the charge
carrier collection efficiency.

Alternatively, the wide band gap semiconductor ZnO has
become an attractive candidate for transparent electrodes
because of its optical properties, non-toxicity and low cost.
However, the electrical resistance of intrinsic ZnO films is

too high to successfully be applied in solar cell concepts. To
increase conductivity, ZnO can be degenerately doped with
aluminum, which acts as an electron donor that releases
additional free electrons. Various deposition techniques
such as pulsed laser deposition [19], magnetron sputtering
[20], chemical vapor deposition [21] and sol–gel processes
[22] have been reported to prepare aluminum doped ZnO
(AZO) layers. To obtain high-quality AZO layers with good
conformity, atomic layer deposition (ALD) is the ideal
deposition method which fulfills these requirements even
for conformal and homogeneous deposition on three-
dimensional architectures with high aspect ratios.

To combine the advantages and eliminate the disadvan-
tages of AgNW networks and AZO thin films, a nano-
composite system of these materials seems to be attractive.
It has been reported that AgNW/ZnO and AgNW/AZO
composites can be used as high quality electrodes that
show good conductivity and good transparency, since much
better conductivity of ZnO and AZO can already be reached
with relatively low densities of the incorporated AgNW
networks [23,24]. Due to the high homogeneity of the ALD
process, the encapsulation of AgNW networks in AZO can be
carried out in the highest controllable and flexible way.
Nevertheless, there is still a lack of systematic investigation
showing stability against Ag oxidation, large area homo-
geneity and proper implementation in photovoltaics [25].

The primary objective of our work was to systematically
prepare different kinds of AgNW/AZO electrodes on glass
substrates using drop-casted AgNW networks and an AZO
encapsulation procedure by ALD and correlate their structure
to electrical and optical properties. Since the percolation of
the AgNWs is essential for their electrical properties, we
additionally studied the surface coverage of nanowires in a
statistically reliable procedure using an advanced image
processing routine, developed in our laboratory for industrial
electrode optimization and quality monitoring. In an applica-
tion example we demonstrate that the newly developed
hybrid electrode can outperform a thermally evaporated Ag
grid, while drastically reducing the amount of utilized Ag.

Experimental

Synthesis and annealing of AgNWs and sample
preparation

AgNWs were synthesized using the polyol reduction of
AgNO3 as described by E. Korte et al. [26]. The chemi-
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cals needed for this reaction are AgNO3 (99.999+%,
MKBN9100V), poly(vinyl pyrrolidone) (PVP) powder (avg
MwE55,000, MKBN3006V) and CuCl2 � 2H2O (99.999+%,
MKBK6894V, Sigma-Aldrich). PVP was used as a capping
agent for anisotropic surface passivation and CuCl2 was
added during the reaction to control the nanowire forma-
tion. Ethylene glycol (99.9%, 12E240516, VWR) served as a
solvent for all raw materials. The solution of the raw
materials was mixed according to Korte et al. [26] at
151 1C under permanent stirring. The nanowire suspension
was cooled to room temperature after 1 h reaction time.
After the synthesis, the AgNWs were raffinated by repeated
centrifugation at accelerations of 7900 m/s2 for 5 min with
ethanol as the dispersing agent. AgNWs were stored at room
temperature, dispersed in ethanol, until characterization or
further processing. The average dimensions of the nano-
wires were 5.81 μm in length and 118 nm in diameter
resulting in an aspect ratio of about 50. Dimensions were
analyzed from scanning electron micrographs on a 1000
nanowire sample for statistical significance.

For electrical and optical measurements glass substrates
(microscope cover slips, Carl Roth, Germany) were cleaned
with peroxymonosulfuric acid, composed of hydrogen per-
oxide (H2O2, 30%) and sulfuric acid (H2SO4, 96%) at a ratio of
1:2, for 30 min. After rinsing in deionized water (DI H2O), the
substrates were dried using nitrogen. Random AgNW net-
works were deposited by drop casting of the AgNW suspen-
sion on the glass substrates. Annealing of the AgNW networks
was carried out at 250 1C for 3 min in air on a hotplate.

For morphological examination and for determination of
the dimensions of the AgNWs, Si-substrates were cleaned by
ultrasonication in acetone, isopropanol and DI H2O and
subsequently dried with nitrogen before the deposition of
the AgNWs.

ALD process

AZO films were deposited at 200 1C using a BENEQ TFS200
ALD system. To obtain AZO films, a combination of 15 ZnO
and 1 Al2O3 cycles was realized, forming a macrocycle,
which contains approximately between 1.5 and 3.37 at% Al,
responsible for the conductivity within the ZnO wide band-
gap semiconductor due to its doping capacity. The Al content
within the ZnO was measured by glow discharge mass
spectrometry (GDMS) [27]. The amount of macrocycles was
selected so that an AZO film with a thickness of �100 nm
could be achieved. Diethyl zinc (DEZ, Zn(C2H5)2, DockChe-
micals) and DI H2O were used as precursors for the deposi-
tion of the ZnO cycles in the AZO films. For the Al-doping, i.
e. Al2O3 ALD cycles, trimethyl aluminum (TMA, Al(CH3)3,
DockChemicals) and DI H2O were used as precursors. The ALD
carrier and purging gas was ultra-pure nitrogen (99.9999%).

Solar cell fabrication

We prepared wafer-based silicon solar cells with a diffused
p–n junction to compare the influences of the different
transparent top electrodes on solar cell performance.
Therefore, we used 15� 15 mm2 boron doped silicon wafer
pieces (p-type), cleaned by ultrasonication in ethyl acetate,
isopropanol and DI H2O and subsequently dipped into 5%

hydrofluoric acid (HF) for native oxide removal. The phos-
phorus doping (n-type) was achieved by spin coating
(2000 rpm) phosphorus containing spin-on-glass (Filmtro-
nics) on the wafer pieces with subsequent annealing to
encourage dopant diffusion. The annealing was carried out
in a tube furnace in argon atmosphere at 900 1C for 15 min.
The spin-on-glass was removed by a 5% HF dip. The wafer
was further cleaned by a second heating step in oxygen
atmosphere at 500 1C for 5 min and another 5% HF for 2 min,
to remove the thermal oxide prior to further processing.
Immediately, after an additional DI H2O rinse and drying
with nitrogen, the different top electrodes were applied.
The AgNW/AZO composite electrodes were fabricated as
described above, except for the heat treatment process of
the AgNW networks which was done by rapid thermal
annealing (RTA) in a nitrogen atmosphere, to encourage
welding of AgNWs at their intersections while preventing
the growth of native silicon oxide underneath the AgNWs.

As reference electrodes, 200 nm thick silver grids were
processed on top of some of the solar cells by thermal
evaporation (in a Balzers/Pfeiffer PLS 570 reactor).

For all solar cells, gallium–indium eutectic was used for
back-side contacting of the p-type wafer pieces.

Electrical, optical and structural characterization of
the fabricated electrodes

Electrical measurements utilizing four probes in a van der
Pauw configuration [28] were carried out for the different
electrodes on glass substrates at room temperature using a
4200-SCS parameter analyzer (Keithley Instruments) with a
four point probe station.

Optical transmittance and reflection measurements were
carried out in a Cary 5000 UV/Vis/NIR spectrophotometer
(Varian Inc., USA) with an external diffused reflectance
accessory (DRA-1800), which consists of an integrating
sphere and a UV–vis detector. Measurements were carried
out in the wavelength range from 300 to 1100 nm. There
was no glass substrate subtraction of any of the films
reported in this study, which means that all results show
the optical characteristics of the deposited films on glass.

The cross sections of the encapsulated AgNWs were
analyzed by a focused ion beam/scanning electron micro-
scope (FIB/SEM) (Lyra 3, TESCAN). Liftout sample for
transmission electron microscopy (TEM) was prepared with
FEI Helios Nanolab 660 DualBeam FIB, from area of interest,
with carbon protective deposit to avoid amorphization of
AgNWs, if directly struck by the Ga ion beam. A lamella
containing a cross section of the AgNW was then attached to
a TEM half grid for final thinning. The final thickness of the
liftout sample was kept below 100 nm, in order to enable
high quality scanning transmission electron microscopy
(STEM) imaging at an acceleration voltage of 200 kV. STEM
was performed on the FEI TITAN3 Themis 60-300 double
aberration corrected microscope at the Center for Nanoa-
nalysis and Electron Microscopy (CENEM), University of
Erlangen-Nuremberg, Germany, equipped with the Super-X
Energy Dispersive Spectrometry system (SuperX EDS) con-
trolled with Bruker Esprit software.

The dark and illuminated current–voltage (I–V) character-
istics of the solar cells with different top electrodes were
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measured with a Keithley 4200-SCS. The photovoltaic
response was determined by illumination with an AM1.5
reference spectrum (Oriel Sol3A Class AAA Solar Simulators,
Newport). For a consistent comparison of the different
electrodes the exact area of every solar cell was deter-
mined, to calculated current densities based on the com-
plete area. The external quantum efficiency (EQE) of the
cells was determined by a home-built quantum efficiency
measurement system, which was calibrated using a standard
Si-reference cell (Si photodiode S1337-1010BQ, Hamamatsu
Photonics). For solar cells with an Ag grid, the illuminated
spot was focused on an area between the grid points while
for cells with AgNW/AZO electrodes also reflection of the
AgNWs has to be considered.

The solar cells with AgNW/AZO electrode were investi-
gated in a SEM (MIRA 3, TESCAN) to determine the degree of
percolation of the AgNWs. A representative location of the
sample was selected and an area of 1.4� 1.4 mm2 was
imaged with a resolution of 50 nm using the in-beam SE
detector of the MIRA SEM system. The individual SEM images
had a size of 8k� 8k pixels and were stitched together [29]
using the software package FIJI [30]. After definition of
the threshold for the wires, the plugin “Find Connected
Regions” was used to determine the interconnection
between AgNWs.

Results and discussion

Assessment of the different types of electrodes

The electrical resistance and the optical transmittance are
essential properties of transparent electrodes. Therefore,
the comparison between the electrical and optical proper-
ties of AgNW networks, AZO films and a combination of both
is mandatory for the assessment of the regarded material
systems. For this reason, five types of electrodes were
prepared: AZO, an AgNW network (AgNW), a heated and
thus welded AgNW network (AgNW (250 1C)), an AZO-
encapsulated AgNW network (AgNW/AZO) and an AZO-
encapsulated heated AgNW network (AgNW (250 1C)/AZO).

Effects of thermal treatment on the electrical
resistivity of the AgNW networks

The electrical resistivity of an AgNW network depends on
the lengths and the diameters of the AgNWs as well as on
the nature of the wire contacts at their intersections. For a

decreasing diameter of the AgNWs the electrical resistance
of the network is increasing due to a higher resistance of
thinner AgNWs [31]. The resistance of the AgNW intersec-
tions mainly depends on the contact areas between these
wires. To reduce the resistance at the intersection, a heat
treatment step [32,33] or an optical postprocessing step like
plasmonic/UV welding [34] and pulsed laser sintering [35]
can be carried out which yields an intimate contact of wires
due to a local sintering of wires at their contact areas
[32,36].

A systematic heat treatment study of AgNW networks was
carried out to profit electrical properties. Figure. 1 shows
SEM images of two different AgNW intersections before
(Figure 1a) and after (Figure 1b) the heat treatment for
3 min at 250 1C in air.

To show trends of electrical resistance with respect to
heat treatment of AgNW networks, we measured the
changes in electrical resistivity of an AgNW network during
thermal annealing in air, at two different temperatures
(Figure 2). In the first few seconds at 200 1C, the resistance
remains nearly constant at around 1500 Ω. This can be due
to evaporation of the organic species, which are residues on
the AgNW surfaces from the wet chemical synthesis and the
still relatively small contact areas. After roughly 100 s, local
sintering of AgNWs at their intersections sets in and the
resistance starts to decrease. At 200 1C, the decay of the
electrical resistance is slow, which can be attributed to slow
decomposition of remaining organic components on the wire
surfaces [36]. After 15 min of heat treatment at 200 1C, the
temperature was raised to 250 1C. Hence, the local sintering
at the AgNW intersections occurred more rapidly which
resulted in a faster drop in resistance. During additional
5 min of annealing at 250 1C, the electrical resistance of the
AgNW networks dropped from 240 Ω to 10 Ω. While the heat
treatment had a significant impact on the electrical resis-
tance of the AgNW networks, the optical transmittance
remained unchanged (see Figure 5 discussed below).

AZO encapsulation of the AgNW networks

SEM images of annealed AgNW networks encapsulated in
AZO by ALD are shown in Figure 3. While Figure 3a shows an
overview of the encapsulated wires and reveals the full
coverage of the space between them, Figure 3b highlights
the very conformal and uniform coating of the annealed
AgNWs by a 100 nm thick AZO layer in a focused ion beam
(FIB) cross section. This emphasizes the highly homogenous

Figure 1 (a) SEM image of AgNWs before and (b) after annealing at 250 1C for 3 min.
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film deposition with uniform thickness even at complex-
shaped multiple intersections of AgNWs. To further investi-
gate the surface morphology of the AZO layer and the AZO
encapsulated AgNWs, atomic force microscopy measure-
ments (AFM) were carried out (see S1, Supporting informa-
tion). Figure 3c shows a granular structure of the AZO
coating which suggests nano-crystalline morphology. This
nano-crystallinity of our ALD AZO is proven by selected area
electron diffraction measurements which show a ring pat-
tern typical for nano-crystalline structures (see S2, Support-
ing information). All SEM images in Figure 3 show the
advantages of AZO processing on AgNWs by ALD, compared
to electrodes where AgNWs are encapsulated by oxides in a
non-conformal and uniform process that differs from the
ALD process used here [23].

A scanning transmission electron microscope (STEM)
image of an encapsulated AgNW shown in Figure 4, depicts
the typical five-fold symmetry of the AgNWs which results
from five-fold twinning of the face-centered-cubic (fcc)
crystal structure [37,38]. The AZO film grows perpendicu-
larly and conformally to the surface of the AgNWs. Since
ALD is based on a chemically self-limiting surface reaction,
the AZO film also starts growing on the substrate and
underneath suspended AgNWs that are not in contact with
the underlying substrate. Figure 4a shows a small gap
between the AZO film encapsulating the AgNW and the
AZO films grown on the Si substrate. This gap may have
formed as a result of AZO films growing simultaneously from
surfaces, i.e. the Si substrate surface and suspended
AgNWs. As a consequence, precursors may not reach all of
those gaps once they form closed pores so that further gap
filling may not occur. Also noticeable is a dark rim, �3–5 nm
thick, along the AgNW-AZO interface whose origin is inves-
tigated by EDX mapping. The EDX maps depict the elemen-
tal distribution of the entire AgNW/AZO composite
(Figure 4b–e). The Al signal shows a significant increase in
concentration at the AgNW-AZO interface, while there is no
increase in Al concentration at the surface of the Si-
substrate. It is possible that this phenomenon is due to
the ALD processing parameters, since we opted to start with
an Al2O3 cycle which is expected to result in a monolayer of
Al2O3 at the interface. However, since the layer is �3–5 nm
thick, it is highly likely that Ag acts as a catalyst for the

Al2O3 growth. This phenomenon was also observed by John
et al. [39], who found out a 5 times higher growth rate of
Al2O3 on silver than typically reported on other surfaces. An
explanation could be the catalytic decomposition of the
TMA precursor at the Ag surface.

Figure 4e shows a higher oxygen concentration at the
AZO-Si interface, which is due to a native SiO2 film on the Si-
surface.

Transmittance and resistivity of the prepared
electrodes

Figure 5 shows the optical transmittance (T) and the
reflectance (R) of the different electrodes on glass sub-
strates. As shown in Figure 5a, the 100 nm thick AZO film
and the AgNW network have a comparably high optical
transmittance of more than 80%, both, in the visible range
and in the near infrared region. The combination of AgNWs
and AZO leads to a decrease of the transmittance and an
increase of the reflection due to scattering of light from
AgNWs into the AZO film. The transmittance characteristics
of the AgNW/AZO electrode are determined by the AZO
layer. As mentioned before, although the heat treatment of
the AgNW network has no impact on the optical transmit-
tance, it influences the sheet resistance (Rsh) of the
different electrodes (Figure 5a). The sheet resistance of
the AgNW electrodes before heating was beyond the
measuring range of our set-up. Due to the local sintering
of the AgNW junctions, the sheet resistance decreases after
thermal annealing to �18 Ω/sq. The pure AZO film has a 18
times higher Rsh (368 Ω/sq) than the heated AgNW network.
Also, the AZO encapsulated AgNWs without heat treatment
show a sheet resistance of more than 300 Ω/sq, which
demonstrates that the temperature of the ALD reactor
(200 1C) has only a minor effect on the local sintering of
the AgNW intersections. This result corresponds with the
aforementioned electrical measurements of the heat trea-
ted AgNW networks in Figure 2. The lowest Rsh of 12 Ω/sq
can be achieved by encapsulation of the heated AgNWs in
AZO. Nevertheless, the electrical measurements clearly
show that the resulting Rsh of the different electrodes is
dominated by the charge transport inside the AgNWs.

Application as a transparent electrode in solar cells

To demonstrate the applicability of our novel composite
electrodes as transparent conductive electrodes in optoe-
lectronic devices, silicon wafer-based p–n junction solar
cells with the aforementioned different types of top
electrodes were fabricated. The solar cells were prepared
under identical conditions for all electrodes and were not
further optimized concerning the location of the p–n junc-
tion of the Si solar cell, surface passivation, back surface
field and therefore the power conversion efficiency (PCE) is
lower than possible for this type of solar cell. For compar-
ison, a reference sample consisting only of a thermally
evaporated silver grid was prepared as well.

Figure 6 shows the current density–voltage (J–V) char-
acteristics of the solar cells measured under AM1.5 illumi-
nation conditions. The reference cell with the Ag grid shows
an open circuit voltage (Voc) of 553 mV, a short circuit

Figure 2 Electrical resistance of an AgNW network as a
function of time and temperature. During 5 min at 250 1C, the
electrical resistance of the AgNW network drops more rapidly
than after 15 min at 200 1C.
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current density (Jsc) of 16.3 mA/cm2, a fill factor (FF) of
68.4%, and a calculated PCE of 6.1%. Table 1 summarizes the
device performance of the Si-solar cells using different top
electrodes.

The series resistances (Rs) of presented solar cells were
calculated by comparing the illuminated and dark J–V
curves of each cell. This method utilizes a voltage

difference at the maximum power point of the illuminated
J–V and the dark J–V curve, which is shifted by the short
circuit current density JSC [40]. For the calculation of Rs not
only the series resistance under illuminated conditions but
also the dark series resistance losses were taken into
account [41]. Solar cells with evaporated Ag grid show the
lowest electrical resistance, between 1 and 2 Ω cm2. The

Figure 3 SEM images of annealed AgNWs encapsulated by a 100 nm thick layer of AZO: (a) overview of the AgNW network,
(b) close-up of a FIB cut cross section of the AgNWs and (c) close-up of an encapsulated AgNW junction.

Figure 4 (a) STEM cross-sectional image of an AgNW encapsulated by a 100 nm thick layer of AZO and (b–e) EDX maps show the
distribution of the different materials in the encapsulated AgNW on a Si-substrate.

Figure 5 Optical transmittance (left) and reflectance (right) of 100 nm thick AZO film (green), AgNWs (pink), annealed AgNW
network (blue), AgNWs encapsulated by 100 nm thick AZO film (red), annealed AgNWs encapsulated by 100 nm thick AZO film
(orange). All layers were deposited and measured on a glass substrate. The transmittance and reflectance of the bare glass substrate
is shown as a black line.
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cell with the AZO electrode shows a very high Rs value of
around 18 Ω cm2, caused by the high sheet resistance of the
100 nm thick AZO film.

The performances of two different AgNW/AZO electrodes
were tested in this study. Both electrodes consisted of the
same kind of AgNWs, differ in the surface coverage of the
AgNWs. For determining the total AgNW coverage and the
interconnectivity of both transparent electrodes, a char-
acteristic 1.4� 1.4 mm2 area of the overall assumingly
homogenous cell was selected and imaged by an SEM. The
obtained SEM images were stitched together and the cover-
age of this area with AgNWs was determined by image
analysis (Figure 7). In addition, the connected regions of the
AgNW networks were determined [30]. Results showed that
one of the solar cell electrodes has a percolated (perc.)
network while the other one is non-percolated (non-perc.).
The solar cell with the percolated electrode has a total
AgNW coverage of 34.04%, with a coverage of the largest
connected region of 33.94%. The non-percolated solar cell
electrode is covered with AgNWs by 16.36%, with a coverage
of the largest connected area of 6.48%. In theory, the
percolation threshold for NWs with an aspect ratio of 50 is
about 10% AgNW coverage [42]. The results from both
electrodes show values for the largest connected regions
above 10%, but the results point out that in this work 16.36%
AgNW coverage does not lead to a percolated AgNW net-
work. This might be caused by bending of the NWs [43], the
length distribution of the NWs, inhomogeneities in surface
coverage due to the drop casting deposition procedure as
well as process tolerances, all of which lead to a shift of the
percolation threshold to higher values. In our case, the

percolation threshold is between 16.36% and 34.04% AgNW
coverage.

Comparison of both J–V curves shows very plainly the
influence of the percolation on the series resistant of the
solar cells (Figure 6). Rs of the AgNW/AZO (non-perc.) solar
cell, with a value of around 24 Ω cm2, is almost in the same
order of magnitude as the Rs for the pure AZO electrode. If
the AgNW coverage is below the percolation threshold, the
charge carrier transport cannot take place through the
highly conducting AgNWs and therefore the AZO film itself,
with its inferior conductivity is the dominating medium for
the charge carrier transport and the solar cell behaves
comparably to the AZO electrode solar cell. If the AgNW
network is percolated, there is a conductive path through
the AgNWs that transports all generated and separated
charge carriers to the contact. The series resistance of
the percolated AgNW/AZO electrode solar cell is with a
value of 4.4 Ω cm2 in the same order of magnitude as the Rs
of the reference cells with the evaporated Ag grid. Never-
theless, a slight increase of Rs can be observed, which also
influences the FF for the percolated AgNW/AZO cell. The FF
decreases to 60.1%, which is 12% less than for the reference
cell with the Ag grid. The solar cells with AZO/grid and
AgNW/AZO/grid electrodes, with values of around 73% have
an even higher FF and also a lower Rs than the cell
consisting only of an evaporated grid. This is a result of
additional charge carrier collection due to the AZO layer
covering the entire cell area. In addition, as already seen in
Figures 3 and 4, the AZO layer fills the gaps between AgNWs
in their network and increases the adhesion of the AgNWs at
the Si-substrate, which increases the contact area between
the wires and the Si substrate. Therefore, the contact
resistance between the AgNWs and Si decreases with AZO
encapsulation so that the solar cell performance improves
substantially compared to pure AgNW electrodes (see S3,
Supporting information).

As expected, the VOC shows no significant dependence on
the electrode used for the solar cell. This verifies that the
new composite electrode is not introducing additional
charge carrier loss mechanisms, like recombination at the
surface, structural defects or impurities.

The maximum Jsc (28 mA/cm2) could be achieved with
the percolated AgNW/AZO electrode, even if the composite
electrode is not optimized according to the percolation
threshold. The calculated PCE values point out that the
percolated AgNW/AZO electrode leads to a better device
performance than the reference solar cells with Ag grids

Figure 6 Current density–voltage (J–V) characteristics of Si-
solar cells with different top electrodes.

Table 1 Comparison of Si-solar cell performance using different top electrodes: (1) evaporated Ag grid constituting the
reference cell, (2) AgNW/AZO with grid, (3) AZO with grid, (4) pure AZO no grid, (5) AgNW/AZO (16.36% AgNW coverage, non-
percolated) and (6) AgNW/AZO (34.04% AgNW coverage, percolated).

Electrode type VOC (mV) ISC (mA) JSC (mA/cm2) FF (%) PCE (%) Rs (Ω cm2)

1- Ag-grid 553 7.0 16.3 68.4 6.1 1.8
2- AgNWs+AZO+Ag-grid 556 8.2 18.2 73.6 7.4 1.0
3- AZO+Ag-grid 559 8.7 19.8 72.1 8.0 1.4
4- AZO 547 10.6 25.1 30.1 4.1 17.9
5- AgNWs (16.36%)+AZO 559 13.8 27.0 31.3 4.7 23.6
6- AgNWs (34.04%)+AZO 559 14.0 28.0 60.1 9.4 4.4
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from this study (Table 1). But since the here used Ag grids
for the reference cells are not optimized regarding shading
losses, this result does not allow to draw final conclusions on
an overall improvement of the solar cell efficiency for the
new type of electrode.

External quantum efficiency (EQE) measurements were
carried out to investigate the influence of the optical
properties of the different electrodes on the solar cell
performance. Since all cells consist of identical Si-absor-
bers, it can be assumed that the internal quantum efficiency
(IQE) is the same for all samples and therefore the EQE
measurements are necessary in understanding the influence
of the different electrodes. Figure 8 shows the EQE of the
different samples. The solar cell with grid (measurement on
pure silicon surface) shows an EQE value of around 60% at
wavelengths in the range of 450–950 nm, while cells with
AgNW/AZO (perc.) electrodes show values of up to 86% at
770 nm. For the cell with the AZO electrode, the highest
EQE value of 93.6% at 765 nm was obtained. These results
are supported by the observed differences in the reflec-
tance measurements between the different solar cells (see
Figure 8 right). While the solar cell with the uncoated Si

surface shows reflection values typical for a planar Si
surface, the AZO electrode serves as an anti-reflection
coating which leads to a significant reduction of R between
500 and 1100 nm. The cell with the AgNW/AZO electrode
shows a similar effect, but less pronounced than the pure
AZO film which most likely is caused by the plasmonic light
scattering of the AgNWs [44].

The amount of Ag per m2 can be estimated form the
coverage of the nanowires (34.04%), the average thickness
of the nanowires (118 nm) and the density of Ag (10.49 g/
cm3). In this approximation, the influence of the AgNW
intersection is ignored due their small area fraction. The
wires are assumed to be circular. Together with the density
of silver, the weight of Ag per area of the front electrode
can be calculated with 0.331 g/m2. This value contains
some uncertainties in the 10% range due to the approxima-
tions mentioned in this chapter. The area fraction of 34.04%
AgNW coverage is higher than the percolation threshold and
therefore an optimization of the covered area fraction
results in a linearly lower amount of Ag per area. A reduced
area fraction of AgNWs also results in an increased illumina-
tion area of the solar cell and therefore to an increase of

Figure 7 Calculation of the percolated AgNW area showing the resolution of 50 nm/pixel which is used for statistical image
processing/evaluation. Left: AgNW/AZO (perc.): total coverage with AgNWs: 34.04% of the entire 1.4� 1.4 mm2 area; the largest
percolated area (red) assumes 33.94% of the entire area and is thus almost identical to the AgNW covered area. Right: AgNW/AZO
(non-perc.) total coverage with AgNW: 16.36% of the entire 1.4� 1.4 mm2 area; the largest percolated area (red) assumes 6.48% of
the entire considered area. Inserts: magnifications of typical regions of both samples. Color coding: connected AgNWs have the
same color.

Figure 8 External quantum efficiency (EQE) (left) and reflectance (R) spectra (right) of solar cells with different electrodes.
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JSC. Comparing the amount of used Ag per active cell area of
the AgNW/AZO electrode to a conventional Ag grid (calcu-
lated from [10]), 495% of Ag can be saved with the new
material system and therefore, the successful operation of
the percolated AgNW/AZO solar cell offers a potential cost-
efficient replacement of a conventional Ag grid.

Conclusion

We demonstrated transparent conductive electrodes based
on drop-casted, randomly distributed AgNW networks
encapsulated by ALD processed AZO thin films. ALD offered
a very conformal and homogenous coating of the entire
AgNW network and a full coverage of the empty space
between the wires, which enables an improvement of the
charge carrier collection between the AgNWs. Moreover, the
AZO layer improves the contact between the AgNW network
and the underlying substrate and may acts as a protective
layer of the AgNWs.

Thermal annealing of the AgNWs showed a significant
drop of the electrical sheet resistance, down to 12 Ω/sq for
the AgNW/AZO composite electrode and made it suitable
for the application as a transparent front electrode for
optical devices.

We performed tests with AgNW/AZO composite electro-
des on top of wafer-based Si-solar cells and showed a novel
method to determine the degree of percolation of the AgNW
networks at a large scale. This computer based analytical
method enables access to an improved performance of the
transparent electrode, since the electrical conductivity and
the optical transmittance of the electrode depends on the
percolation of the nanowires.

Solar cells with percolated AgNW networks encapsulated
in AZO showed an improved electrical series resistance of
4.4 Ω cm2, which is comparable with solar cells that use an
evaporated Ag grid as an electrode. This application study
shows that our percolated AgNW/AZO electrode saves more
than 95% of Ag compared to conventional Ag grids of Si-solar
cells, which makes it a cost-effective and technologically
relevant alternative electrode material. The simple fabrica-
tion process allows a relatively easy integration into com-
mon technologies of solar cell production.
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S1 Surface morphology  

Atomic force microscopy (AFM) (SmartSPM 1000, AIST-NT) data was obtained using a  HE-002 

scanning head in tapping mode (f = 170 kHz) to evaluate the surface roughness of AZO films and 

AgNW networks with AZO encapsulation. The AZO film alone consists of small nano-crystals 

and shows a smooth surface with a root-mean-square (RMS) surface roughness value of 2.08 nm 

(Figure S1 a). AgNW networks show higher RMS values due to the average diameter of the wires 

(~118 nm) and a conformal coating with the smooth AZO film will not affect the RMS values of 

the AgNW samples. As shown in Figure S1 b, the RMS roughness of an encapsulated AgNW 

network is at least one magnitude higher, depending on the overlapping of the individual AgNWs.  

 

          

RMS roughness: 2.08 nm           RMS roughness: 216.9 nm       

Figure S1: AFM images of (a) an AZO film and (b) AgNWs encapsulated by a 100 nm thick AZO 

film.  
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S2 Structural characterization of AZO  

Selected area electron diffraction measurements of an AZO film to show the polycrystallinity of 

the ALD deposited AZO film (Figure S1). As shown in Figure S2 b, the experimental diffraction 

pattern corresponds to the hexagonal wurtzite structure, which is typical for ZnO [1].  

 

 

Figure S2: a) Bright field TEM image of AZO with selected area aperture. (b) Experimental 

(obtained from the region shown in (a)) and simulated diffraction pattern of a polycrystalline ALD 

deposited AZO film.  
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S3 Comparison of pure AgNW- and AgNW/AZO-electrodes  

Figure S3 shows the current density - voltage (J-V) characteristics of Si-solar cells with two 

different electrodes, one with an AgNW network and one with the nano-composite AgNW/AZO 

electrode, measured under AM1.5 illumination.  

 

Figure S1: Current density-voltage (J-V) characteristics of Si-solar cells with AgNW/AZO (red) 

and pure AgNW electrode (black). 

 

Table S3 summarizes the device performance of both solar cells. The series resistance (Rs) of the 

pure AgNW electrode is six times higher than Rs of the nano-composite electrode. Rs of the solar 

cell is mainly composed of the sheet resistance of the electrode and the contact resistance between 

the electrode and the Si-substrate. Without the AZO coating, the AgNWs have a small contact area 

with the underlying substrate (in this case solar cell), which leads to a high contact resistance. The 

ALD deposited AZO film enables gap filling inside the AgNW network and between the AgNWs 
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and the Si-substrate as also seen in the TEM image (Figure 4), which decreases the contact 

resistance of the electrode and by that the series resistance of the solar cell. 

 

 

 

Table S3: Comparison of Si-solar cell performance using different top electrodes.  

 

 

 

 

[1] U. Özgür, Y.I. Alivov, C. Liu, a. Teke, M. a. Reshchikov, S. Doğan, V. Avrutin, S.-J. Cho, 

H. Morkoç, J. Appl. Phys. 98 (2005) 041301.  

 

Electrode type VOC          

(mV) 

ISC         

(mA) 

JSC 

(mA/cm2) 

FF                        

(%) 

PCE            

(%) 

Rs                        

(Ω cm2) 

AgNW  550 8.03 20.6 31.5 3.6 20.8 

AgNW + AZO  562 10.56 26.4 64.8 9.6 3.5 
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