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Introduction

It is predicted that the world’s energy consumption will be nearly doubled in the next 30 years
[5]. Therefore, it is a daunting task for mankind to solve this global energy challenge; provid-
ing sustainable energy doubly so. Besides wind, hydro, biomass, solarthermics, and some other
niche technologies, photovoltaics (PV) plays an important role in the renewable energy mix.
The pioneer programme of Germany, well known as the "Energiewende”, demonstrates already
impressive results. In 2015, about 33% of Germany’s electricity demand was delivered by re-
newable sources, whereby PV covered about 7% with 39.6 GWp installed [99].

With silicon (Si) being the most abundant inorganic semiconductor material, the PV market is
dominated by crystalline silicon (c-Si) wafer based technologies. Both, multi and mono c-Si
technologies together accounted for about 93% of the global market share in 2015 [99].

The first practical solar cell was presented by Bell Laboratories in 1954, based on Si, yielding
an efficiency of ~6% [56]. For mono c-Si technologies with diffused p/n-junctions the current
record efficiency of this mature technology is 25.3% [123, 109].

By the turn of the millennium, Sanyo entered the market with the promising high-efficiency
amorphous/crystalline Si heterojunction (SHJ) technology and reported device efficiencies ex-
ceeding 20% [291]. Instead of relying on a diffused p/n-homojunction, the SHJ approach uses
doped and hydrogenated amorphous silicon (a-Si:H) layers. A full-area high quality passivation
with minimal interface recombination losses is provided by implementing a thin intrinsic a-Si:H
passivation layer in between the doped a-Si:H emitter and the c-Si absorber. Front contacting
layers have to be as transparent as possible within the solar spectrum range to minimize parasitic
absorption losses. This is achieved by (i) fabricating contact layers as thin as possible, and/or
(i1) replacing conventional a-Si:H and transparent conductive oxide (TCO) contact layers with
wider band gap materials such as Si carbide [343, 36] or Si oxide [102, 83, 262, 185] and MoO,
or WoOy, layers [35, 24, 191]. Another route might be the replacement of costly fabricated inor-
ganic materials by cheaply, solution-processable organic materials [341, 232, 138].

By fabricating an interdigitated back contact IBC) SHJ solar cell, the efficiency of this technol-
ogy could be boosted to the current world record of 26.33% for single-junction c-Si based PV,
reported by Kaneka in 2016 [91, 338].



2 1 Introduction

The technological key aspect is to minimize the costs of electricity of a PV system. As a rule of
thumb, a 1%-point efficiency gain justifies ~25% higher cell processing costs [206, 123]. This
points out the current PV trend towards high-efficiency technologies.

26.33% 1is already within ~3% points of the fundamental single-junction limit which is deter-
mined by the band gap of the absorber material and the solar spectrum. For photon energies
(Ephot) higher than the band gap (F£,), the excess energy is converted into heat by thermaliza-
tion of excited charge carriers, while light with sub-band gap energies is not absorbed [267].
A theoretical limit for single-junction solar cells was first formulated by W. Shockley and H.
J. Queisser in 1961, assuming black-body radiation from the sun (6000 K), perfect absorption
and only taking into account the band gap and radiative recombination losses (so-called detailed
balance calculation) yielding an efficiency limit of 30% for c-Si based solar cells at 25 °C [267].
In the latest calculation using the AM1.5G solar spectrum and taking Auger recombination —
being a dominant intrinsic recombination mechanism in c-Si— into consideration, A. Richter et
al. predicted an efficiency limit of 29.43% [243]. To circumvent the single-junction limit several
technological strategies have been put forward.

The most obvious approach is to minimize thermalization and transmission losses by introducing
absorber layer stacks with successively decreasing band gaps, thus absorbing different portions
of the incident sun light in each layer [115]. This multi-junction concept is already success-
fully realized in III-V solar cell structures, since band gap engineering is relatively easy for
III-V semiconductor compounds. By 508-fold light concentration onto a 4-junction device, the
absolute world record for solar cell power conversion efficiency of 46.0% was reported by the
Fraunhofer ISE in 2014 [98]. The fabrication of these multi-junction cells requires lattice match-
ing layers and cost-intensive materials and fabrication. Large-scale unconcentrated installations
are not yet competitive at modern latitudes.

For that reason, further concepts are needed which can tackle the single-junction limit, but at the
same time rely on materials and processes compatible with large-scale production. Ideally, such
high-efficiency concepts can easily be adapted to mature technologies, such as silicon PV.

In the last few years perovskite solar cells attracted much attention [166]. Especially their com-
bination with c-Si based solar cells is a promising high-efficiency concept [187]. A big advan-
tage of perovskites is that their band gap can be tuned to perfectly match c-Si. A monolithic
perovskite/c-Si-heterojunction tandem solar cell with an efficiency of 19.9% is reported [10].
Efficiencies well above 30% are predicted by optical simulations [181, 9].

Combining solar cells with materials facilitating spectral conversion of light, i.e. photon up-
conversion (UC) or photon-induced multiple exciton generation (MEG) is an alternative route
for high-efficiency photovoltaics.

Transmission losses can be reduced in UC enhanced devices which can harvest unused sub-
threshold photons by creating one higher-energy photon out of (at least) two photons in the UC
medium. Up-converted light with Elj,q > Egbs can then be harvested in the solar cell’s main
absorber, thus expanding the usable solar spectrum [259].

In the MEG concept the absorption of one high energy photon creates multiple excitons of lower



energy which then have to migrate to an interface to be harvested there. Thus, thermalization
losses are reduced. The MEG medium has to be implemented on the device front side.
Combining both, photon up-conversion and photon-induced multi-exciton generation, Shpais-
man et al. calculated a theoretical upper power conversion efficiency limit for non-concentrated
single-junction PV of 49% [269].

For c-Si solar cells under AM1.5G illumination, multi-exciton generation has a theoretically
larger potential in terms of efficiency gain than up-conversion [269]. There are two prominent
approaches for photon-induced MEG:

(1) Inorganic colloidal Si nanocrystals [29] or quantum dots of compositions, e.g. PbSe, PbTe,
CdS, InAs. A successful integration of PbSe quantum dots into solar cells exceeding 100%
external quantum efficiency is reported [263, 207, 208, 27, 28].

(1) Singlet fission (SF), a spin allowed process that splits a singlet exciton (S;), created via
absorption of a high energy photon, into a pair of two lower energy triplet excitons (T;)
with no, or only marginal loss of energy [276].

Singlet fission occurs in some organic molecular chromophores with the polyacenes anthracene,
tetracene (Tc) and pentacene (Pc) being the most prominent candidates and extensively studied
in the last decades [276]. Although singlet fission with 2E(T;) ~ E(S;) can ideally double the
photocurrent, it also halves the potential voltage. Therefore, to increase solar cell efficiencies in
a hybrid approach the triplet energy of the SF material has to match the band gap of the long
wavelength absorber.

Tc with its triplet energy EL¢ = 1.25 eV [310, 54] is currently the most promising candidate
which matches the band gap energy Efi =1.12 eV of c-Si [288]. Theoretically, Tc/c-Si hybrid
solar cell efficiencies of ~35% - 40%, therefore well above the single-junction limit of 29.43%
[243], are predicted [269, 119, 300, 302, 301]. The most important prerequisites for a successful
integration of a SF material into c-Si based solar cells are:

(1) Sufficiently good surface passivation quality of the hybrid Tc/c-Si interface.

(i1) Lifetime and diffusion length for triplet excitons created via singlet fission have to be long
enough to reach the hybrid interface.

(iii) Efficient charge separation, i.e. dissociation of tightly bound triplet excitons in the organic
layer at the hybrid interface.

(iv) Finally, separated free charge carriers have to be extracted via selective contacts.

The MEG concept introduced in this thesis is based on the direct harvesting of triplet excitons
created via singlet fission, thus omitting additional loss channels which inherently arise in spec-
tral down-conversion approaches where re-emission by phosphorescent emitters and radiative
coupling of the down-converted light into devices is the underlying principle [147, 309].

The proof of principle for SF devices is already reported. Multi-exciton generation via singlet
fission and direct exciton harvesting has been observed in low efficiency purely organic devices,
e.g. Refs. [134, 64, 328], as well as in hybrid organic-inorganic nanocrystal systems, e.g. Refs.
[133, 86, 172, 290, 307]. However, for a real breakthrough SF materials have to be implemented
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on c-Si based devices, being the major PV technology at least in the midterm future.

The idea to use organic thin layers to sensitize inorganic absorbers was already proposed in 1979
by D. L. Dexter [82], but since conventional silicon PV technologies are reaching the theoretical
limit, the interest in potential approaches to surpass this limit was renewed in the last few years.

Strategies followed in this work

Within the scope of this thesis conventional SHJ concepts, both, (i) inorganic amorphous/crys-
talline Si heterojunctions, and (ii) the novel hybrid PEDOT:PSS/c-Si junction were investigated.
In the second part of this work the SF material Tc was incorporated in a c-Si based hybrid device
structure.

One possibility to further improve the conventional high-efficiency SHJ technology is to reduce
losses due to parasitic light absorption in the a-Si:H and TCO layers. To that end, potential wide
band gap Si alloys, in particular amorphous Si suboxides (a-SiO,:H) were investigated in the
first part of this thesis. As there is a trade-off between widening the band gap and concomitantly
increasing band offsets, measuring the valence band offset, AFEy,, at the heterojunction which
strongly influences hole extraction, was central to the study. By fabricating solar cells with iden-
tical prepared SHJs, AFE)y, is directly related to device performance. With this, hole transport
mechanisms can be discussed.

Recently, it was reported that the polymer PEDOT:PSS is a promising organic hole selective
contact which forms a hybrid p*n-heterojunction with n-type c-Si [138]. Since PEDOT:PSS is
highly conductive, no TCO layers are needed for efficient charge carrier extraction. However,
comparatively high parasitic absorption and reflection losses are reported which significantly
hamper device performance [348]. Within this thesis also the PEDOT:PSS/c-Si heterojunction
was investigated in great detail. A complete band diagram of the hybrid junction was con-
structed. Moreover, hybrid interface formation and passivation quality was investigated. By
fabricating hybrid devices with a PEDOT:PSS/c-Si front and a superior electron selective back
contact adopted from the inorganic SHJ technology, the potential of PEDOT:PSS as a hole se-
lective contact for n-type c-Si is discussed.

The objective of the second part of this thesis is to reduce the fundamental thermalization losses
via multi-exciton generation by the incorporation of the SF material Tc being a promising candi-
date since its triplet energy matches the band gap of c-Si [310, 288]. A device architecture using
PEDOT:PSS as the hole contact implemented on top of a hybrid thin film Tc/c-Si wafer absorber
layer stack is introduced. The major challenge in this approach is to harvest the tightly bound
triplet excitons created via singlet fission in the organic part at the hybrid interface to inorganic
c-Si. Theoretically this concept features the prospect to surpass the single p/n-junction efficiency
limit [269].

Furthermore, the potential of various hybrid device concepts were studied by optical simulations
on real device layer stacks using experimentally derived (n-k) data sets. Within a basic model the
potential of MEG via singlet fission in the proposed device architecture is derived. Moreover,
optical losses due to reflection and parasitic absorption can be quantified and are discussed.



In brief, this thesis is structured as follows:

Chapter 2 introduces the basics of solar cell operation, loss mechanisms and selective hetero-
contacts. The SF process and possible triplet harvesting mechanisms are outlined. Furthermore,
c-Si based SF device concepts are introduced.

Chapter 3 gives experimental details of device fabrication and various analysis methods utilized
throughout this work.

Chapter 4 reports on the measured band alignment at a-SiO,/c-Si (for 0 < x < 2) heterojunctions
and discusses the potential of wide band gap a-SiO, passivation layers incorporated in conven-
tional SHJ solar cells. The hole transport across the SHJ with varying A E), is discussed.

Chapter 5 discusses the potential of various hybrid device concepts studied by optical simula-
tions: (i) hybrid PEDOT:PSS/c-Si heterojunction solar cell; (ii) proposed MEG solar cell by the
incorporation of the singlet fission material Tc in a c-Si based hybrid device structure.

Chapter 6 reports on experimental results of the novel PEDOT:PSS/c-Si organic-inorganic het-
erojunction. A band diagram is constructed and the buried hybrid interface formation is investi-
gated. Herewith, the potential of the PEDOT:PSS/c-Si solar cell concept is discussed.

Chapter 7 presents thin film Tc morphology and singlet fission dynamic studies, as well as
PEDOT:PSS/Tc/c-Si solar cell results. Furthermore, challenges of exciton harvesting at the hy-
brid Tc/c-Si junction are discussed.

The thesis closes with a conclusion and outlook. A short abstract in English and German is
placed at the end.






Conventional heterojunction and
singlet fission multi-exciton
generating solar cells

With a solar cell sunlight is directly converted into electricity. By absorbing light in a semicon-
ductor electrons are lifted over the band gap creating electron-hole pairs, so-called excitons.
These electrically neutral quasi-particles, consisting of bound electron-hole pairs, are attracted
to each other by electrostatic Coulomb forces. Therefore, excitons can transport energy without
transporting net electric charges [230, 253].

Inorganic semiconductors generally exhibit high dielectric constants (¢, > 10) resulting in a
screening of electric fields and thus, the Coulomb interaction between electrons and holes is
reduced. This type of excitons are called Wannier-Mott excitons'. Typically Wannier-Mott
excitons have binding energies in the order of 0.01 eV and large exciton radii of ~100 A. There-
fore, in most inorganic semiconductors Wannier-Mott excitons are immediately split into free
charge carriers at room temperature [59]. Those free charges then can be separated via charge
carrier selective contacts (cf. section 2.1).

On the contrary, organic semiconductors have a small dielectric constant (¢, < 4), so that the
charges are much more tightly bound with binding energies between 0.1 - 1 eV and exciton radii
of ~10 A. This type of excitons are called Frenkel excitons?. Binding energies are much larger
than kg1 at room temperature (0.025 eV). Thus, Frenkel excitons do not separate easily, i.e. an
electron lifted into the lowest unoccupied molecular orbital (LUMO) is still coulombically bound
to the corresponding hole in the highest occupied molecular orbital (HOMO). Frenkel excitons
have to diffuse to an appropriate heterointerface, a so-called donor-acceptor junction, to be split
into free charges [59] (cf. section 2.2).

'named after Gregory Wannier and Sir Nevill Francis Mott

2named after Yakov Frenkel
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Finally, in all kinds of solar cells separated free charge carriers are collected at the metal contacts,
generating the photocurrent. Solar cells are diodes under light illumination. The current-voltage,
j(V), curve can be described by the diode equation [288, 327, 274]:

V) =Jjo- {6$p< v > - 11 — Jph ; 2.1

with the ideality factor ny accounting for small deviations compared to an ideal diode. Funda-
mental solar cell parameters can be extracted from the j(V')-characteristics. The short-circuit
current density js. = j(V = 0) = jpn is trivially determined, the open-circuit voltage, V., can be
deduced by solving Equation (2.1) for j(V,.) = 0:

kgT ' kgT '
U(j = 0) = Vo = “22 -ln(].Lthl)%ndB ln(J—h) (2.2)
€ Jo € Jo

where the approximation is justified because jpn > jo. It is obvious from Equation (2.2) that V.
is limited by the recombination current density, j, (also called dark saturation current). There-
fore, V,. directly reflects absorber and interface passivation quality [66]. The solar cell’s fill
factor, FF, is given by the ratio between the output power at the maximum power point P, =
Vinpp * Jmpp and the product of V. and jg.:

Vinpp - J
FF = PP -TPP 2.3
‘/oc ' jsc ( )
Lastly, the power conversion efficiency of the solar cell can be calculated by dividing its maxi-
mum power output by the incident power of light

Vmpp 'jmpp %C 'jsc
= PP JIPP _ fFR. 2% % 2.4
P P (2.4)

Fundamental solar cell loss mechanisms

During charge generation, thermalization and transmission losses dominate the fundamental
losses of single-junction photovoltaic devices resulting in an efficiency limit of ~30% for c-Si
based solar cells [267, 243].

Optical losses due to parasitic light absorption in various contact layers and back reflection of
incident light decreases the fraction of incident photons reaching the main absorber and therefore
lowers solar cell’s js.. Obviously, to minimize parasitic absorption, contact layers have to be
as thin as possible while maintaining essential layer functionalities. Reflection losses can be
minimized by suitable anti-reflection (AR) coatings. A trade-off between layer thicknesses and
AR behavior determines a minimum of optical losses for a given layer stack. Additionally,
reflection losses can be drastically reduced by textured surfaces [274].

By various recombination processes the generated excess charge carrier density is reduced,
reflected in jy, and therefore solar cell’s V. is decreased (cf. Eq. (2.2)). Depending on the



properties of the specific absorbing semiconductor material, different types of recombination
will be more or less significant. Recombination mechanisms important for c-Si based solar cells
can be divided into intrinsic radiative and non-radiative Auger recombination —i.e. processes that
also take place in pure and defect-free semiconductors— and extrinsic processes evoked by defects
and commonly described by the Shockley-Read-Hall (SRH) formalism. As rates corresponding
to different recombination processes add up, the total effective charge carrier lifetime, 7.g, is
determined by the sum of all recombination processes. Obviously 7.¢ is dominated by the fastest
recombination process [327, 274]:

1 1 1 1 1 1
T2 Tt + + : (2.5)
Teff i Ti Trad TAuger TSRH Tsurface
—_—
intrinsic extrinsic

Radiative recombination is the spontaneous relaxation of an excited electron from the con-
duction band back into the valence band. The energy is conserved by radiative emission. The
rate constant for c-Si is rather low, as the involvement of phonons is required to fulfill momen-
tum conservation for indirect band gap c-Si. Furthermore, the probability depends on excess
carrier concentrations which are comparably low for commonly used doping concentrations
< 10'7 cm™3, resulting in radiative lifetimes 7,,q > 1073 s [317].

Auger recombination becomes important, especially in indirect semiconductors such as c-Si.
In this process, the excess energy and momentum resulting from a recombination event in-
volving an electron and a hole is transferred to a third (quasi)particle which then succes-
sively transfers the energy into lattice vibrations (thermalization loss). The Auger recombina-
tion rate depends on doping concentration and significantly affects c-Si solar cell efficiencies
[84, 153, 327, 274]. Nevertheless, it is an intrinsic process and cannot be prevented.

Non-radiative recombination that can be described by the SRH model [268, 117] is fa-
cilitated by recombination centers such as impurity atoms or lattice defects which introduce
allowed energy levels within the forbidden gap acting as trap states. It is a two-step process
with a successive capture of the electron and hole into the trap state whereby the excess en-
ergy is dissipated into lattice vibrations.

Surface recombination — The processes introduced so far are bulk related with fixed rates
given by semiconductor properties and material quality. However, SRH-like defect recombi-
nation is strong at surfaces and interfaces. At the surface many valence electrons cannot find
a partner to create covalent bonds resulting in dangling bonds. These surface trap states are
roughly situated in the middle of the band gap, thus constituting ideal recombination-active
defects. Especially for high efficiency devices using best quality c-Si wafers, recombination
losses might be dominated by surface recombination [288, 327, 213, 174].

Lastly, resistive effects in solar cells reduce their efficiency by dissipating power. The most
common parasitic resistances are the series resistance R, and the shunt resistance Ry, [288].
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2.1 Silicon heterojunctions

A heterojunction is basically characterized by its selectivity and passivation. The selectivity is
provided by the potential barrier present for one type of charge carriers at the junction. A high
interface passivation quality has to be ensured to minimize interface recombination losses.

The basic structure of an amorphous/crystalline silicon heterojunction (SHJ) solar cell is depicted
in Figure 2.1 (a). The key for the very high power conversion efficiencies obtained in SHJ de-
vices is the separation of the highly recombination-active (ohmic) metal contacts from the c-Si
absorber [72, 23]. An excellent full-area surface passivation can be achieved by implementing
thin layers of intrinsic a-Si:H. Thus, compared to defect rich diffused p/n-homojunctions, the
overall defect density in the heterojunction can be drastically reduced resulting in minimized
interface recombination and therefore high charge carrier lifetimes (cf. Eq. (2.5)). For charge
separation a p-doped a-Si:H emitter layer is deposited on top of the passivation layer. A sketch
of the corresponding band line-up of the hole selective SHJ front contact is given in Figure 2.1
(b). Due to the slightly difference of about 0.5 - 0.7 eV in the band gaps of a-Si:H and c¢-Si, band
offsets between the conduction band (A E) and valence band (A FEy ) are imposed at the SHJ.
To ensure efficient separation of excess charge carriers, a large band bending (ep) in the c-Si
absorber, also called built-in potential (Vy,;), is essential. To achieve that in homojunction solar
cells, doping concentrations have to be maximized. This leads to an increased (Auger) recombi-
nation and correspondingly V. is limited for highly doped emitter regions in ¢-Si homojunction
devices. However, by introducing a heterojunction, comparably low doping concentrations in
the c-Si absorber of about 10 - 10'® cm™ are acceptable to obtain sufficient ¥y,; values. This
leads to much higher minority carrier lifetimes in the c-Si bulk, being the second requirement
besides the excellent surface passivation to obtain very high open-circuit voltages. Values up to
750 mV [292], which is already close to the maximum theoretical value of 769 mV, predicted
by M. A. Green [114], and about 50 mV higher than the best Si homojunction solar cells are
reported. On the SHJ solar cell’s back side, an (i/n*)a-Si:H layer stack is implemented, acting
as a back surface field (BSF) to ensure efficient electron (majorities) extraction [72, 294]. Since
the a-Si:H layers have comparatively low conductivities which are not sufficient for loss-free
carrier transport towards the metal grid fingers, transparent conductive oxides (TCO) are needed.
Besides the electrical conductivity, TCOs with optimized thicknesses, can simultaneously act as
anti-reflective coatings [72, 130]. Commonly indium tin oxide (ITO) [130] or aluminum doped
zinc-oxide (AZO) [244] is used. Solar cells are completed by metal contacts.

Surface passivation by (i)a-Si:H — Intrinsic hydrogenated amorphous silicon thin films de-
posited on accurately cleaned c-Si wafers® reveal a very good and stable chemical passivation of
electronic defect states (Si dangling bonds) at the a-Si/c-Si interface [218, 182]. The majority of
dangling bonds can be passivated by covalent Si-Si bonds, whereby the remaining ones can be
saturated by hydrogen provided in the (i)a-Si:H [103, 257]. During post-annealing steps addi-
tional thermal energy may provoke reorganization and diffusion of hydrogen close to the inter-
face, thus further improving the interface passivation quality [256, 75, 197, 254, 85]. Moreover,
an atomically sharp a-Si:H/c-S1 interface is essential for a high quality passivation [73, 105, 334].

3standard RCA cleaning procedure and a HF-dip prior to deposition to strip off native oxide (cf. section 3.1)
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gure 2.1: (a) Basic structure of an
a-Si:H/c-Si heterojunction (SHJ) solar
cell consisting of a c-Si absorber and well
passivated charge carrier selected con-
tacts formed by hydrogenated intrinsic
and doped a-Si:H layer stacks. Charge
carriers are extracted via TCO/metal
contacts. (b) Band line-up of the hole
selective hetero front contact.  Elec-
trons are repelled at the SHJ due to the
potential barrier imposed by the band
bending (ey) and the conduction band
offset (AE¢). Holes can be transferred
across the (i)a-Si:H passivation layer to
the (p)a-Si:H emitter to be collected at
the TCO/metal front contact.
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To fulfill those conditions, plasma enhanced chemical vapor deposition (PECVD) parameters
have to be carefully adjusted. The excellent passivation with effective lifetimes in the range of
several ms [80, 72] is a cornerstone for the high-efficiency SHJ technology.

Parasitic absorption in a-Si:H — However, besides the excellent selectivity and surface passi-
vation with low recombination rates enabling high open-circuit voltages, a drawback of a-Si:H
layers implemented on the front side of solar cells is a comparable high current loss due to par-
asitic absorption. Loss mechanisms in the amorphous silicon layers* include both, absorption
that does not create an electron-hole pair (e.g. free-carrier absorption) and recombination before
collection. The latter one is caused by the dangling bond defects in the amorphous materials, re-
sulting in a-Si:H bulk lifetimes lower by orders of magnitudes than c-Si bulk lifetimes for typical
dangling bond concentrations. Therefore, excess charge carriers generated in the a-Si:H layers
recombine before they can be extracted. On device level, this has been proven experimentally by
varying a-Si:H layer thicknesses [235, 105, 294, 140, 215]. In a modeling study, Z. C. Holman et
al. predict a current loss of about 1 mA/cm? for a typical (i)a-Si:H layer thickness of 5 nm [129].
Obviously, to minimize parasitic absorption losses, a-Si:H layer thicknesses have to be as thin
as possible while maintaining essential layer functionalities. In a study of H. Fujiwara and M.
Kondo, a minimum i-layer thickness of 4 nm to obtain sufficient interface passivation was deter-
mined, whereas the p-layer thickness can be as thin as 3 nm [104]. Further improvements require
the development of either new materials with reduced parasitic absorption or new structures that
break away from the conventional SHJ design.

2.2 Donor-acceptor interface

As discussed previously, absorption of a photon with Epot > Er,umo - Promo in organic semi-
conductors results in a tightly bound electron-hole pair. To overcome the binding energy of
the exciton and generate free charge carriers in an organic solar cell requires the use of a het-
erointerface [295, 59, 77]. Figure 2.2 depicts the energy level diagram of a so-called organic
donor-acceptor junction. An oversimplified current photogeneration process is sketched in Fig-
ure 2.2 (a). The electron cannot be simply transferred across the interface into the acceptor since
it is tightly bound to the hole remaining in the donor molecule, as indicated by the full-line oval.
However, it is generally agreed that the initial charge separation step can be achieved by utilizing
a suitable energy offset between the donor and acceptor LUMO levels. As illustrated in Figure
2.2 (b), enabling the initial electron transfer requires that the LUMO level energy offset is larger
than the Coulomb binding energy of the exciton £, Thus, the formation of an intermediate
interfacial electron-hole pair, usually called charge-transfer (CT) state has to be energetically
downbhill. In a second step (not depicted in Fig. 2.2 (b)) CT states may split into separated elec-
trons and holes which can then diffuse to the contacts to be extracted. OPV devices with near
unity quantum yields of photocurrent generation are reported, suggesting that the interfacial CT
state is not tightly bound (E$T < E$°), as indicated by the dashed-line oval [59].

CT states must overcome their Coulomb interaction in order to generate free charge carriers.

“4especially pronounced in doped a-Si:H
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If dissociation does not take place within the lifetime of the CT state, geminate recombination,
which is known to be a significant loss mechanism in organic solar cells, may occur. The compe-
tition between dissociation of the CT state and its recombination back to the ground state depends
upon the magnitude of the interfacial Coulombic attraction [214, 37, 59].

a)

HOMO
Donor i Acceptor
b)
LUMO
Ee] LUMO
@ ET
/. o
.'. i, -CT state
HOMO *~-7:
HOMO
Donor Acceptor

Figure 2.2: Energy level diagram of a donor-acceptor

interface. (a) Sketch of an oversimplified current
photogeneration process. Direct electron transfer
from the donor into the acceptor LUMO is not ex-
pected due to the large binding energy of the exci-
ton, indicated by the full-dashed oval. (b) Illustra-
tion of the formation of an intermediate interfacial
charge-transfer (CT) state. The energy of this state
depends upon the Coulomb attraction of the elec-
tron and hole and therefore their spatial separation,
as illustrated by the dotted curve. Binding energies
of the exciton (£'5) and the CT state (EgT) are also
indicated, whereby E$T < E%°. Note that for sim-
plicity, the energy of the exciton and the CT state
are shown relative to the HOMO level. Slightly
modified figure taken from Ref. [59].

2.3 Singlet fission and triplet harvesting

In the singlet fission process a singlet exciton, created by the absorption of a photon, is split
into two triplet excitons with each approximately having half the energy of the initial excitation
[276]. If those triplets can be harvested at a heterointerface, SF mediated multi-exciton genera-
tion solar cells have the potential to overcome the fundamental single-junction limit by reducing

thermalization losses [269].
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2.3.1 The singlet fission process

The conversion of singlets into two triplets has been a subject of interest since many decades.
Already in 1965 singlet fission was first invoked to explain the photophysics of anthracene crys-
tals [271] and then firmly established in tetracene crystals [287, 189, 107]. Pioneering work on
both, the mechanism of singlet fission and how it is affected by the presence of a magnetic field
was already done in the 1960/1970s by R. E. Merrifield, A. Suna, M. Pope, and C. E. Swenberg
[188, 189, 107, 285, 146, 286].

In the SF process a photoexcited singlet (spin S = 0) exciton S; (process @ in Fig. 2.3) shares
its energy with a neighboring ground state molecule, creating two triplet (spin S = 1) excitons T;
(process @ in Fig. 2.3). As all physical processes, energy has to be conserved. Therefore, singlet
fission is limited to systems in which the T, state is approximately half the energy of the S state.
Unlike intersystem crossing, the generation of triplet states via singlet fission is a spin-allowed
process that does not require a spin flip. Since T; — Sy transitions are spin forbidden, triplets
are rather long-lived states [276].

S1 A @ S1

T Y Figure 2.3: Singlet fission process. ® The chromophore on the
1 T left is initially photo-excited to the singlet state S;. @ Subse-

@ @ quently, the excited chromophore shares its energy with the

S S neighboring chromophore on the right, creating a triplet state
0 0 T, on each [276].

The dynamics of singlet fission in single crystals, as well as polycrystalline thin films of poly-
acenes, with tetracene (Tc) and pentacene (Pc) being the most prominent candidates, have been
studied extensively, but are currently still under debate [276, 349, 277, 299, 200]. Very fast SF
rates in the range of fs - ps, thus outcompeting other decay channels like intersystem crossing,
have been experimentally observed. Furthermore, SF quantum yields close to 200% with long-
lived triplet states in the range of ns - us have been reported [276, 277, 47, 45].

Note that for a given high efficient SF material, such as polycrystalline polyacenes thin films,
SF dynamics are influenced by film morphology. It is hypothesized that the SF process is likely
mediated by singlet exciton diffusion to defects or interfaces [15, 227].

The most common, but oversimplified description of singlet fission is described in the conven-
tional four-electron picture. In Figure 2.4, the SF process within this model is sketched. The
initially photoexcited Sy + S; state on molecule a and molecule b, respectively, is first con-
verted into an intermolecular pair of local coherently coupled triplet states, commonly written as
(T, T;)". It can be seen as a coherent superposition of the nine (I = 1 ... 9) triplet pair states with
overall singlet character [287, 107, 146]. In literature this intermediate state is variously also
denoted as correlated triplet pair state, bound triplet state, or multi-exciton state. Finally, it is
believed that the (T, T;)' state may separate into free individual triplets, T; + T}, due to enthalpic
and entropic driving forces, thus completing the SF process [200].
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Figure 2.4: Conventional four-electron pic-

ture of the singlet fission process in two
+ + —T— —l— neighboring molecules a and b. The
model involves a correlated triplet pair
state, (T,T;)!, with overall singlet char-

T | | T | T | acter, before uncorrelated free triplets, T;
IV v | v | v + T,, are generated. Figure adapted from
S + § (T4Ty)' T+ T Ref. [200].

The corresponding kinetic scheme, including various rate constants, k;, is given by [276, 45]:

ksr
k_o I k_1
So + S1kﬁ(T1T1) kﬁTl + Ty . (2.6)
2 1
kTF

It is obvious that for an efficient overall singlet fission process the forward rate, kgsp, has to
outcompete the triplet fusion rate, krr, being the inverse process of singlet fission. Note that
other loss channels, e.g. radiative relaxation of singlet states, non-radiative decay of triplets or
triplet-triplet annihilation are not included in the simple description of Equation (2.6). In solids
where exciton diffusion is present the ratio € = ko/k_; is relevant, whereby the rate constant
k_, denotes the dissociation of the initially formed correlated triplet pair state, (T, Ty)!, into free
triplets, Ty + Ty, and k5 the return of (TyT)) toan S; + Sg pair.

In a four-particle spin 1/2 system, there exist 16 possible spin states: two singlet (S;,; = 0), nine
triplet (S;,; = 1), and five quintet (S;,; = 2). Recalling Equation (2.6), in the "classical" Merrifield
theory, the kinetic rate equations are given by [286, 188, 228]:

d[S] ’ :
S = LGRS+ Yk G [T @7
=1 =1
l
O] etfisn - (bl +ka) [0T0) M TE . @9
dIT i
[dtl] _ 2]{3_1 Z [(TlTl)l} . kl [T1]2 ’ (29)

=1

whereby the rate constants, k;, are multiplied by the coupling ]CﬂQ which is defined as C} =
<51 \(TlTl)l>. Thus, |C} |2 represents the singlet character of the spin state of (T; T;)! and changes
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under the influence of magnetic fields. Assuming steady-state conditions, d [(TlTl)q /dt =~ 0,
one can solve for the time dependence of the [S,] and [7}] populations, finding [188, 48, 228]:

diﬁ] = —kgr [S1] + krr [T1]2 ; (2.10)
dgl] = 2kgr [S1] — krr [T1]° .11)

where ksp and krp are the rate constants for singlet fission and triplet fusion, respectively. They
can be written as [188, 48, 228]:

9

koo |G
ksp = , 2.12
SF ; 1+ ks /k_y |CF) (212)

krr = ks - ka/k |Ols‘2
I =1 L+ ko/k |Cl8’2

(2.13)

These are the "classical" results for singlet fission.

Magnetic field dependency — As an applied external magnetic field changes the number of
triplet pair states (T, T;)’ that have singlet character, it therefore changes steady-state rates in-
volved in the SF process. The overall SF efficiency is reported to increase at low fields, before
slowing down at intermediate fields and saturating in the high-field limit at about 0.4 T. This
magnetic field dependency is an unique fingerprint of the SF process [230, 146, 93, 45, 328].
An example taken from literature is given in Figure 2.5 [328]. It shows results of a magnetic
field modulation study on (i) fluorescence change of a pristine Tc crystal and polycrystalline
thin film Tc in comparison to (ii) the photocurrent change in a Tc/Cgy OPV cell. Singlet fission
OPV devices will be introduced in section 2.4. The fluorescence signal monitors the singlet state
population. The correlation between the measured fluorescence signal, SF dynamics, and [S;] &
[T;] state populations will be explained in the next paragraph. The detected fluorescence signal
increases for larger externally applied magnetic fields (Fig. 2.5 (top)). This is because singlet
fission, which depopulates the emissive S; state by generating triplets, is slowed for increasing
magnetic fields. On device level, a decreasing photocurrent is observed for increasing magnetic
fields (Fig. 2.5 (bottom)). As the solar cell’s photocurrent decreases while the singlet concen-
tration increases, it is demonstrated that a significant portion of extracted charge carriers arises
from triplets generated via singlet fission and harvested at the Tc/Cg heterointerface. Note that
the initially increasing fission rate at low magnetic fields < 0.05 T can also be resolved within
the here presented literature data [328].

Therefore, magnetic field modulated current, I(B), measurements are capable to provide in-
formation on singlet fission and allow the distinction between singlet and triplet harvesting
[134, 133, 64, 172, 328].

Singlet and triplet states assessed by transient fluorescence measurements — As sketched
in Figure 2.6 (left), in SF materials the competing rate to multiple triplet generation via singlet



2.3 Singlet fission and triplet harvesting 17

-
[6)]

15 ; . W—
i H I RV g\ rd Ul ‘Ji
thin film »2¥O="©
T

id
L

1

—

[S)

]
—

1
(&)}

Figure 2.5: The magnetic field dependency
of the fluorescence from a Tc crystal
(squares) and polycrystalline thin film Tc
(triangles). The corresponding change of
solar cells photocurrent from an OPV cell
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fission (purple arrow) is radiative relaxation from the excited singlet state S; back to the ground
state Sy (blue arrow). This transition is called fluorescence and involves the emission of a photon.
On the contrary, since T;{ — Sy transitions are spin forbidden, triplets are long-lived, so-called
dark states. Therefore, the measure of emission is a proxy for the [S;] state population and, if
transient fluorescence signals are recorded, time-resolved dynamic processes can be monitored.
In this study, the time-correlated single photon counting (TCSPC) method was conducted to de-
tect transient signals. The setup is described in detail in section 3.2.6.

From the SF rate equations (2.10) and (2.11), a simple kinetic model for the mixed-process de-
cay of a photo-excited singlet state coupling to a triplet channel is constructed. In addition to the
singlet fission (ksr) and triplet fusion (krp) rates a non-radiative decay rate (ky;.q) accounting
for spontaneous losses of the long-lived triplet states is introduced. An example of the time evo-
lution of [S1] and [T;] populations are plotted on the right side of Figure 2.6. The corresponding
rate constants which were put into Equations (2.10 & 2.11) are given in the caption.

The initial decay of the [S;] population which falls over two orders of magnitude is ascribed to
the competing generation of T; states via singlet fission described by a fast forward rate kgp.
Coincidentally the [T;] population rises (red line). In our simple model, the long-lived triplet
state population slightly decreases due to (i) the introduced non-radiative decay rate, ky;.q (l0ss),
and (ii) triplet-triplet fusion, kg, which results in a repopulation of the emissive singlet state.
This causes delayed fluorescence.

Thus, measuring transient fluorescence stemming from the singlet state is an indirect but well
established way to access SF dynamics [229, 227, 47, 45, 15]. The detection of a delayed fluo-
rescence signal is an unambiguous proof that long-lived triplet states exist in the system under
investigation. Figure 2.6 clearly demonstrates how triplet and singlet populations are directly
connected to each other.
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Figure 2.6: (left) Sketch of transition processes involved in a simple model of singlet fission
(SF). Photo-excited singlet states S; can either produce two triplets via SF (purple arrow) or
radiatively relax (blue arrow) to the ground state Sy, which is the competing process to SF.
(right) Plot of singlet [S;] and triplet [T;] populations (log scale) according to rate equations
(2.10 & 2.11) plus an additional non-radiative decay rate (ky..q) for the triplet state. The here
used rate constants are kgp = 0.01, krp = 11072, and kypag = 1- 1074

The photo-physical mechanism of singlet fission introduced in this section remains subject of
active research [47, 46, 44, 45, 21, 53, 54, 55, 276, 277, 200] which is beyond the scope of this
thesis. The interested reader is referred to the hitherto most comprehensive reviews of the field
provided by M. B. Smith and J. Michl in 2010 [276] with a follow up due to rapid progress in
2013 [277]. The review by N. Monahan and X.-Y. Zhu from 2015 focuses on the key mechanistic
question how a singlet exciton couples to the triplet pair [200].

2.3.2 Triplet harvesting and transfer mechanisms

For a successful implementation of SF materials in PV devices an efficient harvesting of triplet
excitons is essential. Since singlet fission occurs in organic small molecules, excitons are tightly
bound. To generate photocurrent, those Frenkel excitons have to be separated at a heterointer-
face. Besides direct ionization of excitons via charge transfer, at organic/inorganic heterointer-
faces triplet energy transfer mechanisms have to be considered. In comparison to direct charge
transfer, the entire exciton is transferred across the interface. As soon as a Frenkel exciton (or-
ganic part) is transferred across the hybrid interface, excitons in the inorganic part are delocalized
resulting in free charge carriers already at room temperature. Free charges can then be extracted
via selective contacts. Various transfer mechanisms are sketched in Figure 2.7 and will be briefly
outlined in the following.

Electron transfer from the donor (D) to the acceptor (A) does usually not directly result in
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fully separated charges, but rather occurs in a two-step process involving an intermediate charge
transfer (CT) state (cf. section 2.2). Electron transfer involves a short-range interaction which
requires significant spatial overlap of D and A wave functions. To overcome the Coulomb bind-
ing energy of bound excitons, suitable band offsets are required [59].

Both, electron transfer from singlet and triplet states might be possible (cf. Fig. 2.7 (a)).

Forster resonance energy transfer (FRET) is based on non-radiative dipole-dipole electro-
magnetic interaction and therefore a significant overlap of emission spectrum of the D with the
absorption spectrum of the A is required [195]. It may be thought of as a virtual photon exchange
between D and A (cf. Fig. 2.7 (b)). Additionally, the orientations of the transition dipoles must
be approximately parallel. FRET efficiency decreases with the distance r between D and A
o r~% as described by [101, 332]:

Ro®

—_ 2.14
R06 + r6 ) ( )

TIFRET =

with the Forster distance, Ry, i.e. the distance between D and A at which the energy transfer
efficiency is 50%. FRET is a rather long-range process with typically observed D-A separations
in the range of 1 - 5 nm [101, 195, 332, 252].

Usually only singlet excitons can be transferred via FRET since triplet-triplet transfer is spin
forbidden according to Pauli’s exclusion principle. An exception is given if the triplet exciton is
located at a phosphorescent donor. However, for Tc at room temperature the oscillator strength
for phosphorescence transitions is very low and therefore FRET is rather unlikely as a possible
mechanism for triplet harvesting at the Tc/c-Si interface [195].

Dexter energy transfer — In contrast, an actual exchange of electrons between the D and A takes
place during Dexter energy transfer (cf. Fig. 2.7 (c)). As the exchange interactions are dictated
by the molecular (wave function) overlap, length scale of Dexter transfer is restricted to rather
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short range < 1 nm and exponentially decreases with distance r between D and A. The rate
constant, kqey, 1 given by [332]:

kgex = CJ - exp (_T%) , (2.15)

whereby C' is an experimental constant, .J is the normalized spectral overlap integral, and L is
the sum of the van der Waals radii of the D and A.

If overall spin conservation is maintained, transfer from triplet states is allowed in the Dexter
mechanism [81, 82, 195, 332].

In literature triplet exciton dissociation via electron transfer involving CT states at the organic
donor-acceptor interface between the SF materials Tc and Pc and the electron acceptor Cg is
reported [245, 52, 239, 64, 328].

Furthermore, the formation and dissociation of CT states also at hybrid organic-inorganic inter-
faces, therefore called "hybrid charge transfer (HCT)" states throughout this thesis, have been
observed in literature [224, 20, 318, 241, 216].

Recently, two independent teams reported on efficient Dexter-type energy transfer of triplet exci-
tons generated via singlet fission in the polyacenes Pc and Tc at the hybrid junction to inorganic
PbS or PbSe nanocrystals. M. Tabachnyk et al. [290] point out the essential requirement of
resonance condition between the nanocrystal band gap and the molecular triplet energy. N. J.
Thompson et al. [307] report an exponential dependence of energy transfer efficiencies on lig-
and length, as expected for a Dexter-type process (cf. Eq. (2.15)). Triplet energy transfer was
unambiguously proven and distinguished from singlet exciton transfer by the observation of the
typical magnetic field dependency of the SF process, as introduced previously in this section.
For resonance conditions triplet energy transfer efficiencies 2 90% are claimed [307, 290].

Those results are promising for the hybrid Tc/c-Si interface. However, to the best of the author’s
knowledge, no triplet exciton harvesting at the Tc/c-Si interface is reported to date. In section
7.5 challenges of charge separation at the specific Tc/c-Si interface will be discussed with the aid
of experimental results obtained throughout this work.

2.4 Singlet fission devices

In the last decade several groups have successfully implemented SF materials, namely Tc and
Pc in organic photovoltaic (OPV) devices, e.g. Refs. [337, 217, 171, 134, 242, 289, 305, 64,
328, 306, 335, 172]. The efficiency of harvesting generated charges is reflected in the external
quantum efficiency (EQE) of a solar cell as it constitutes the ratio of extracted charge carriers
to the number of incident photons. Thus, comparing absorption spectra of the SF material with
the corresponding EQE spectra of the device with an implemented SF layer give access to the
contribution related to the SF material. In 2013, D. N. Congreve et al. reported for the first time
a peak EQE exceeding 100% in a SF-based Pc/Cg bilayer OPV device (cf. Fig. 2.8 (b)). Their
device architecture is depicted in Figure 2.8 (a) [64]. Accordingly, triplet excitons which are gen-
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erated with a high quantum yield via singlet fission in the Pc thin film can diffuse and efficiently
dissociate at the organic donor-acceptor Tc/Cgy heterojunction. An EQE above unity reflects a
net gain of multi-exciton generation via singlet fission which outcompetes the sum of all other
possible loss channels. Nevertheless, bear in mind that the overall OPV device efficiency < 2%
is rather low.
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Figure 2.8: (a) Device architecture and HOMO/LUMO energy levels of the SF-based Pc/Cg
bilayer organic solar cell. (b) Corresponding external quantum efficiency (EQE) measured
without optical trapping (blue line) and multiple paths via back reflection with an external
mirror (red line). This is the first report of a SF-based multi-exciton generating device with
an EQE exceeding 100%. Figure taken from Ref. [64].

The SF materials Tc and Pc were also successfully integrated in hybrid devices with PbSe and
PbS nanocrystals as triplet acceptors [133, 87, 88, 86, 172]. As pointed out in Ref. [290] and
already discussed above (cf. section 2.3.2), by varying nanocrystal sizes the importance of res-
onance condition between the triplet energy and band gap of inorganic acceptor material, and
the correct band line-up, was confirmed on device level by means of EQE measurements. If
nanocrystal band gaps are in resonance with the energy of the T, state, absorption peaks of SF
materials coincide with EQE maxima. If the T; energy is too low or too high, no charge sepa-
ration is observed and the excitation disappears non-radiatively. Hence, the SF process is a loss
mechanism which is reflected as a decrease of the EQE where the molecule absorbs. Despite
initial success, also efficiencies of nanocrystal SF devices remained disappointingly low.

Tc/c-Si hybrid device concepts

The objective of the second part of this work is to integrate the SF material Tc into "conventional"
c-Si based solar cells. A successful triplet exciton harvesting at the hybrid Tc/c-Si interface is
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not reported to date. In Figure 2.9, three different concepts for the implementation of SF mate-
rials in n-type c-Si absorber devices are sketched. Obviously, in each concept the fundamental
prerequisite for triplets generated via singlet fission is to reach the hybrid interface to be some-
how separated there. Thus, Tc layer thicknesses should be within the same order as the triplet
diffusion length which is reported to be ~100 nm at room temperature [47].

@ T sl b T mesi | | @la] 1  ()esi |
T T = ET
X O dorsed g
] [NN]
4 [a W
SF - MM =ESF 3
(
TT \
Q%‘“hv’ = e
o X0
SAVAVAVAVAS AAVAVAY: S
] FT 0. - -

Figure 2.9: Various concepts for the implementation of Tc in (n)c-Si absorber solar cells. Via
singlet fission (SF) in Tc, a high energy singlet exciton (blue) is split into two triplet excitons
(red) of lower energy. (a) Tc implemented at the front side of a back contacted (n)c-Si solar
cell. This concept requires an entire triplet transfer (TT). (b) Nanocrystal (NC) interlayer
approach. TT into NCs is proven [290, 307]. In a 2"! step, (i) radiative energy transfer
(hv), or (ii) ionization of excitons into free charge carriers which are then injected into c-Si is
possible. (c) Tc sandwiched between the hole conductive PEDOT:PSS and (n)c-Si. Both, (i)
electron transfer (ET), or (ii) TT is possible.

In the first approach, Tc is grown on top of a back contacted c-Si solar cell (cf. Fig. 2.9 (a)).
Consequently, the entire triplet has to be transferred via Dexter-type energy triplet transfer (TT)
across the hybrid interface to c-Si (cf. section 2.3.2). As soon as the triplet is transferred to
inorganic c-Si, electrons and holes become delocalized and can be extracted at the solar cell’s
interdigitated back contacts. In a dynamic study by Piland et al., no evidence for triplet energy
harvesting was found at the hybrid Tc/c-Si interface [229]. Also on device level no report is
available to date.

The idea of the second approach is to use nanocrystals as a "relay" to shunt triplet exciton energy
transfer from the organic into the conventional inorganic c-Si based part of the solar cell (cf. Fig.
2.9 (b)). Efficient TT into nanocrystals was proven recently (cf. section 2.3.2) [290, 307, 22].
After accepting triplet energy in the nanocrystals, bright state excitons might be generated. Their
coupling into c-Si could be mediated in a second step by either emitting a photon that is absorbed
in c-Si generating an electron-hole pair, or by Forster resonance energy transfer via exchange of
virtual photons. Another possibility would be the ionization of excitons and generation of free
electrons and holes in the nanocrystals, which are then injected into the c-Si absorber. Never-
theless, this two-step processes will always struggle with additional loss channels such as non-



2.4 Singlet fission devices 23

radiative recombination or radiative recombination not directed into the absorber [22]. To date,
no successful sensitization of c-Si via nanocrystals in a SF approach is reported.

In Figure 2.9 (c) the hybrid Tc/c-Si device idea that is followed in this work is sketched. The
Tc layer is sandwiched in between the main c-Si absorber and the polymer PEDOT:PSS. In the
concept proposed here, triplet harvesting via electron transfer (ET) from Tc into c-Si with the
hole remaining in the organic part of the hybrid interface would be sufficient. The free electron
is then extracted through a standard electron selective back contact, whereas the hole can be
extracted through the hole selective PEDOT:PSS as commonly used in OPV devices. However,
as indicated in the figure, also TT with a hole transfer back is a possible scheme in this device
structure. The major challenges of this concept are:

(1) Sufficient passivation of the c-Si surface by thin film Tc.

(1) Efficient charge separation, i.e. dissociation of tightly bound triplet excitons at the hybrid
Tc/c-Si interface.

(i11) Efficient hole extraction, also from the c-Si absorber, has to be guaranteed.






Experimental methods

In this chapter details of device fabrication are given and various analysis methods utilized
throughout this work are introduced.

The first step in the production of c-Si based solar cells is always a sufficient cleaning of the Si
wafers, followed by various deposition methods for inorganic and organic layers. For instance,
amorphous Si layers are fabricated by plasma enhanced chemical vapor deposition, Tc is ther-
mally evaporated in vacuum, and PEDOT:PSS is spin-coated under ambient conditions followed
by a subsequent annealing step.

A pool of analysis methods were used to characterize amorphous Si and organic layers as well
as the corresponding heterointerfaces to c-Si. In particular, various modes of photoelectron spec-
troscopy were conducted to measure the band alignment at conventional a-SiO:H/c-Si as well
as hybrid PEDOT:PSS/c-Si and Tc/c-Si heterojunctions. Stoichiometry = of a-SiOy:H was in-
vestigated by core level spectroscopy. Using high excitation energies provided by synchrotron
radiation the buried PEDOT:PSS/c-Si interface could be addressed. Surface photovoltage mea-
surements were employed to determine the band bending in c-Si, minority-carrier lifetime was
extracted from photoconductance decay meauserments. Optical transmission and reflection mea-
surements as well as spectroscopic ellipsometry were conducted to determine absorption and
(n-k) data of amorphous Si and organic thin films. By using the time-correlated single photon
counting technique, the SF dynamics of thin film Tc could be monitored.

Complete solar cells were characterized with capacitance-voltage and current density-voltage
measurements. For a thorough interpretation quantum efficiency spectra were recorded under
various measurement conditions, such as temperature and external voltage.

3.1 Device fabrication

Figure 3.1 depicts the layer stacks of various solar cell approaches investigated in this work.
On the left of Figure 3.1, the layer stack of conventional both-sides-contacted SHJ solar cells
with wide band gap (i)a-SiO, layers incorporated is shown. The electron selective back contact
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is formed by a ~5 nm (i)a-Si:H passivation layer and ~15 nm (n™")a-Si:H acting as a back sur-
face field. The amorphous layer stack is followed by a ~80 nm ITO layer and a full area Ti/Ag
metallization. In this thesis the 5 nm (i)a-Si:H passivation layer on the front side is replaced by
wider band gap (i)a-SiOy:H with varying stoichiometry z. The emitter is formed by ~10 nm of
(p)a-Si:H. The front contact is completed by ~80 nm ITO and a Ti/Ag metal grid.

On the right of Figure 3.1, the layer stack of hybrid organic/c-Si HJ solar cell concepts is
depicted. (a) Hybrid PEDOT:PSS/c-Si HJ solar cell without Tc layer. (b) MEG hybrid
PEDOT:PSS/Tc/c-Si device approach by the incorporation of the SF-material Tc. Optional
ultra-thin interlayers were investigated throughout this work which might help to harvest exci-
tons at the hybrid junction between Tc and c-Si. The electron selective back contact is adopted
from the conventional SHJ technology. Hybrid devices are completed with an Ag grid directly
fabricated onto the highly conductive polymer PEDOT:PSS at the front side.

Details of various process steps during solar cell fabrication as indicated with the circled numbers
in Figure 3.1 will be given in the following.

Conventional SHJ solar cell Hybrid HJ solar cell
(with wide band gap (i)a-SiO,) (optional Tc SF-medium)

thermal evaporation @\;I’i/Ag grid

Ag grid +—thermal evaporation @

sputtering ® PEDOT:PSS  (30-200) nm | spin-coating/solution processed @
i tional |
PECVD %{ i Tc/ SF-medium (%p_lgg?)) o | thermal evaporation @*

cleaning &
surface conditioning €

cleaning &
surface conditioning @

PECVD ®~[ PECVD @

sputtering ®
thermal evaporation @)

sputtering @
thermal evaporation @

Figure 3.1: Sketch of layer stacks of various solar cell concepts. Circled numbers indicate the
process step sequences. (left) Conventional both-sides-contacted SHJ solar cell. The electron
selective back contact is formed by an (i,n")a-Si:H layer stack followed by an ITO layer
and a full area Ti/Ag metallization. In the hole selective front contact, the standardly used
(i)a-Si:H passivation layer is replaced by wider band gap (i)a-SiO:H, followed by a (p)a-Si:H
emitter. The front contact is completed by an ITO layer and a Ti/Ag metal grid. (right)
Hybrid solar cell concepts: (a) Hybrid PEDOT:PSS/c-Si HJ solar cell without Tc layer. (b)
MEG hybrid PEDOT:PSS/Tc/c-Si concept by incorporation of the SF-material Tc. Optional
ultra-thin interlayers are investigated. The back contact is adopted from the conventional SHJ
technology. Hybrid devices are completed with an Ag front grid.
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®/@: c-Si wafer cleaning and surface conditioning

For all solar cells fabricated in this work, commercially available high quality float-zone grown
c-Si wafers with (111) surface orientation and a resistivity of 1 - 5 {2-cm (n-doped) were used.
If necessary, 4" wafers were cut into the required sample sizes prior to the cleaning process.
Substrates were cleaned following the standard RCA procedure established by the Radio Com-
pany of America [152].

To strip off the native Si oxide, a 2 min dip in 1% diluted hydrofluoric (HF) acid was always
performed immediately before follow-up processes, i.e. amorphous Si or organic layer deposi-
tions. After the HF-dip, Si dangling bonds are saturated with H atoms, thus providing an initially
well passivated surface. Subsequently after exposure to ambient air, oxidation and reduction of
passivation quality starts [14]. Therefore, the time between HF-dip and further process steps is
kept as short as possible < 5 - 10 min. Time is consumed e.g. for various evacuation cycles
during sample transfer into the glovebox and mounting samples into the evaporator.

@/®: PECVD growth of standard a-Si:H layers

Both, conventional SHJ and hybrid HJ devices consist of a well passivated (i,n")a-Si:H electron
selective contact at the back side. For conventional SHJ solar cells also a (p)a-Si:H emitter layer
on the front side is needed.

Intrinsic, p- and n-doped a-Si:H thin films are fabricated by PECVD in a conventional parallel
plate reactor configuration using microwave excitation frequencies of 13.56 Mhz or 60 Mhz.
Silane (SiHy) is used as Si precursor gas, diborane (ByHg) and phosphine (PHj3) are used as p-
and n-type dopant sources, respectively. For saturation of Si dangling bonds in the amorphous
network, H, is added to the precursor gases. Besides the gas phase composition, PECVD strongly
relies on other deposition parameters like power density, substrate temperature, total gas flow,
deposition pressure, and plasma excitation frequency [175, 74, 219].

The fabrication of various a-Si:H layers by PECVD are standard and well-established processes
at HZB. Further details can be found in Ref. [190] and references therein.

@*: PECVD growth of a-SiO.:H layers

In conventional SHJ solar cells, the standardly used (i)a-Si:H passivation layer was replaced by
wider band gap (1)a-SiO4:H. The growth of thin film (1)a-S10,:H by PECVD was established for
this study.

All (1)a-SiO4:H layers were grown with conventional parallel plate (2 cm electrode distance)
PECVD at 60 MHz excitation, a plasma power density of 56 mW/cm?, a process pressure of 0.5
mbar, a substrate temperature of 175 °C, and precursor gas mixtures of SiH4/Ho/CO,. As it is
depicted in Figure 3.2, in order to vary the stoichiometry = of (i)a-SiO,:H layers, the ratio R =
CO-/SiH, was varied from 0, for standard (i)a-Si:H layers, to 4, which results in an increased
stoichiometry z. For all depositions, the Hy gas flow was kept constant at 5 sccm.

The deposition of a-SiOy:H layers was carried out in the same PECVD cluster as used for a-Si:H
fabrication.
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Figure 3.2: Schematic of precursor gas mix-
ture variation during PECVD growth of
(1)a-SiOy:H layers. Precursor gas flows of

£ a-Si:H ——increasing x —> a-SiO,:H SiH, and CO, always add up to a total of
S 10 sccm. The ratio R = CO4/SiH, ranges
§ 10 from 0, for standard (i)a-Si:H layers, to 4,
= which results in an increased stoichiome-
8 5 try x of a-SiO,:H films. The Hy gas flow

precursor gas mixture variation was kept constant at 5 sccm.

®/®: 110 sputter deposition

In the SHJ technology TCO layers are needed between a-Si:H layers and metal contacts. For
conventional SHJ solar cells ~80 nm of ITO layers were reactively sputtered from an ITO target
with 0.1% oxygen in the process gas flow. The ITO layer thickness is optimized in terms of anti-
reflection properties and sufficient lateral conductivity [129, 192]. As indicated in Figure 3.1,
for record PEDOT:PSS/c-Si HJ solar cells, we also utilized an ITO layer on the solar cell’s back
side. Standardly for organic/c-Si hybrid devices, ITO deposition was omitted to keep fabrication
processes simple and to avoid organic materials in the sputter chamber. ITO layer fabrication is
also a standard process at HZB carried out in a sputter system from the company ROTH & RAU.

®*: Thermal evaporation of Tc

For the multi-exciton generating hybrid PEDOT:PSS/Tc/c-Si concept, thin film polycrystalline
Tc was thermally evaporated on glass (for reference) and H-terminated c-Si wafers at ~100 °C
and base pressures < 1 x 107% mbar, which corresponds to deposition rates of about (0.5 - 1)
Alsec, as determined with a quartz micro balance. During evaporation, no active cooling or heat-
ing of substrates was conducted. As is known from literature, these evaporation conditions result
in island formation of Tc [204, 330, 169, 265, 303]. Sublimed grade Tc with a purity of 99.99%
was used as received from the company SIGMA-ALDRICH.

Ultra-thin layers of the fullerene Cg, (sublimed grade 99.9%, SIGMA-ALDRICH), as it consti-
tutes a promising interlayer (cf. section 7.6, not yet introduced) were evaporated in the same
setup at temperatures of ~450 °C resulting in a deposition rate of about (0.1 - 0.3) Alsec.

The organic evaporation chamber is placed inside a glovebox, thus exposure to ambient during
fabrication processes is minimized.

®: Spin-coating of PEDOT:PSS

The highly conductive p*-doped polymer PEDOT:PSS acts as the hole selective front contact in
hybrid HJ solar cells. In this work the commercially available pre-mixed polymer dispersion 'F
HC solar’ was used as delivered. To the polymer solution 'PH 1000°, 5 vol% of dimethyl sul-
foxide (DMSO) and a wetting agent (0.1 vol% FS31, Capstone) was added. Both PEDOT:PSS
formulations are from the company Heraeus Clevios. As shown in our publication [136], both
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solutions can be used interchangeable.

For MEG solar cells, immediately after Tc deposition PEDOT:PSS was standardly spin-coated
at 1500 rpm for 10 sec under ambient conditions, resulting in layer thicknesses of about (100 -
150) nm. Subsequently after spin-coating, samples were annealed for 90 min in a vacuum oven
at 60 °C, which is well below the Tc evaporation temperature.

Standardly PEDOT:PSS is annealed at higher temperatures well above 100 °C for shorter times,
and often in ambient air [226, 179, 113]. Thus, for hybrid PEDOT:PSS/c-Si HJ solar cells with-
out Tc, polymer films were dried at 130 °C for 15 min in ambient.

By increasing the spin-speed up to its maximum rotation of 10.000 rpm, PEDOT:PSS layer thick-
nesses of about 35 nm can be fabricated. Because these layers are too thick to access the buried
interface by HAXPES measurements (cf. section 6.1), we followed a post-treatment procedure
suggested in literature [58, 156, 331]. To this end, after the first annealing step, PEDOT:PSS
layers were additionally immersed for 15 min in DMSO, followed by a second annealing step.
Thus, layer thicknesses could be further reduced to about 20 nm. The detailed sample preparation
procedure is given in our publication [137].

@/®: metallization

Finally, all solar cells have to be metalized. At HZB metallization is done by thermal evaporation.
In the both-side contacted device architectures a full area metal back contact is deposited. By the
use of masks, a metal grid is fabricated on the cell’s front side.

For conventional SHJ solar cells, metallization follows ITO sputtering. A 500 nm Ag contact
with a ~10 nm Ti adhesion layer in between Ag and ITO was evaporated on the back side. The
front contact consists of a 1.5 um thick Ag contact grid, also with a 10 nm Ti adhesion layer
incorporated [192, 264, 121].

As already stated above, for hybrid organic/c-Si devices, standardly ITO deposition was omitted
to keep fabrication processes as simple as possible. For that reason, 750 nm Ag was directly
evaporated on the (i,n")a-Si:H layer stack leading to slightly reduced V. of solar cells due to
enhanced surface recombination at the a-Si/Ag interface. Hybrid PEDOT:PSS/(Tc)/c-Si solar
cells were completed by a 300 nm Ag front contact grid directly evaporated onto the polymer.

3.2 Analytical methods

By means of photoelectron spectroscopy (PES) the band alignment at various SHJs as well as
chemical information of a-SiO, and PEDOT:PSS was obtained. The band bending in c-Si was
extracted from surface photovoltage (SPV), carrier lifetime was extracted from photoconductive
decay (PCD) measurements. The absorption of thin film Tc deposited on glass substrates was de-
termined by transmission and reflection measurements using an absorption spectrometer with an
integrating sphere attachment. Spectroscopic ellipsometry (SE) was conducted to obtain optical
constants of a-Si and PEDOT:PSS. To investigate the SF dynamics of thin film Tc, transient PL
spectra were recorded using the time-correlated single photon counting (TCSPC) technique. The
following sections present more detailed descriptions of each of these experimental techniques.
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3.2.1 Photoelectron spectroscopy

Throughout the works detailed in this thesis, various modes of PES at different setups were con-
ducted. The basic principle of PES is sketched in Figure 3.3. Monochromatic light with an
energy hv is directed on the sample which excites electrons above the vacuum level F,,.. With
an energy dispersive analyzer, these photoelectrons are then recorded and binned according to
kinetic energy Fii,. Thus, a PES spectrum represents the sample’s density of occupied states
(DOS) [124, 240]. For low excitation energies < 100 eV (UV range), photoelectrons are orig-
inating from valence band states near the Fermi edge Er. For excitation energies => 1000 eV
(X-ray range), photoelectrons can also escape from the more tightly bound core levels. The work
function ®,, is given by the difference of E,.. - Fr. As also indicated in Figure 3.3, a PES
spectrum, consisting of core level peaks and the valence band region, is broadened due intrinsic
and experimental broadenings. Intrinsic life-time broadening features a Lorentzian line shape,
experimental broadening caused by the finite resolution of the excitation source and energy ana-
lyzer features a Gaussian distribution [124, 240].

By calibrating the PES setup, as it is commonly done with an Au reference sample, spectra are
usually converted into electron binding energy by [124]:

Fhina = Exin — (hv + Dget) , (3.1

where the work function of the electron detector ® 4 is a setup specific constant [124].

PES measurements have to be performed in UHV systems for two reasons. (i) Free photoelec-
trons excited above E.,. have to be efficiently collected at the analyzer without loss of energy
or change in momentum via scattering processes with residual gas atoms. (ii) Since PES is a
surface sensitive technique, sample contamination by surface adsorbates has to be minimized.
Figure 3.4 shows the so-called universal curve which relates Ey;, of the photoelectrons to their
inelastic mean free path (IMPF) for various elements [260]. Therefore the universal curve pro-
vides a rough estimate for the information depth of PES measurements for different excitation
energies with highest surface sensitivity and IMPFs of ~1 nm using standard lab based excitation
sources, i.e. He discharge lamp (blue) and Mg/Al X-ray tube (green). For excitation in the near-
UV (orange range) or with tender/hard X-rays (red range), IMPFs can increase up to ~10 nm. In
a specific experiment, the effective information depth also depends on e.g. material density and
setup sensitivity! [296]. Near-UV excitation was provided by a lab based light source, whereby
tender/hard X-rays were provided by synchrotron radiation of BESSY II.

The band alignment at the a-SiO,/c-Si, as well as hybrid PEDOT:PSS/c-Si and Tc/c-Si inter-
faces was investigated using various modes of ultraviolet PES (UPS). By the use of near-UV
excitation the information depth is increased compared to conventional He-UPS measurements.
Using X-ray PES (XPS) the stoichiometry x of a-SiOy was determined. Furthermore, the chem-
ical structure of the buried PEDOT:PSS/c-Si interface could be addressed by a tender/hard X-
ray (HAXPES) study using high energy synchrotron radiation. Various PES modes conducted
throughout this work will be briefly described below.

Ifew photoelectrons will always escape from deeper buried parts of the sample following an exponential decay
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Figure 3.3: Sketch of the basic principle of photoelectron spectroscopy (PES) [124, 240]. (left)
The occupied density of states (DOS) consists of core levels and valence band states near the
Fermi edge, £'r. Monochromatic light with energy hv directed on the sample excites electrons
above the vacuum level, F.,.. Kinetic energies, FEy;,, of those photoelectrons are then detected
with an energy dispersive analyzer. Thus, the corresponding PES spectrum (right) represents
the sample’s DOS below Er. The work function, ®,,, is given by Fy,. - Ep.
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Figure 3.4: Universal curve which relates the kinetic energy (Fk;,) of photoelectrons to their
inelastic mean free path (IMPF) for various elements. Data digitized from Ref. [260]. Lab
based excitation sources (Xe arc lamp, He discharge lamp, Mg/Al X-ray tube) and synchrotron
radiation (this work KMC-1 bending magnet at BESSY II) are used. He-UPS and Mg/Al XPS
are rather surface sensitive. An increased information depth can be obtained by using either
near-UV or tender/hard X-ray excitation.
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He-UPS and XPS (Mg/Ag)

The most common light source for UPS is a He gas discharge lamp directly connected to the
UHYV analytics chamber and differentially pumped. Throughout this project the He-I,, discharge
line at hv = 21.22 eV? was used. He-UPS is very surface sensitive and only probes a few atomic
layers < 1 nm (cf. Fig. 3.4). With this rather low excitation energy the valence band structure
near Fr is probed, hence valence band maxima, Evgy;, and work function, ®,,, from the sec-
ondary electron cutoff (SECO) can be determined [124].

In order to investigate chemical composition and stoichiometry, higher excitation energies in the
X-ray range are needed to excite photoelectrons from element specific core level states. In this
work the characteristic Mg-K,, (hv = 1253.7 eV) and Al-K,, (hv = 1486.7 eV) soft X-ray radia-
tion from a conventional X-ray tube was used, resulting in ~1 - 2 nm information depth (cf. Fig.
3.4). Stoichiometry can be determined by analyzing relative peak intensity ratios of core level
peaks weighted with their element specific sensitivity factors [124, 321]. A change in chem-
ical bonding, e.g. various oxidation states of a-SiO, implicate a chemical shift of the Si core
level peak. Core binding energies are determined by electrostatic interaction between the core
electron and the nucleus. It is reduced by the electrostatic shielding of the nuclear charge from
all other electrons in the atom, including valence electrons. Removal or addition of electronic
charge as a result of changes in bonding, e.g. braking Si-Si bonds and incorporation of O into
the amorphous Si network forming Si-O bonds, will alter the shielding [270, 124]. The result
is a chemical shift of Si core level peaks towards higher F};,q. Thus, a quantitative analysis of
the shift of Si peaks opens up another way to determine the stoichiometry x of a-SiO, [126, 180].

Near-UV PES

The experimental setup of near-UV PES is sketched in Figure 3.5. Near-UV radiation is provided
by a 100 W high-pressure Xe arc lamp monochromated with a double grating monochromator?,
providing photon energies up to 7.3 eV. This is determined by the cutoff of UHV window layers
made of suprasil or LiF. The sample’s work function determines the low-energy cutoff. The near-
UV energy range leads to signals originating from the first 5 to 10 nm of the sample (cf. Fig.
3.4).

Two modes of near-UV PES were conducted throughout this work. "Bulk sensitive"” N-UPS with
a fixed excitation energy of typical 6.5 eV* which is identically to "surface sensitive” He(21.2
eV)-UPS, merely with a lower excitation energy. By contrast, in the so-called constant final state
yield spectroscopy (CFSYS) mode the excitation energy is varied (3 eV < hv < 7.3 eV) while
the detection of photoelectrons is kept at a constant (final state) kinetic energy E, . As sketched
in Figure 3.5, energy dependent changes in the photon flux n,u.(hv) provided by the Xe lamp
and the reflectivity R(hv) = nyen(hv)/npnet (hr) of the sample are measured with the reflection

2He-I1,, discharge line at hv = 40.8 eV is also available

31680 SpectraMate Double Spectrometer, Czerny-Turner type, manufactured by Yobin-Yvon/Spex. Gratings
have a line density of 1200 nm~*

“4excitation energy of 6.5 eV selected by monochromator
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sensor and the monitor diode, respectively. The internal photoelectron yield Yi, (EY, ., hv) is then
calculated via [159]

Y t(EO I‘LC()]ESY (Elgin7 hl/)
. enphot (hv) [1 — R(hv)]’

kin»

hv) =

(3.2)

with the photoelectron current ICFSY (ED. | hi) measured in constant final state yield. It is im-
portant to note that Yi,(EY, , hv) is directly proportional to the DOS [261, 159]. When the
final state energy EY. is chosen to yield the maximum flux of photoelectrons, the sensitivity of
CFSYS is greatly superior to conventional UPS modes which enables to detect valence band tail
and mid-gap defect states of amorphous semiconductors < 10?° eV~'cm~3. The valence band
structure of a-SiO4:H measured with conventional He-UPS and CFSYS will be presented and

discussed in chapter 4.

monitor electron
analyzer

reflection
sensor

Xe lam
P double grating

monochromator
UHV chamber (p = 5 x 10'1° mbar)

Figure 3.5: Sketch of near-UV PES setup. Two modes are possible: (i) Near-UV PES with
an adjustable (typically 6.5 eV) constant excitation energy provided by the combination of
a high-pressure Xe arc lamp and a double grating monochromator (left beam). (i1) Constant
final state yield spectroscopy (CFSYS) mode. The photoelectron yield is determined by the
ratio of detected photoelectrons ng (hv) to incoming photons while measuring both, incident
Npnot (A7) and reflected nyeq(hv) photon fluxes. Figure adopted from Ref. [159].

Obviously core level photoelectrons cannot be excited with near-UV radiation. In order to gain
depth-resolved chemical information, tender/hard X-ray excitation is required.

Tender/hard X-ray PES at BESSY Il

Tender/hard X-ray PES (HAXPES) measurements were performed at the HIKE® end-station in-
stalled at the KMC-1 bending magnet beamline located at the storage ring BESSY II in Berlin®, a

>high kinetic energy electron spectroscopy
®BESSY II is part of Helmholtz-Zentrum Berlin fiir Materialien und Energie
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state-of-the-art 3" generation synchrotron radiation facility operated at an electron beam energy
of 1.7 GeV [308]. KMC-1 beamline uses a double crystal monochromator operating in the range
1.7 - 12 keV, using different sets of crystals [247, 111]. By varying tender/hard X-ray excitation
energies depth-resolved information of buried layers can be obtained, which is a great advantage
for the study of real device structures. As the signal intensity of photoelectrons originating from
buried layers is always significantly superimposed by near-surface signals, appropriate sample
preparation and data deconvolution always play a crucial role in HAXPES data analysis.

In order to prevent beam-induced sample degradation of organic thin layers, HAXPES measure-
ments were conducted during BESSY II’s low intensity modes: (1) 'low-o multi bunch hybrid
mode A’ with an initial ring current of 15 mA, and (ii) 'low intensity single bunch mode’ with
13.75 mA ring current. For comparison, the ’standard multi bunch hybrid top-up mode’ has a
ring current of 300 mA. As it will be presented in section 6.1, within our HAXPES study of
the buried PEDOT:PSS/c-Si interface, no degradation of the samples due to X-ray radiation was
observed.

"Low dose" UPS at BESSY Il

In addition, UPS experiments were performed at the end station SurlCat (beamline PM4) at
BESSY II [319]. This end station provides excitation energies in the UV range and offers the
opportunity for in-system organic layer deposition. Samples can then be directly transferred from
the preparation chamber (base pressure < 5 x 10~7 mbar) to the analysis chamber (base pressure
< 5 x 107? mbar) without breaking vacuum. As it is a dipole beamline, the light intensity of
SurlCat is rather small, comparable to lab-based UPS using He radiation. The energy level
alignment at the Tc/c-Si interface was investigated with this setup.

3.2.2 Surface photovoltage

The surface photovoltage (SPV) method [122] was employed to determine the equilibrium sur-
face band bending ey in c-Si of heterojunction a-Si/c-Si samples [160]. The principle of SPV is
sketched in Figure 3.6. By placing an insulating mica plate in between a TCO coated ("metal-
like") quartz glass and the semiconductor sample itself, a metal-insulating-semiconductor (MIS)
structure is formed. A gold-plated chuck provides an Ohmic back contact. Upon intense illumi-
nation of the sample by a short laser pulse’ excess charge carriers are generated in the sample,
leading to flattening of the bands and a split-up of the quasi-Fermi levels of electrons, Er ,, and
holes, Ly ,,, respectively (sketched red in Fig. 3.6). Since the chosen photon energy of E ot
= 1.37 eV is smaller than the a-Si band gap, generation predominantly takes place in c-Si. The
corresponding change in the surface potential by the redistribution of photogenerated charge
carriers is measured capacitively as a photovoltage pulse Vspy(t). The illumination intensity is
chosen high enough to reach flat-band conditions. This is the case for high injection conditions
when charge carrier densities 7jumPillum > NdarkPdark- After correction for the Dember voltage
resulting from the difference in mobilities of electrons and holes [79, 122], the initially detected

’in the here used setup: photon flux 10*® ecm™2s™1, t,u15 = 150 ns
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voltage signal right after the laser pulse Vspy cor(t=0), corresponds to the surface band bending
e in the dark. Note that comparably slow recharging processes of a-Si:H defect states, which
mainly occur through injection of charge carriers from photogenerated electron-hole pairs in c-Si
are supposed to have a negligible effect on Vspy core(=0). Thus, thin a-Si only affect the SPV
decay transient (1>0) [255].

MI S
mica = Si waf Figure 3.6: Schematic of the surface pho-
TCO—— L - . C-ol water tovoltage (SPV) measurement setup. A
quartz — \ Ie(P metal-insulator-semiconductor (MIS)
PORS B | S — Eep Ec structure is formed by an insulating mica
ORI S R -

plate placed in between a TCO coated
\_/\N ______________________ Erpo.-. quartz glass and the sample itself. A
Eohot=1.37 €V \ ' short and intense laser pulse induces
touise=150 N E, flat-band conditions in the c-Si wafer.
) After Dember voltage correction, the
B T equilibrium band bending (ep) can be
@' hd determined from the capacitively detected

Vepyl(t) change in surface potential.

3.2.3 Transient photoconductive decay

Measurements of minority-carrier lifetime in Si wafers are extremely valuable for process con-
trol and device optimization. The technique is based on the analysis of photoconductive decay
(PCD) transients after a short light pulse. PCD is a well-established and fast method to access
a-Si/c-Si interface passivation quality. In this work a commercially available WCT-100 Sinton
setup is used. A Xe flash lamp generates free charge carriers in the sample. The injection de-
pendent photoconductance, o (t), which is directly related to the minority excess carriers, An,
is measured by placing the sample above an inductive coil. If the light flash is decaying at least a
few orders of magnitude faster than the carrier lifetime, the injection dependent effective carrier
lifetime, 7.¢, can be determined by [272]:

oL

reg(An) = — L
a(&n) Joh (ftn + pon)

(3.3)

For c-Si the electron and hole mobilities (y,, () and their dependence on both, doping and in-
jection level, are well known. The excitation photocurrent density, j,n, has to be calibrated to the
light intensity by a reference cell [272].

The mode described so far is called transient PCD (TRPCD). In the given setup, it allows to ex-
tract 7.¢ 2 400 ps. For shorter life times, when the decay times of carrier density and light flash
are similar, the additional carrier excitation due to the light pulse has to be taken into account. In
the so called quasi-steady-state mode (QSSPC) [272], by fitting the obtained injection-dependent
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lifetime curve, 7.¢(An), with a semi analytical model derived by C. Leendertz et al., the interface
defect density, Dy, and the interface charge, ();, can be quantified [173]. Therefore it is possi-
ble to discriminate between chemical passivation and field effect passivation at the a-Si:H/c-Si
interface.

The excess carrier density of holes, Ap, and electrons, An, obtained by PCD measurements
depend on the quasi Fermi level splitting under illumination. This splitting constitutes the maxi-
mum achievable V. of a solar cell with the corresponding lifetime. It is commonly called implied
Voe (1V5e) and can be estimated by using the formula [272]:

k’BTln <An(NA + Ap) N 1) '

2
q n;

Voo = (3.4)
Thus, from carrier lifetime measurements the V,. potential of solar cell precursor layer stacks
without metallization can be estimated.

Samples for PCD measurements must not be metallallized to allow for inductive coupling. Ide-
ally they are symmetrically processed [272, 173, 190].

3.2.4 UV-VIS-NIR optical spectroscopy

To determine the absorption of thin film Tc, optical spectroscopy measurements in the UV-
VIS-NIR range from 175 nm to 2500 nm were carried out using a commercial Perkin Elmer
Lambdal050 spectrophotometer. The UV light is provided by a deuterium lamp, a halogen lamp
is used for the VIS-NIR spectral range. The incident light beam is monochromated by grat-
ings. As sketched in Figure 3.7 (a), by placing the sample directly in front of the entrance slit
of the integrating sphere, transmission (T) is recorded. Obviously, to measure transmission as
described above, Tc layers have to be grown on transparent (quartz) glass substrates. By placing
the sample behind the integrating sphere, reflection (R) is detected (Fig. 3.7 (b)). To account for
and eliminate intensity fluctuations of the light, an additional reference beam is directed through
a second port into the integrating sphere (not sketched in Fig. 3.7). Before each measurement,
calibration and baseline corrections are performed and extracted from the recorded spectra. The
absorption of a sample is then calculated by A = 100% - T - R.

3.2.5 Spectroscopic ellipsometry

Ellipsometry is an optical technique for investigating dielectric properties of thin films. Its prin-
ciple is based on the material property to change polarization of electromagnetic waves upon
reflection at the sample surface. As depicted in Figure 3.8, in spectroscopic ellipsometry (SE)
measurements the sample is illuminated with monochromatic and circularly polarized light. The
reflected light is elliptically polarized due to differences in the complex reflection coefficients for
parallel and perpendicular polarization contributions. This change can be detected while sweep-
ing the excitation energy.
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(a) Transmission (b) Reflection

detector detector

incident incident
beam beam

sample

Figure 3.7: Sketch of a horizontal section through an integrating sphere as it is used for measur-
ing (a) transmission and (b) reflection.

polarizer

sample { substrate

Figure 3.8: Scheme of the spectroscopic ellipsometry experiment. The sample is illuminated
with monochromatic and circularly polarized light. The reflected light is elliptically polar-
ized due to differences in the complex reflection coefficients for parallel and perpendicular
polarization contributions. While sweeping the excitation energy, the polarization state of the
reflected beam is analyzed by the combination of a rotatable linear polarizer and a detector.
Figure adopted from Ref. [255].
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Known as the fundamental equation of ellipsometry, the measured quantity is given by [12]

p= ? = tanVWy - exp(iA) (3.5)
with the complex Fresnel reflection coefficients 7, and 7. It defines the two quantities A and ¥,
being a measure for change in phase difference and ratio of amplitudes, respectively. Ellipsom-
etry is an indirect method, i.e. the measured quantities A and W cannot be converted directly
into the optical constants of the sample and a model analysis must be performed.

In this work, spectral ellipsometry was conducted to determine the optical constants of a-Si:H
layers and PEDOT:PSS. Following G. E. Jellison et al., the model for the dielectric function
of amorphous semiconductors like a-Si:H includes a Tauc fit of the band gap [298], a Lorentz
oscillator which account for the absorption in the solid body [139], and a surface roughness layer
with a-Si:H host matrix in the framework of the Bruggeman effective medium approach [41]. SE
data of PEDOT:PSS was analyzed assuming uniaxial anisotropy of the spin-coated polymer on
flat c-Si surfaces, following L. A. A. Pettersson et al. [221, 222]. For each component a model
consisting of a Lorentz oscillator and a Drude term, accounting for free carrier absorption in the
highly doped polymer film was used.

For further reading on the SE method and its model based data analysis, the reader is referred to
Ref. [12].

3.2.6 Time-correlated single photon counting

As described in section 2.3.1 (cf. Fig. 2.6), dynamics of the SF process in Tc can be monitored
by time-resolved detection of the fluorescence signal which stems from the emissive singlet
state. For this purpose time-correlated single photon counting (TCSPC) measurements were
conducted. TCSPC is a statistical method based on the detection of single photons with high
sensitivity and picosecond time resolution, thus suitable to acquire transient photoluminescence
(PL) decay curves.

The TCSPC setup used in this study is sketched in Figure 3.9. The optical arrangement is similar
to that of a scanning confocal microscope. Through a neutral density (ND) filter the intensity
of the pulsed laser beam can be adjusted. The incoming laser beam is focused onto the sample
and the emitted PL is collected by the same lens L2. By inserting lens L1, the beam waist on the
sample can be tuned. The power density at the sample position is measured with a photodiode.
A mirror with a center hole spatially separates the PL signal from the excitation laser beam and
directs it through filter wheels which efficiently block the residual laser light. Finally, L3 couples
the light into a multimode fiber connected to the detector/monochromator.

A sketch of the TCSPC detection principle is shown in Figure 3.10. The sample is excited by a
pulsed laser source® and the time difference between excitation and detection of a single photon
stemming from a PL event is recorded. Over multiple detection events the photon distribution
n(t) over the detection times of the single photons in the signal period is then build up in a
histogram [118]. As the electronics can only detect one event per trigger, it is therefore essential

8high repetition rates > 100 kHz
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filter wheels

mirror w. hole
X

sample to detector,

monochromator
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Figure 3.9: Time-resolved single photon counting (TCSPC) setup. Coincidentally, lens L2 fo-
cuses the incoming laser beam onto the sample and collects the emitted photoluminescence
(PL) signal. A mirror with a center hole separates the PL signal from the excitation laser
beam. Through filter wheels the residual laser light intensity is blocked from the PL signal
before entering the detector. With a photodiode the excitation power density at the position of
the sample is monitored.
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to keep the rate of incoming PL events low to prevent distortion of the statistics. It is shown in
literature that the counting rate should be < 5% of the laser repetition rate to sufficiently prevent
this so called "pile-up" effect [209, 30, 31].

Optical Waveform
Measurement
of NP
Photons photon times Photon distribution
_‘ — n

A —

A —>

— Y > —
time in signal period, t time in signal period, t

Figure 3.10: Principle of time-resolved single photon counting (TCSPC) method. Single pho-
tons of a periodic light signal are detected (left). Over multiple detection events the photon
distribution over the detection times of the single photons in the signal period is then build up
(right). Figure adapted from Ref. [118].

3.3 Solar cell diagnostics

Solar cells were analyzed by means of capacitance-voltage, C-V, and current density-voltage,
J(V), measurements. Quantum efficiency spectra as a function of wavelength were recorded
under various measurement conditions, such as temperature and external voltage.

Capacitance-voltage measurements

C-V measurements in four-terminal contact configuration were carried out with a Keithley source-
measure unit operating at 10 kHz with an ac amplitude of 10 mV and a voltage sweep between
-2V and 2 V°. Plotting 1/C2-V and fitting the linear part according to [288]

2 (2L — vy, -V
L _ T\ (3.6)
c2 qA?%€pes;Np ’ ’

with the device area, A, and the permittivity of Si, €yeg;, allows the determination of the built-
in voltage, Wy, at the SHJ as well as the doping concentration, Np, of Si wafers. W}; can be
extracted from the V-axis intercept and N from the slope, respectively [288].

9C-V measurements were carried out at the Max-Planck,Institute for the Science of Light, Erlangen
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Current density-voltage characteristics

Dark and illuminated j(V')-curves were measured in a four-probe setup employing a Keithley
source-measure unit. Devices are pneumatically fixed on a temperature controllable metal chuck
serving at the same time as the electron back contact. The hole contact is realized via gold wires
carefully pressed onto the solar cell’s front contact grid. For calibration of the solar simulator a
certified c-Si reference cell'® was employed. Standard test conditions at 1000 W/m? light inten-
sity (AM1.5G) were achieved by matching the short-circuit current density, js., of the reference
cell to its certified value by adjusting the electrical power input of the light source consisting
of a Xe lamp for the short wavelength, and a halogen lamp for the long wavelength region,
respectively. Standardly, the metal chuck is hold at 25 °C.

Quantum efficiency measurements

The spectral response, S R(\), of a solar cell is defined as the ratio of short-circuit current density,
Jse(A), and monochromatic power density, £(A). It provides valuable additional information to
the illuminated j(V')-curves. The external quantum efficiency, EQE, as a function of wavelength
A is defined as

he

EQE(\) = SR(\) - —, (3.7

eA
thus constitutes the ratio of created and extracted charge carriers to the number of incident pho-
tons [274]. For conventional c-Si based single band gap solar cells the EQE has values between
0 ... 1. However, as it is subject of the present work, EQE values > 1 are possible if multi-exciton
generating materials can be successfully implemented in a device. EQE is measured using a
lock-in technique with chopped monochromatic light!!. During EQE measurements white bias
light can be superimposed to imitate 1 sun illumination in order to provide realistic injection con-
ditions. Furthermore, EQE measurements with external applied voltages (-2 V ... 2 V) as well
as sample heating (RT ... 100 °C) can be performed. EQE setup details are given in Ref. [127].
By multiplying the EQE with the AM1.5G solar spectrum and integration over the wavelength
range of interest, the photocurrent can be calculated.

19Fraunhofer Institute for Solar Energy Systems, Freiburg
"combination of halogen and Xe lamp with grating monochromator



Wide band gap a-SiOx passivation
layers in Si heterojunction solar cells

High efficiency Si heterojunction (SHJ) solar cells hold the current world record of 26.33%
[91, 338] which is already close (~90%) to the theoretical limit of ~30% for single-junction
c-Si based solar cells [267]. Those high efficiencies are possible because of excellent and full
area passivated contacts provided by the incorporation of thin amorphous Si layers. However, a
drawback in the standard both-side-contacted SHJ device architecture is the current loss due to
parasitic absorption in the amorphous Si emitter and passivation layers on the solar cell’s front
side. Z. C. Holman et al. calculated total current density losses of about 2 mA/cm? in the 10 nm
(p)a-Si:H emitter and about 1 mA/cm? in 5 nm (i)a-Si:H passivation layers [129]. Therefore, one
possibility to further improve this technology could be the replacement of these a-Si:H layers by
wider band gap and low absorption a-Si:H alloys like amorphous or microcrystalline Si oxides
(a-Si0:H) [102, 83, 262, 185], or Si carbides [343, 36]. Unfortunately, larger band gaps might
result in increased valence band offsets, AFy,, at the SHJ which impose a transport barrier for
holes, thus counteracting the benefit of increased optical gaps.

In the study presented in this chapter wide band gap a-SiO, was incorporated as passivation lay-
ers in both-side-contacted SHJ solar cells. A sketch of the specific device architecture is depicted
in Figure 4.1 (a). For the absorber, commercially available n-doped c-Si wafers are used. The
electron selective back contact is formed by an (i,n")a-Si:H layer stack. The hetero p-n junction
is formed by a p-doped a-Si:H emitter and passivating intrinsic a-SiOx:H layers with varying
stoichiometry z. Solar cell contacts consist of an optimized ITO/Ti/Ag stack (cf. section 3.1).
At first, the stoichiometry = of various a-SiOy layers and their passivation quality which is re-
flected in the interface defect density, D;;, were determined. Central to the study was the deter-
mination of A Fy at the a-SiO,/c-Si heterojunction.

In a second step, (p)a-Si:H/(1)a-SiO,:H/(n)c-S1 heterojunction solar cells with intrinsic a-SiO4:H
passivation layers deposited using the same parameter sets were fabricated.

Figure 4.1 (b) depicts the band line-up of the SHJ solar cell at the front side. Hole transport from
the c-Si absorber to the front contact can occur either by thermionic emission (TE) or by defect-
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assisted tunnel hopping (TH) processes through the (i)a-SiO, passivation layers, depending on
the transport barrier height imposed by AFEy [148, 237, 315].
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P Figure 4.1: (a) Basic structure of the amor-
- T phous/crystalline SHJ solar cell (layer
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bind o (p)a-Si:H  (i)a-SiO,:H (n)c-Si up of the hole selective front contact of the
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SHJ solar cell. Holes which are generated
in the (n)c-Si absorber can overcome the
transport barrier imposed by the valence
band offset (AE)y) either by thermionic
emission (TE) or by tunnel-hopping pro-
cesses (TH) through the thin (1)a-SiO4:H
passivation layer. They then travel in the
(p)a-Si:H valence band and are collected
at the TCO/metal(grid) front contact. The
sketch also shows other relevant SHJ pa-
rameters like the c-Si band bending (ey)
and the interface defect density (D).

By combining both studies we can directly link the measured A Fy, at the SHJ to solar cell per-
formance. This direct correlation is a significant added value in comparison to former studies
[102, 83, 262]. We are thus able to discuss the hole transport mechanisms across the SHJ, which
is still an active field of research, in more detail.

Finally, we will comment on possibilities and strategies for a successful implementation of wide
band gap materials to reduce the parasitic absorption in conventional both-side contacted SHJ
solar cells.

Results presented in this chapter are published in a series of papers:

1. M. Liebhaber, M. Mews, T. E. Schulze, L. Korte, B. Rech, and K. Lips, Valence band offset
in heterojunctions between crystalline Si an amorphous Si (sub)oxides (a-SiO,:H, 0<x<2),
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Applied Physics Letters 106 (2015), 031601, http://dx.doi.org/10.1063/1.
4906195, Ref. [177].

2. M. Mews, M. Liebhaber, B. Rech, and L. Korte, Valence band alignment and hole trans-
port in amorphous/crystalline Si heterojunction solar cells, Applied Physics Letters 107
(2015), 013902, http://dx.doi.org/10.1063/1.4926402, Ref. [193].

3. M. Liebhaber, M. Mews, L. Korte, T. F. Schulze, B. Rech, and K. Lips, Valence band offset
and hole transport across a-SiO, (0<x<2) passivation layers in Si heterojunction solar
cells, 31st European Photovoltaic Solar Energy Conference and Exhibition (2015), 770,
http://dx.doi.org/10.4229/EUPVSEC20152015-2AV.3.26, Ref. [176].

The study presented in this chapter is a co-operation project with M. Mews'. Amorphous SiO, layers
were grown by M. Mews using PECVD. Analysis of the stoichiometry x of a-SiO, films and SHJ char-
acterization, e.g. determination of the valence band offset, was carried out by the author of this thesis.
SPV and PCD measurements were conducted by the author of this thesis and M. Mews. SHJ solar cell
fabrication and analysis including "AFORS-HET" simulations, which constitute the basis for discussion
of hole transport mechanism across SHJs, was carried out by M. Mews. All authors were involved in the
interpretation and discussion of our results.

Sections 4.1 - 4.3 are based on papers [177, 176], Sections 4.3 - 4.5 on papers [193, 176].

4.1 Stoichiometry of a-SiO, layers

Amorphous SiOy:H layers were grown with PECVD using SiH,/CO»/H; precursor gas mixtures.
For passivation the gas flow of Hy was kept constant at 5 sccm. SiH, and CO, gas flows added up
to a total of 10 sccm. In order to vary the stoichiometry x of a-SiOy films, the ratio R = CO5/SiH,4
was varied from 0 to 4. A more detailed description of layer deposition is given in section 3.1.
Conventional PES, i.e. XPS using Mg K, or Al K,, radiation, as well as UPS using He-I,, radi-
ation is surface sensitive (cf. Fig. 3.4 in section 3.2.1). Thus, to minimize surface oxidation and
other contamination by surface adsorbates, a vacuum transfer of the samples from the PECVD
cluster to the ultrahigh vacuum PES analysis chamber was employed.

Based on an XPS analysis, we monitor in a first step the evolution of the stoichiometry = of
various (i)a-SiO, layers. XPS is a core level spectroscopy. Each element has specific core level
peaks which are tabulated in literature, e.g. the NIST database [210].

Amorphous Si oxides consist of a composition of various Si suboxide states. On the bottom of
Figure 4.2 various Si oxidation states are depicted. Depending on whether the central Si atom is
bonded to 1, 2, 3, or 4 oxygen atoms, the oxidation states are denoted as Si'™ ... Si**. Thus, the
near-field surrounding of the central Si atom is different in each oxidation state which results in
a chemical shift of the Si 2p core level peak. Each oxidation state has its specific binding energy
[126, 180].

Figure 4.2 (a) shows the XPS raw data using Mg K,, radiation of the Si 2p core level peak of
various (i)a-SiO:H layers. For pure (i)a-Si:H (0 sccm CO,, black curve in Fig. 4.2 (a)) there

nstitute for Silicon Photovoltaics, HZB
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is only one peak in the spectrum located at about 99.4 eV. This is in accordance with literature
values [210] and corresponds to pure amorphous Si, denoted as Si®*. For an increasing CO,
flow during layer deposition O is incorporated in the amorphous structure forming Si-O bonds.
Thus, the Si®" peak is gradually reduced and coincidentally peaks corresponding to core level
signals from the various Si oxidation states (Si'™ ... Si*") appear on the higher binding energy
side between 101 - 104 eV. For the highest CO, flow of 8 sccm (cyan spectrum in Fig 4.2(a)),
the Si®" contribution is almost vanished.
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Figure 4.2: (a) XPS raw data of the Si 2p peak for (i)a-SiO4:H layers deposited with different
precursor gas flow rates of SiH4/CO,. (b) Exemplary peak fit for 6 sccm CO, flow showing
the different Si oxidation states which are depicted on the bottom. The composition and
shift of the Si 2p peak indicate pronounced changes in the Si chemical environment upon O
incorporation. Figure adopted from publication [176].

Siz*  Si**

XPS spectra were fitted with the software "XPS-Peak41" using tabulated peak positions for the
different Si oxidation states [126, 180]. An exemplary fit is shown in Figure 4.2 (b) for a sub-
stoichiometric a-SiOy layer grown with a CO, gas flow of 6 sccm. Prior to fitting, a Shirley
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background [266] was subtracted. The Si’* peak is spin-orbit split into Si 2ps/» and Si 2p; /o
[210]. All peaks are fitted using Voigt profiles, thus accounting for both, the intrinsic life-time
broadening of the core level state which has a Lorentzian line shape and a Gaussian distribution
accounting for the experimental broadening [124].

Following this well established fitting analysis, the stoichiometry x of (i)a-SiOy films can be
calculated based on the ratio of various suboxide peak areas using the formula [126, 180]:

O 1. A
— ==Yy 4.1
SZ 2];0] Atotal’ ( )

where j denotes the different oxidation states with their corresponding peak areas A;. This
procedure was crosschecked with a complementary method based on the O 1s/Si 2s peak ratios
weighted with their respective atomic sensitivity factors [321].

Figure 4.3 shows the resulting calibration curve. PECVD precursor gas flows of SiH, (ranging
from 10 to 2 sccm, visualized in green bars) and CO, (ranging from O to 8 sccm, visualized in
red bars), respectively, can be related to stoichiometry x of corresponding a-SiO; layers. Values
of blue points are deduced from XPS data analysis using the ratios of O 1s/Si 2s peak areas,
black squares are determined from the relative contributions of the Si oxidation states in the
Si 2p peak. Both methods yield comparable results. Our layers range from pure a-Si:H to
nearly stoichiometric a-SiO;. A non-linear dependency of stoichiometry = on PECVD gas phase
composition is observed.

Note that the C concentration stayed well below 3% of the O concentration for all layers.
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4.2 Valence band structure of a-SiO, layers

In a next step, we assess the changes in the VB structure of the (i)a-SiO4:H layers over the whole
stoichiometry range by using various modes of UPS.

As introduced in section 3.2.1, the sensitivity of the CFSYS mode is greatly superior to the
conventional He-UPS which enables to detect valence band tail and mid-gap defect states. An
example for the valence band DOS of intrinsic a-Si:H, measured in the CFSYS mode, is shown in
Figure 4.4 (black circles). The energetic distribution of the DOS, N (E), consists of the valence
band Ny (E) (grey shaded), an exponential decaying valence band tail N{,(E) (blue line) due to
disorder in the atomic lattice [278], and a broad Gaussian dangling bond distribution N;(F) (red
curve).

mo<l1el D(I)S' ‘.....I.....I.Q..
: s
5 valence_ valence band
p band tail
)
©
[0
>
C
o
k5]
Q -
] dangling
© bonds
= [ ]
O Lee®
'ip
| 1 . | , i

-0.5 0.0 0.5 1.0 1.5 20
Binding energy E,__, (eV)

Figure 4.4: Constant final state yield spectrum (CFSYS) of a standard (i)a-Si:H sample (black
circles). The measured density of occupied states (DOS) features the typical broad distribution
of of dangling bond defect states in the band gap and the extended valence band tail states. By
fitting a model DOS, valence band edge position, exponentially decaying (blue line) valence
band tail slope (Urbach energy), and parameters of the Gaussian distribution (red curve) of
dangling bonds can be extracted [159, 163].

A model DOS, N(FE) = Ny(E) + N{,(E) + N4(E), can be fitted to the measured valence band
structure, whereby the exponential decaying valence band tail is mathematically described by

ElL, — F
Nlt/(E) = Né\/ 1 eXp ( ‘E?OV ) 5 (42)
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with the Urbach energy Ejyy determining the slope of the decay [314, 165, 62]. The defect density
in the band gap is modeled as

E — E,)°
N4(E) = Nog - exp <—(2—2d)> ; (4.3)
o

with a Gaussian dangling bond distribution o2. The model parameters are varied, to obtain a best
least-squares fit of the convolution of the model DOS, N (E), with the experimentally determined
transfer function. Further details of CFSYS measurements at (i)a-Si:H films and its model based
analysis can be found in Refs. [251, 159, 161, 162, 163].

Figure 4.5 (a) shows near-UV CFSYS spectra, in panel (b) conventional UPS spectra using 21.2
eV He-I, radiation are plotted. UPS measurements were performed on the same sample set
as used in the XPS analysis presented above. Therefore, the legend is given in the deduced
stoichiometry = and the color coding of various a-SiO, layers corresponds to Figure 4.2. The
CFSYS spectra for the low-z samples in Figure 4.5 (a) show the typical a-Si:H DOS signatures
as described above. The valence band extends into the exponentially decaying valence band tail
which merges into a broad distribution of midgap dangling bond (DB) defects. At the Fermi
edge (E'r), the DB signal is cut off smoothly due to experimental broadening caused by the finite
resolution of the excitation source and energy analyzer. Valence band edge positions (relative to
E'r) obtained by fitting CFSYS data with the model DOS are marked with points. As seen in
Figure 4.5 (a), for increasing O concentration the valence band edge position steadily shifts to
higher Ey;,q, while the valence band tail is getting shallower. The amplitude of the DB-related
peak increases before it saturates, while its width steadily increases. The net result is a steady
increase of DB density for increasing stoichiometry x, consistent with the increasing density of
strained bonds manifesting in the valence band tail. For stoichiometries x > 0.84, the valence
band edge position is shifted too far towards higher binding energies and thus beyond the range
accessible with the UV lamp used in this study providing excitation energies between ~ 4.0 -
7.3 eV. Therefore, to further track the evolution of the valence band edge position, the standard
He-UPS mode with a higher excitation energy of 21.2 eV was used. As seen in Figure 4.5 (b),
the valence band edge positions, marked with arrows, are determined by a linear extrapolation of
the DOS leading edge to zero. Since He-UPS is less sensitive than CFSYS, valence band tails or
dangling bonds cannot be resolved within the signal-to-noise of those measurements. Moreover,
at the a-SiOg g4:H sample both methods were applied for the determination of the valence band
edge position and an agreement within 0.3 eV was found. This value is taken as an estimate for
the systematic error for the determination of the valence band edge in the PES study.

4.3 Discussion of a-SiO,/c-Si valence band offset and
interface passivation

By fitting CFSYS data with a model DOS as described above, the valence band edge positions
E{afSl relative to E'r were obtained. It is obvious from Figure 4.1 (b) that in order to deter-
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Figure 4.5: (a) CFSYS spectra of the valence band (VB) DOS of a-SiO,:H layers with different
stoichiometries x, starting from a typical a-Si:H DOS featuring a broad distribution of dan-
gling bonds and an exponentially decaying band tail. The dots denote the position of the VB
edge as obtained by fitting a model DOS to the CFSYS data. The DOS features and model
fitting is described in Figure 4.4. A continuous shift to higher binding energies for increas-
ing O contents is observed. (b) UPS data in which the VB edge positions (arrow marks)
are obtained by linear extrapolation of the DOS leading edge to zero. Figure adopted from
publication [176].

mine the valence band offset, A Fy, at the a-SiO,/c-Si HJ, we need to further consider possible
changes in the band bending, e, in the c-Si wafer. For that reason the SPV technique (cf. section
3.2.2) was utilized to measure ey on the PES samples immediately after removal from the UHV
system. We find ey < 0.15 eV for all the samples. By taking these values into account, A Ey, can
be calculated by using the formula AEy = E& 5 — BS54 ey (cf. Fig. 4.1 (b)) [258, 177].
The results obtained so far are summarized in Figure 4.6 (a). The panel displays the calculated
AFEy combining PES (in the CFSYS and He-UPS mode) and SPV results. Values are plotted
against stoichiometry x of a-SiOy layers, which was determined by XPS measurements. We re-
port values starting from AFEy ~ 0.3 eV for pure a-Si:H, which monotonously increase to more
than 4.0 eV for near-stoichiometric a-SiOs. As stated above, in the low-z regime (x < 0.84, grey
shaded area), the valence band edge positions were obtained by CFSYS (filled circles). The ex-
citation energy of 4.0 - 7.3 eV in this mode is too low to extract the valence band edge positions
in the high-z regime (cf. Fig. 4.5). Thus, we conducted the less sensitive, conventional He-UPS
method using an excitation energy of 21.2 eV to further track the evolution of the valence band
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edge. For x = 0.84 both methods were applied and an agreement within 0.3 eV was found. Note
that the uncertainty in the determination of the VB edge position for He-UPS data is larger than
for CFSYS experiments. This is reflected in the error bars of Figure 4.6 (a).

Concerning the end points of the stoichiometry series, the results are in line with previous works.
In a theoretical study of band offsets between crystalline and amorphous Si, C. G. Van de Walle
and L. H. Yang calculated AFEy = 0.2 eV for 11%-hydrogen containing a-Si:H on c¢-Si [71]. In
previous studies conducted at HZB, values for AFEy between 0.3 - 0.45 eV for a-Si:H layers
grown in the same PECVD cluster tool, which mostly revealed a higher H concentration, were
determined [258, 163]. Given the wide variety of different possible H microstructures in PECVD
grown a-Si:H layers, which affects the bandgap and band offsets [71, 258], AFEy =~ 0.3 eV for
our pure a-Si:H fits well with the existing data. For the stoichiometric a-SiO,/c-Si heterojunc-
tion, AFy = 4.4 eV has been established experimentally [151, 205], which is also in line with
the results presented in Figure 4.6 (a).

Following the study of T. F. Schulze et al. [258], the H content in our a-SiOy:H layers was quanti-
fied using Fourier transform infrared spectroscopy. A decrease of the H content from about 20%
for pure (i)a-Si:H to ~0% for high-x a-SiO,:H films, with a particularly steep decrease at around
x ~ 0.5 was found. Theoretical [71], as well as experimental studies [258] report an increasing
AFE)y, for raising H contents in a-Si:H layers. Thus, from the evolution of the H content alone, a
net decrease of AEy with a magnitude of ~0.25 - 0.6 eV depending on the assumed correlation
of the H content with A Ey, would be expected for our a-SiO,:H (0 < x < 2) series [71, 258]. In
contrast, we observe a pronounced increase of A Ey, with x by more than 3.5 eV which therefore
proves that the O content is the main driver for AEy in the samples considered here. However,
as will be discussed in the next paragraph, H incorporation may play an important role for SHJ
passivation.

As also indicated in Figure 4.6, SHJ solar cells were fabricated in the low-x regime. Device
results will be presented in the next sections. The passivation behavior of a-SiO, layers will be
discussed in the following.

For the investigation of the a-SiO,:H passivation behavior we fabricated double-sided polished
c-Si wafers symmetrically? passivated with identically prepared a-SiO,:H layers as used for
AFEy determination and conducted photoconductance decay (PCD) measurements as described
in section 3.2.3. The interface defect density, D, can be extracted by fitting the data with a
semi-empirical model describing interface recombination which was previously developed by C.
Leendertz et al. [173]. In Figure 4.6 (b) the resulting D;; values for the as-deposited state (black
circles) as well as after a subsequent 300 °C forming gas (H2/Ns) annealing step (orange circles)
are plotted against a-SiO:H layer stoichiometry z. Obviously, the passivation quality starts from
an excellent level for the standard (i)a-Si:H at « = 0 and decreases for increasing x. A forming
gas anneal is detrimental for low-x values, while D;; can be significantly decreased for higher
x. The latter is consistent with previous studies on PECVD-grown a-SiO, [57] albeit on a low
level. This indicates suboptimal PECVD parameters in the high-z regime regarding the resulting
interface passivation quality. The observed trend in D;; is accompanied by a decreasing valence-
band tail slope which corresponds to an increased Urbach energy Ejyy [281], obtained by fitting

2PCD measurements require symmetric samples [173]
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Figure 4.6: (a) Valence band offset, AFEy, at the a-SiO,:H/c-Si heterojunction derived from
combining PES and SPV data upon varying the O fraction in the layers. (b) Interface defect
density, Dj, (left axis) as deduced from PCD measurements and Urbach energy, Eqy, (right
axis) determined from CFSYS data, marking the deterioration of a-SiO,:H bulk electronic
quality upon increased O incorporation. (c) Dy in the low-x regime: c-Si passivated with
(1)a-SiO4:H (black squares), and after additional (p)a-Si:H emitter deposition (blue circles).
Figure adopted from our publications [177, 193, 176].
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of CFSYS data (cf. Fig. 4.4) and plotted as stars in Figure 4.6 (b). This is consistent with the
idea that Dj; is closely related to the bulk defect density in the amorphous films [256]. PECVD
parameters were optimized for pure (1)a-Si:H layers and, as described in section 3.1, only the
ratio of SiH, and CO, precursor gases was varied to grow various a-SiOy layers. Non optimized
deposition parameters for increasing O incorporation likely contribute to higher strain/disorder
and thus increased bulk defect density in the a-SiO,:H films [61] via the conversion of strained
bonds into dangling bonds [231], manifesting in deteriorated interface passivation.

Finally, we turn to the discussion of interface passivation of SHJ solar cell relevant layer stacks
in the low-z regime. Figure 4.6 (c) shows D;; values of device precursor structures consisting
of a stack of (i)a-Si:H passivation and a (n")a-Si:H layer on the back, and (i)a-SiO,:H (low-x
regime) layers on the front side (black squares). Dj; increases drastically for rising O content,
but also decreases to the same order of magnitude after (p)a-Si:H emitter deposition on top of the
(1)a-Si104:H passivation layers for z above 0.2 (blue circles), thus revealing a similar passivation
quality as for the standard (i)a-Si:H/c-Si interface.

As a sufficient interface passivation for high-efficiency solar cells is essential, this is promising
for the implementation of (i)a-SiO,:H passivation layers in SHJ devices. During (p)a-Si:H layer
fabrication using PECVD, the sample temperature stays below 200 °C. This is below the temper-
ature which is required for thermal activation of bond reconfiguration in a post annealing step.
Thus, it can be surmised that the lowered dangling bond concentration at the heterointerface, as
evidenced by the reduced D;; after emitter deposition, is likely due to the saturation of dangling
bonds with H which is provided during the additional plasma process [193, 176].

Note that the applied model for extraction of D;; from PCD measurements assumes symmetric
samples [173], whereas the device precursor structures discussed here were not symmetric. This
may lead to a slightly, below 10%, overestimation of the extracted D;; values [193].

4.4 Implementation of a-SiO, passivation layers in SHJ
solar cells

So far we have analyzed and discussed a-SiOy bulk properties, as well as a-SiO,:H/c-Si hetero-
junction parameters in the full stoichiometry range (0 < = < 2). In the second part of this study,
(p)a-Si:H/(i)a-SiO:H/(n)c-Si heterojunction solar cells as depicted in Figure 4.1, with intrinsic
a-S104:H passivation layers deposited using the same parameter sets, were fabricated. The corre-
sponding j(V')-characteristics measured under AM1.5G illumination are depicted in Figure 4.7.
With the results presented above (cf. Fig. 4.6 (a)), we can discuss the SHJ solar cell results with
respect to the determined A Ey, given in the legend of Figure 4.7.

Vse 1s only slightly decreasing for increasing A £y, which manifests a sufficient c-Si surface pas-
sivation for all (i)a-SiOy layers, but j,. stays constant at (28.6 £ 0.7) mA/cm?. jg. is rather low
because flat substrates were used. We do not observe an increasing js. for wider band gap a-SiOy
layers. Since we only exchange the very thin (5 nm) amorphous Si passivation layer with higher
band gap Si suboxides, an increase in photocurrent well below 1 mA/cm? is expected [129].
However, with the sputter process used, ITO layers can only be fabricated within a thickness
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accuracy of (80 & 10) nm. This ITO thickness variation causes photocurrent variations up to
~1.2 mA/cm? which makes it impossible to resolve small changes due to the incorporation of
wider band gap a-SiOy layers.

The most prominent feature is the strongly decreasing FF (corresponding to an increasing s-
shape of j(V') curves) for rising AEy. The reason is an increase of the barrier height for holes
at the (i)a-SiO,:H/(n)c-Si heterojunction. This behavior was predicted on the basis of numerical
simulations, e.g. in Refs. [262, 148, 315], but so far no systematic experimental evidence had
been presented. For that reason, the direct correlation of the measured A Ey with SHJ device
performance in the here presented study constitutes a significant added value.
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4.5 Discussion of SHJ solar cells and hole transport
mechanism

Throughout this section, solar cells V,. and FF will be discussed with special emphasis on the
hole transport mechanism across the SHJ. Moreover, the idea to split the total VB offset into a
sequence of smaller offsets will be introduced and discussed. Finally, further perspectives beyond
the scope of this work to incorporate wide band gap materials at the front side of conventional
both-sides-contacted SHJ solar cells will be presented.

In Figure 4.8 solar cell parameters corresponding to the j(V') curves of Figure 4.7 are plotted
against the previously determined A Fy,. Figure 4.8 (a) depicts the solar cells V,. and implied
Voe (2Voc) as extracted from PCD measurements conducted on cell precursor layer stacks before
ITO deposition and metallization. V,. decreases monotonously with increasing A Fy,, whereas
1V, 1s constant for AFy > 0.4 eV. This behavior can be related to an increased layer porosity
and density of dihydrides and H filled voids for a-SiO,:H layers with higher O fractions [89].
Depending on the specific a-SiO:H film microstructure, H can be driven out during ITO sputter
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processes [78]. This would explain why layers with higher O contents degrade more strongly
during follow-up processes than layers with lower O concentrations, causing a slightly poorer
passivation quality which results in the observed decrease of V..
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Figure 4.8: SHJ solar cell parameters, corresponding to j(1") curves of Figure 4.7, with different
(1)a-SiO,:H passivation layers and thus varying valence band offset (AFEy ). (a) Open circuit
voltage (V,.) and implied V,. (:V,.). (b) Solar cell fill factor (FF) and SunsV,. pseudo FF
(pFF) of the same solar cells, and simulated FF (sFF) using AFORS-HET. Figure adopted
from our publications [193, 176].

Valence-band offset and hole transport across the SHJ

In Figure 4.8 (b) FF and pseudo FF (pFF) of the solar cells, as well as simulated FF (sFF) are
plotted against AFy,. We observe a pronounced difference between the strongly decreasing FF
and the slightly rising pFF with increasing A Ey,. pFF is measured using SunsV/,., a method were
no external current is extracted from the device. Thus, pFF reflects the maximum possible FF
excluding charge carrier transport related effects [273]. Consequently, the strongly decreasing
FF from 78% at AFEy = 0.27 eV for the standard a-Si:H passivation layers to 52% for AEy, =
1.24 eV corresponding to a-SiOg g:H can be related to an increasing transport barrier for holes
due to the increased AFEy . A possible explanation for the increase of pFF with decreasing FF
is that the transport barrier improves the passivation at low injection densities and no net current
flow [193].

To gain further insight, numerical simulations using "AFORS-HET" [316] were conducted. In
AFORS-HET only thermionic emission is employed, being the main transport mechanism in
SHI solar cells [262, 60, 6, 68]. Simulated FFs (red in Fig. 4.8 (b)) fit the experimental data for
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AFEy <400 meV, supporting the assumption that thermionic emission is the dominant transport
mechanism. However, the deviation for larger A F'y, indicate that additional pathways for minor-
ity charge carrier transport become prevalent, e.g. tunneling through the interface [148, 237] or
defect-assisted tunnel hopping processes across the junction [315, 65].

We conclude that for AEy > 400 meV the contribution of tunneling processes at the heteroin-
terface become dominant. However, this additional transport path is not conductive enough to
prevent degradation of FF. This transport deficiency for larger A Fy,, which are intrinsic for wide
band gap Si alloys [258, 177, 40, 94], hampers their application as hole selective contacts for
SHI solar cells.

Valence-band stairwell in SHJ solar cells

To mitigate this transport problem of high band gap alloys we pursue the idea to split the total
VB offset at the c-Si/wide-gap material interface into a sequence of smaller offsets. This concept
is referred to as "valence-band stairwell".

As a proof of concept, we fabricated SHJ solar cells with a passivation layer stack on the front
side consisting of a 2 nm (i)a-Si:H layer with AEy = (270 £+ 50) meV, followed by a 3 nm
(1)a-SiOg 3:H layer with an additional AFEy = 315 meV, yielding a total AFEy, = (585 + 50)
meV. Figure 4.9 (a) shows the experimental j(V') characteristics of the "passivation stairwell”
approach (black solid line) and the single passivation layer reference cell (red dashed line). A
sketch of the stairwell layer stack is given in the inset of Figure 4.9 (b). The identical V,,. of both
cells indicate a comparable surface passivation quality. It is obvious that the transport barrier
—reflected in FF- in the passivation layer stack is reduced by splitting the effective A Ey, between
two interfaces. However, the higher FF in the stairwell device is still significantly lower com-
pared to the standard SHJ cell with a 5 nm (i)a-Si:H passivation layer (FF = 78%).

Figure 4.9 (b) shows simulated FF values. For the stairwell layer stack, the total VB offset is
plotted on the abscissa. As expected, the stairwell stack does not change the overall trend of
decreasing FF for increasing AFEy. But, compared to the single layer, the stairwell stack im-
proves FF. Since experimental results are in accordance with simulations, although no tunneling
processes were included, this constitutes a clear indication that the experimentally observed in-
creased FF (cf. Fig. 4.9 (a)) is most likely due to more efficient thermionic emission along the
layer stack than for the single interface with only one large VB offset. Note that within the sim-
ulations we cannot account for any tunnel-hopping effects in the 3 nm reduced Si oxide layer
thickness as compared to the standardly used 5 nm (1)a-Si:H in the conventional single layer ap-
proach.

In summary, simulated and experimental results of the "stairwell approach” demonstrate that
transport across the two-step stairwell works far better than across the one-step barrier with the
same overall VB offset. By implementing appropriate layer stacks the effective A Ey, can be split
to more interfaces which can facilitate hole transport most likely due to an increased thermionic
emission rate across each single interface. The more efficient hole transport across a valence-
band stairwell can tolerate larger VB offsets. This may allow the implementation of wider band
gap Si alloys into SHJ solar cells which then reduce the parasitic absorption significantly.
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Figure 4.9: (a) j(V')-characteristics under AM1.5G illumination of SHJ solar cells with a sin-
gle 5 nm (i)a-SiOg 3:H passivation layer (dashed red line) corresponding to AFEy = (585
£+ 50) meV and a "stairwell” passivation layer stack (black line) with the same over-
all AFy but split into 2 nm (i)a-Si:H with AEy = (270 + 50) meV and 3 nm of (i)a-
Si0g 3:H. (b) Simulated FF extracted from "AFORS-HET" implementing only thermionic
emission over the (i)a-SiO:H/c-Si interface for variable AFEy  (dashed red line). For the
(1)a-SiO:H/(i)a-Si:H/c-Si "stairwell" layer stacks (black line) the total A Ey is plotted on the
abscissa. Figure adopted from our publications [193, 176].

Ultra-thin Si tunnel oxide passivation and alternative metal oxide contact layers
in SHJ solar cells

We have shown that upon O incorporation into PECVD grown a-SiO,:H layers the valence band
offset increases drastically upon gap widening (cf. Fig. 4.6 (a)). This imposes a transport bar-
rier at the SHJ counteracting the benefit of an increased band gap. Unfortunately, this physical
behavior seems to be a generic feature for various a-Si:H alloys [258, 177, 40, 94]. However,
the stairwell approach as discussed above may mitigate this transport problem and might allow a
successful incorporation of wider band gap PECVD grown a-Si:H alloys in the front contact of
SHI solar cells.

In another promising concept the ~5 nm (1)a-Si:H passivation layers are replaced by ultra-thin,
near-stoichiometric SiO, tunnel oxides with layer thicknesses of ~1 nm [34, 262, 211, 279]. In
2016, Fraunhofer ISE (Freiburg) reported 25.3% power conversion efficiency of a both sides-
contacted c-Si based solar cell with tunnel oxide passivated contacts implemented [123, 109].
Besides the reduction of parasitic absorption due to (i) the reduced layer thickness, and (ii) the
high band gap of those ultra-thin tunnel oxides, their growth is comparatively simple, thus pro-
viding alternative industry relevant fabrication processes. The main challenge is to achieve a high
quality passivation by the preparation of stable and homogeneous ultra-thin SiO, layers with a
structural abrupt interface to the c-Si wafer and low electronic defect density [279]. High quality
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tunnel oxide layers can be grown by e.g. ozonized DI-water or by UV radiation induced photo
oxidation [198, 199], thus omitting the more costly PECVD process.

Additionally, wide band gap metal oxides replacing the (p)a-Si:H emitter layer constitute a
promising alternative for an increased current yield. In the SHJ community, recent interest has
shifted towards the application of high work function metal oxides as hole contacts on (i)a-Si:H
passivation layers [35, 24, 191]. An efficiency of 22.5% for a MoO, hole contact is reported
[108]. In a study by C. Battaglia et al. [24], a substantial current gain of 1.9 mA/cm? for a 10 nm
MoOy layer compared to a standard 10 nm (p)a-Si:H emitter layer was identified.

4.6 Summary

One possibility to further improve the high efficiency SHJ solar cell technology is to reduce
the parasitic absorption in its front contact layers by implementing wider band gap materials.
However, this will also modify the band alignment at the heterointerface. In the study presented
here, we investigated a-SiO:H, ranging from pure a-Si:H to wide band gap near-stoichiometric
a-Si0,. Film stoichiometry x and valence band alignment at the SHJ were investigated via var-
ious modes of in-system photoelectron spectroscopy. A continuous increase of the valence band
offset starting from AFEy =270 meV for the a-Si:H/c-Si to 4.3 eV for the near-stoichiometric a-
SiO,/c-Si heterointerface was determined. It was shown that all layers reveal a sufficient surface
passivation.

In a second step, SHJ solar cells with identically prepared layers were fabricated allowing to re-
late A Ey to device efficiency. Rising A Fy, causes an increased transport barrier for holes. This
is reflected in reduced solar cell FFs. With the aid of numerical simulations it was shown that the
increased transport barrier leads to a reduction of thermionic emission rate. Simultaneously, the
contribution of tunneling processes increases.

Although large valence band offsets constitute a general problem for SHJ solar cells, we demon-
strate that a stacked passivation layer approach mitigates the transport problem. Therefore, split-
ting the valence band offsets is shown to be a promising concept. Especially the combination
of a medium band gap passivation layer and a high band gap hole contact layer could allow the
successful application of wide band gap Si alloys in SHJ solar cells.



The potential of hybrid device
concepts studied by optical
simulations

PEDOQOT:PSS which has recently been shown to provide a hole selective contact to Si [232, 226,
138], offers the possibility to directly integrate tetracene (Tc) as an interlayer in hybrid SHJ
devices. In the following optical simulations of the proposed hybrid front junction, with and
without an incorporated Tc interlayer, are conducted to evaluate the potential of various hybrid
device concepts:

(i) PEDOT:PSS/c-Si heterojunction solar cell

(ii)) PEDOT:PSS/Tc/c-Si approach featuring the potential of multi-exciton generation via sin-
glet fission in the Tc layer

Current densities are calculated by integrating simulated absorption/reflection profiles of hy-
brid layer stacks over the solar spectrum. As input for the simulations experimentally de-
rived optical (n-k) data are used. The electrical contribution of Tc is considered within a basic
MEG model. Thus, the ultimate gain in js. achievable due to singlet fission in the proposed
PEDQOT:PSS/Tc/c-Si device architecture can be estimated.

Figure 5.1 depicts a schematic representation of the simulated hybrid device structure. It consists
of a standard 280 pm c-Si absorber. The electron selective back contact is adopted from the SHJ
technology, formed by a well passivated (i/n™)a-Si:H layer stack acting as a back surface field,
followed by Ag metallization. Organic layers incorporated on the cell’s front side are simulated
within the range of thicknesses as indicated in the figure. For simulations planar hybrid layer
stacks are assumed.

Optical simulations allow to deduce maximum achievable solar cell short-circuit current den-
sities and identify optical losses, namely parasitic absorption and reflection. However, device
efficiencies, fill factors or open-cirucit voltages cannot be extracted from these simulations.

59



60 5 The potential of hybrid device concepts studied by optical simulations

PEDOT:PSS (30 -200) nm
Tc/ SF-medium (0 - 200) nm

Figure 5.1: Schematic representation of the simulated hybrid
device structure including fixed c-Si and a-Si:H layer thick-
nesses. The range of simulated thicknesses for Tc and
PEDOT:PSS are depicted in the respective layers.

Parts of the results presented in this chapter regarding the hybrid PEDOT:PSS/c-Si device are
published in:

» S. Jickle, M. Liebhaber, C. Gersmann, M. Mews, K. Jdger, S. Christiansen, and K. Lips,
Potential of PEDOT:PSS as a hole selective front contact for silicon heterojunction so-
lar cells, submitted to Scientific Reports (2017), http://arxiv.org/abs/1701.
05368, Ref [136].

Optical simulations were carried out by the author of this thesis and K. Jdger. Optical constants of Tc
were derived from a backwards calculation of reflection/transmission data by the author of this thesis
and C. Gersmann, optical constants of PEDOT:PSS were deduced from ellipsometry measurements by
S. Jickle in discussion with the author of this thesis. For the analysis and discussion of the potential of
hybrid PEDOT:PSS/c-Si solar cells S. Jéickle and the author of this thesis equally contributed.

5.1 Simulation of absorption/reflection profiles and
basic MEG model

Absorption profiles of planar thin-film layer stacks on c-Si were simulated within a transfer-
matrix algorithm [183] implemented in the MATLAB software package "GenPro4" [246, 9, 135],
developed at the Delft University of Technology. Since the coherence length of sunlight is much
smaller than the 280 pm thick c-Si wafer, light interaction is treated non-coherently [246]. "Air"
and the Ag back contact were assumed as infinitely thick layers.

Optical (n-k) data

As input for the simulations experimentally determined optical (n-k) data are used. Optical
properties of the ¢-Si wafer, (i)a-Si:H and (n*)a-Si:H thin films were previously determined by
ellipsometry at HZB, Ag values are taken from literature [145]. To obtain the optical properties
of PEDOT:PSS and Tc, layers were prepared with the same recipe as for solar cell fabrication.
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(n-k) data for PEDOT:PSS were derived from spectroscopic ellipsometry (cf. section 3.2.5).
Following the analysis of L. A. A. Pettersson et al. [221, 222] the data was analyzed assuming
uniaxial anisotropy of the polymer film. It is surmised that the anisotropy in PEDOT:PSS layers
stems from a geometric anisotropy of the polymer chains itself. Furthermore, if spin-coated on
flat c-Si surfaces it is assumed that the main part of the polymer chains are lying flat and parallel
to the surface plane but randomly oriented, giving rise to uniaxial anisotropy with the optical axis
parallel to the sample normal [221, 222]. Thus, the optical response of thin film PEDOT:PSS can
be described by an ordinary complex index of refraction perpendicular, and an extraordinary
complex index of refraction parallel to the surface plane.

In Figure 5.2 (a) the experimentally determined (n-k) data for PEDOT:PSS are plotted. Absorp-
tion, assigned to free carrier absorption [225, 184, 284, 348, 17], is reflected in the increase of
the extinction coefficient £ towards the infrared. It is much higher for the ordinary component
(normal incidence of light) than for the extraordinary component. This is most likely due to free
carriers that can only move in direction of the polymer chains which are aligned parallel to the
surface [221, 222]. Since under standard test conditions solar cells are measured in normal inci-
dence of light, for the simulations only the ordinary component is considered.

Absorption and reflection data of Tc films deposited on quartz glass were used to derive (n-k)
data for Tc by means of a backwards calculation of the transfer-matrix approach [120]. This is
implemented in the MATLAB program "APCSA" [110], developed at the University of Pots-
dam. Within the program the transfer-matrix-method [120] is employed to compute theoretical
reflection and transmission of the layer stack. A simulated annealing algorithm [238, 110] is im-
plemented to minimize the deviation of computed and measured data. As further input, optical
properties and thickness of the quartz substrate have to be known.

Figure 5.2 (b) depicts experimentally obtained (n-k) data of thin film Tc. The extinction coeffi-
cient k, clearly reveals the characteristic vibrational structure of thin film Tc in the range of 400
- 550 nm [299]. The weak absorption feature to the red of 550 nm is not related to Tc absorption
[299] but is rather attributed to diffusely scattered light at rough surfaces. Since we assume flat
surfaces, it is not considered in the simulations.

Absorption and reflection profiles

The optical data presented above was used to simulate absorption and reflection of various solar
cell structures. Figure 5.3 displays simulated absorption and reflection profiles of hybrid device
layer stacks, whereby the individual absorption contribution of each layer is added.

In Figure 5.3 (a), an example for a 95 nm PEDOT:PSS/c-Si device without Tc is shown. As-
suming that PEDOT:PSS is electrically "dead", only light absorbed in the c-Si wafer (green area)
contributes to the photocurrent. A significant fraction of light is reflected at the hybrid layer
stack (yellow area) or is parasitically absorbed in PEDOT:PSS (orange area). The corresponding
current losses will be quantified and discussed in section 5.2. Absorption in the a-Si:H layers
and Ag back contact is very small and will be neglected for further discussion.

Figure 5.3 (b) depicts absorption and reflection contributions for a solar cell with a 30 nm
PEDOT:PSS/100 nm Tc/c-Si layer stack. Obviously, Tc incorporated on the device front side



62 5 The potential of hybrid device concepts studied by optical simulations

Wavelength (nm)

400 600 800 1000 1200
T T T T T T T T 10
20r PEDOT:PSS |
¥
> I
x
5 S
£ =
o , 3
2 ordinary o
® —-—- extraordinary 5
< 08L 404 B
D
14 £
=
|
0.4 0.2
0.0 ! | . | s 0.0
I I = I - I , 1.0
2.0 thin film tetracene |
0.8
1.6 ~
= I=
0 k5
2 06 2
£ 12+ =
2 8
8 5
= 404 =
i 2
=
w
402
: : : ; ; 0.0
400 600 800 1000 1200

Wavelength (nm)

Figure 5.2: (a) (n-k) data for PEDOT:PSS derived by spectroscopic ellipsometry, following the
analysis of L. A. A. Pettersson et al. [221, 222]. PEDOT:PSS is a birefringent material
revealing ordinary and extraordinary optical components. Data published in Ref. [136]. (b)
(n-k) data of thin film tetracene derived from absorption and transmission spectra. Layers
were prepared identically as for solar cell fabrication.
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Figure 5.3: Absorption and reflection profiles versus wavelength for hybrid solar cells as
sketched in Figure 5.1, simulated under illumination in normal incidence. (a) Example for a
95 nm PEDOT:PSS/c-Si heterojunction solar cell without Tc, and (b) 30 nm PEDOT:PSS/100
nm Tc/c-Si hybrid device.
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acts as an optical filter for the c-Si absorber. Light absorbed in the Tc layer (light-green area)
leads to a decreased absorption in the c-Si wafer. Consequently, as it is clearly observed in Figure
5.3 (b), the characteristic vibrational structure of Tc absorption is inversely reflected in the c-Si
absorption profile (dark-green area).

As it will be described in the following, simulated absorption profiles can then be used to derive
the EQE of a PEDOT:PSS/Tc/c-Si device. Finally, device js. can be calculated by integrating
the EQE over the solar spectrum. A basic MEG model was developed to account for any current
contribution of the SF material Tc.

Basic MEG model

We now describe how simulated absorption profiles are related to device performance assum-
ing different Tc contributions. Given the case that the absorption in Tc is completely parasitic
(EQE(!* = 0), the EQE of a hybrid cell is only determined by absorption in the c-Si absorber. It
is calculated by:

EQES'(N\) = Asi(N)n5imer (5.1)

with the absorption profile of c-Si, Ag;()), the optical efficiency, nfgt, for creating an electron-
hole pair, and the electrical efficiency, 7., for the probability to extract generated charge carriers.
nfgtnel 1s referred to as the internal quantum efficiency IQE.

In a second step, the electrical contribution of the Tc layer is taken into account through multi-

exciton generation via singlet fission which is referred to as EQE;C,{% It is given by:

EQEj e (\) = BQES'(N) + Are(Niifpcne (52)
with the absorption profile of Tc, Az.()), and:

0—-2
. 1-2 0-1 0-1
N oe = TSE - Tdiff - Tdiss - (5.3)

nifpe is determined by the SF efficiency, nsr, which can vary from 1 - 2, the probability that
created triplet excitons reach the Tc/c-Si interface through diffusion described by 74, ¢, (range
0 - 1), and their dissociation probability, 74;ss, (range O - 1) at the hybrid junction resulting in
free charge carriers. Free charges are then extracted at the device contacts with the efficiency 7,;.
n! ¢z may vary from zero for solely parasitic absorption of Tc to a maximum of two which cor-
responds to 200% SF quantum yield!, 100% exciton dissociation at the hybrid Tc/c-Si interface,
and no losses during exciton diffusion in the Tc layer.

As a figure of merit we use the maximum achievable short-circuit current density, js., by as-
suming IQE =1 (nfgft =1 = 1). Js 1s calculated by integration over the relevant A\; ... Ao

wavelength range? of the EQE@C]{% multiplied by the photon flux for AM1.5G solar irradiation

!definition of SF quantum yield: 100% SF effect — 200% quantum yield (1 photon in — 2 e-h pairs out)
Zrelevant spectral range for c-Si absorber: 300 nm - 1180 nm
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D arr15¢ [135]:

A, ,
oo = —€ A EQEL L (A)® anr1sc(A)dA . (5.4)

Combining Equations (5.4), (5.2) and (5.1), js is given by:

)\2 )\2
jsc = —6//\ ASZ(/\)(PAM15(;(>\)CZ/\ —I— ’Iﬁ\}cEG (—6)/ ATc()\)(I)AMlﬁG(/\)d)\ . (55)

1
/ (. /

=S (1QE=1) —jTe(1QE=1)
Finally, js. simplifies to:
Jse(MiipG) = Jph + Mip k- (5.6)

with the maximum photocurrent density in the c-Si absorber jzf,f(IQE=1) and the photocurrent
density of Tc jghc(IQE=1). nt e ranges between O ... 2, thus accounting for any current contri-
bution of Tc on hybrid device performance.

In addition to js. which is determined by c-Si and possible Tc photocurrent contributions (cf.
Egs. (5.4) - (5.6)), current losses due to parasitic absorption in the polymer and reflection at the
hybrid layer stack can be quantified by integration over the absorption spectra of PEDOT:PSS
and the infinite "air-layer", respectively.

5.2 The potential of hybrid PEDOT:PSS/c-Si solar cells

In this section, limitations and the potential of PEDOT:PSS implemented as the hole selective
contact on the front of c-Si based solar cells will be discussed.

Figure 5.4 depicts the maximum achievable j,., as well as current density losses due to reflection
and parasitic absorption in PEDOT:PSS calculated by integration of simulated absorption pro-
files for hybrid PEDOT:PSS/c-Si devices. An example absorption profile was already presented
in Figure 5.3 (a). In the simulations layer thicknesses of PEDOT:PSS range from 30 - 200 nm.
From Figure 5.4 it is clear that current losses strongly depend on PEDOT:PSS layer thickness.
The loss current due to parasitic absorption steadily increases from 1.0 mA/cm? for 30 nm up
to 15.4 mA/cm? for 200 nm of PEDOT:PSS. Simultaneously, reflection losses monotonously
decrease from 17.7 mA/cm? (30 nm) to 7.6 mA/cm? (200 nm) for increasing PEDOT:PSS layer
thicknesses. As a result, the maximum extractable j,. of 30.6 mA/cm? generated in the c-Si ab-
sorber is obtained for a 80 nm thick PEDOT:PSS layer.

In order to maximize device performance, the parasitic absorption in PEDOT:PSS has to be kept
as low as possible, hence the polymer layers have to be as thin as possible while at the same
time low reflection can be achieved by an additional anti-reflex coating, e.g. MoO,, or LiF. Both
exhibit refraction indices between those of PEDOT:PSS and air [179, 348, 9].

The reflection losses mainly originate from internal reflection at the planar interface between
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Figure 5.4: Current densities calculated via integration (300 nm < A < 1180 nm) of simulated
absorption/reflection profiles (example profile see Fig. 5.3 (a)) multiplied by AM1.5G solar
spectrum for a thickness series of (30 nm - 200 nm) PEDOT:PSS/(280 pzm) c-Si hybrid solar
cells. The extractable device jg., generated in the c-Si absorber, has its optimum for 80 nm
PEDOT:PSS. Current is lost via reflection and parasitic absorption in PEDOT:PSS. Data
published in Ref.[136].

PEDOQOT:PSS and c-Si due to their large difference in refractive index. Structuring the c-Si sur-
faces would drastically reduce reflection losses due to multiple incidence of light. This has an
additional benefit because it also reduces the parasitic absorption in the PEDOT:PSS layer as a
significant part of the incident light hitting the tilted surface would oscillate in direction of the
polymer’s extraordinary component which exhibits a drastically reduced extinction coefficient
(cf. Fig. 5.2 (a)). For instance, standard KOH etching leads to a pyramidal surface texture with
a tilting angle of 54.74° with respect to the c-Si (100) plane [26]. Assuming an alignment of
the polymer chains along the textured surface would then result in a reduction of the parasitic
absorption in the PEDOT:PSS layer of about 40% [136].

5.3 Potential of the MEG hybrid PEDOT:PSS/Tc/c-Si
device concept

To determine the maximum achievable gain in j. due to multi-exciton generation in thin film
Tc incorporated in the proposed PEDOT:PSS/Tc/c-Si device structure (cf. Fig. 5.1), absorp-
tion/reflection profiles were simulated for possible thickness combinations of PEDOT:PSS (30
nm - 200 nm) and Tc thin films (0 nm - 200 nm). An exemplary profile was already presented
in Figure 5.3 (b). Corresponding photocurrent densities are then calculated via integration of
simulated absorption/reflection profiles multiplied with the photon flux of the solar spectrum.
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Therefore, short-circuit currents, js.(n15¢), and current density losses due to reflection and par-
asitic absorption in PEDOT:PSS are extracted. In our basic MEG model (cf. Eq. (5.6)), we
account for MEG contribution in the Tc layer by the parameter 1}¢;. which ranges from 0
(solely parasitic absorption) to 2 (200% quantum yield, i.e. 1 photon in — 2 e-h pairs out, cf.
Eq. (5.3)). Simulation results are plotted in 2d color maps with x- and y- axes corresponding to
Tc and PEDOT:PSS layer thicknesses, whereas the color bars indicate photocurrent densities.

In a first step, we quantify the current losses as a function of the layer thicknesses of Tc and
PEDOT:PSS. Figure 5.5 depicts the simulated current density losses due to (a) light reflection
at the hybrid layer stacks, and (b) parasitic absorption in PEDOT:PSS layers. Reflection losses
strongly vary from ~5 mA/cm? to ~18 mA/cm?. The parasitic absorption rises for increasing
PEDOT:PSS layer thicknesses within the range of ~1 mA/cm? for 30 nm to ~16 mA/cm? for
200 nm. In Figure 5.5 (c) the sum of reflection and parasitic absorption losses is plotted. By
considering both loss mechanisms, a local current loss minimum of 10.8 mA/cm? is found for a
90 nm Tc/30 nm PEDOT:PSS layer stack. The discussed losses are interdependent and have to
be taken in consideration designing the solar cell.

In the next step, the local photocurrent densities in the Tc layer and the c-Si wafer, jg’,f (Fig. 5.6
(a)) and jzf,j (Fig. 5.6 (b)), respectively, are considered assuming no electric losses (IQE(\) = 1).
Obviously, j;f(IQE=1)3 is increasing for rising Tc layer thicknesses (Fig. 5.6 (a)). As indicated
in the figure, for the thickest Tc film of 200 nm and a thin PEDOT:PSS layer, a maximum pho-
tocurrent density of jpThc(IQE:I) = 5.7 mA/cm? is extracted from the simulations. In Figure 5.6
(b) the photocurrent density j;?,f is plotted assuming an IQE(\) = 1. The dashed line indicates the
thickness combinations in which reflection and "parasitic" absorption losses of PEDOT:PSS/Tc
layer stacks is minimized*. Simulations reveal highest values of j];q,i(IQE=1) for the sum of or-
ganic layer thicknesses dpppor + dr. in the range of 80 nm - 100 nm. Due to the interplay
of reflection and absorption in the organic top layer stacks, jf,ﬁ(IQE:I) of 30.6 mA/cm? for the
dpepot = 80 nm reference cell (w/o Tc incorporation) is slightly lower than 32.2 mA/cm? for
the dpgpot + dre = 30 nm + 70 nm layer stack combination.

So far, various losses, namely reflection and parasitic absorption in PEDOT:PSS (cf. Fig. 5.5),
and local current densities in Tc and c-Si assuming an IQE =1 (cf. Fig. 5.6) were quantified.
To address the potential of the here proposed PEDOT:PSS/Tc/c-Si device architecture the con-
tribution of multi-exciton generation in Tc is taken into account in the basic model by nl¢, ..
As a figure of merit we use the maximum achievable js. of hybrid devices which is given by
Jse(Mifea) = Jok + Mifea -y (cf. Egs. (5.4) - (5.6)). Figure 5.7 shows exemplary plots for
three efficiencies 7l =0, 1, 2. In Figure 5.7 (a), light absorption in Tc is solely parasitic and
correspondingly js.(n} 5o = 0) only originates from light absorbed in the c-Si wafer. Figure 5.7
(b) displays js.(nifzo = 1). Obviously, the maximum j..(ni¢, = 0) = 32.2 mA/cm? (indicated
by the isoline) is now exceeded. Finally, in Figure 5.7 (c) we assume a Tc layer that is capable
of multi-exciton generation with maximum efficiency of 200%. The maximum js.(n}fpo = 2)
= 39.3 mA/cm? is obtained for a 30 nm PEDOT:PSS/100 nm Tc layer stack. Thus, maximum

*meaning: 1 photon in — 1 e-h pair out (++ no MEG)

“note: regarding the absorption in c-Si, Tc acts as an optical filter («+ "parasitic" absorption, cf. Fig. 5.3 (b)).
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Figure 5.5: Simulation results are plotted in 2d color maps with x- and y- axes corresponding
to Tc and PEDOT:PSS layer thicknesses, respectively. Color bars indicate photocurrent den-
sities. (a) Reflection losses, (b) parasitic absorption in PEDOT:PSS, and (c) sum of both loss
mechanisms.
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Figure 5.6: 2d color maps with x- and y- axes corresponding to Tc and PEDOT:PSS layer thick-
nesses, respectively. Color bars indicate photocurrent densities. (a) jg,f in thin film Tc, and
(b) j;,ﬁ for 280 pm c-Si absorber, assuming IQE(\) = 1. The dashed line indicates thickness
combinations in which reflection and "parasitic" absorption losses of PEDOT:PSS/Tc¢ layer
stacks incorporated on top of the c-Si absorber is minimized.

MEG results in an absolute increase of jy. by 7.1 mA/cm?, corresponding to a relative gain of
~20%, in the here presented device architecture.

Nevertheless, the simulated 39.3 mA/cm? is still below the maximum achievable j,. of 43.3
mA/cm? calculated for single junction c-Si solar cells [243] assuming optimum light harvesting
but no 3*¢ generation effects. The here conducted optical simulation study reveals significant cur-
rent losses of 3.6 mA/cm? due to parasitic absorption in the PEDOT:PSS layer and 7.3 mA/cm?
due to reflection at the entire PEDOT:PSS/Tc/c-Si planar layer stack. Taking these values into
account a maximum achievable j,. = 50.2 mA/cm? could be achieved, thus exceeding the single
junction limit.

This points out the importance of light management while implementing new materials on the
front side of solar cells. Optical losses always have to be taken into account and must be
minimized. For the PEDOT:PSS/Tc/c-Si layer stack the same routes apply as for the hybrid
PEDQOT:PSS/c-Si stack, which are briefly summarized in the following:

* Minimizing reflection losses by an optimized AR-coating through the incorporation of
additional, optically transparent layers with suitable refractive indices.

* Minimizing parasitic absorption by fabrication of PEDOT:PSS layers as thin as possible
while maintaining low sheet resistance.

» Using textured c-Si wafers, since this enhances the fraction of light (for normal incidence)
that hits the less absorptive extraordinary component of birefringent PEDOT:PSS. In ad-
dition, structured wafers enhances light incoupling.
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Figure 5.7: 2d color maps with x- and y- axes corresponding to Tc and PEDOT:PSS layer thickness, respectively. Color bars
indicate ji. obtained by juc(nifna) = Joi + Nifra - Jus (cf. Eq. (5.6)) for three 7y, efficiencies. For a better comparison,
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the PEDOT:PSS/c-Si reference cell of 30.6 mA/cm?, and (ii) PEDOT:PSS/Tc/c-Si of 32.2 mA/cm? assuming an electrically
inactive Tc layer (1f5 = 0). The arrow indicates the maximum j. that can be achieved with the here presented device layout
assuming perfect multi-exciton generation at planar interfaces but with insufficient light harvesting.
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From the above discussion it is clear that an improved design concept is mandatory. Possible
design strategies with an enhanced light management are depicted in Figure 5.8. In the more
conventional two-side contact scheme (Fig. 5.8 (a)), PEDOT:PSS as before is the hole selective
front contact. To minimize optical losses wafer structuring and an optimized AR-coating is im-
plemented. The replacement of PEDOT:PSS by conventional inorganic transparent conductive
oxides such as ITO has not yet been tried because ion bombardment during sputter deposition
will most probably damage organic thin film Tc [167, 181]. Using an IBC solar cell concept,
as sketched in Figure 5.8 (b), renders the use of PEDOT:PSS unnecessary since a-Si:H selective
contacts can be used instead. Thus, its parasitic absorption is nullified. In this concept, shad-
owing by the front contact grid is additionally omitted. Obviously, also in this approach surface
texturing and an effective AR-coating have to be implemented for best efficiencies. However,
as discussed in section 2.4, in the IBC concept the complete triplet exciton has to be transferred
from Tc across the hybrid junction into c-Si, whereas for the both-sides contact scheme (Fig. 5.8
(a)) an electron transfer with the hole remaining in Tc is sufficient.

(a) both-sides contact (b) interdigitated back contact
metal grid PEDOT:PSS
AR-coating
Tc
PRI LN
(n*)a-Si:H
metallization

Figure 5.8: Proposed Tc/c-Si solar cell structures with improved light management. (a) Both-
sides contacted concept using PEDOT:PSS as a hole selective front contact. To minimize
parasitic absorption losses, the polymer layer has to be fabricated as thin as possible. (b) In-
terdigitated back contact approach, thus omitting PEDOT:PSS at the cell’s front side. Optical
losses are minimized by (i) surface texturing and (ii) anti-reflection (AR) coatings.

For a more detailed discussion of the performance of the above concepts more simulations are
mandatory.

5.4 Summary

Experimental derived (n-k) data were used to simulate absorption and reflection profiles of spe-
cific hybrid layer stacks. In a second step, the photocurrent was extracted via integration over the
solar spectrum. Hereby, maximum device short-circuit current densities as well as current losses
due to reflection and parasitic absorption were quantified. For the simulations, planar device
structures without additional anti-reflex layers were assumed.
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For hybrid PEDOT:PSS/c-Si heterojunction solar cells simulations reveal a maximum jg. of 30.6
mA/cm? for 80 nm PEDOT:PSS. Significant current is lost due to reflection (11.2 mA/cm?) at
the hybrid layer stack and parasitic absorption (4.6 mA/cm?) in the polymer layer.

In PEDOT:PSS/Tc/c-Si devices which have the potential of multi-exciton generation via sin-
glet fission in the Tc layer®, simulations reveal that optical losses are minimal for combined
organic thin layer thicknesses dpgpot + dr. =~ 100 nm. Optical light harvesting is accomplished
by the variation of the PEDOT:PSS and Tc layer thicknesses. Optimal electrical efficiency is
determined by the Tc layer thickness alone. By assuming the maximum singlet fission quan-
tum yield of 200% and no recombination losses during exciton diffusion and their dissociation
into free charges at the Tc/c-Si interface, the best ji. of 39.3 mA/cm? is achieved for a 30 nm
PEDOT:PSS/100 nm Tc layer stack. This corresponds to a relative photocurrent gain of ~20%
due to multi-exciton generation. However, in this planar layer stack 10.9 mA/cm? is lost due to
reflection and parasitic absorption. Taking this into account, j,. can be as high as 50.2 mA/cm?
which is well above the maximum j,. of 43.2 mA/cm? calculated for single junction c-Si solar
cells [243]. Assuming literature values for device fill factor, FF, and open-circuit voltage, V.,
of the world record single junction c-Si based solar cell (1) = 26.33%, js. = 42.25 mA/cm?, FF =
83.78%, V,. = 743.8 mV [91, 338]) would result in an efficiency of 31.3%.

These significant current losses in a planar hybrid organic/c-Si solar cell structure demands for a
better light management. Reflection losses can be minimized by both, surface texturing and by
the incorporation of additional, non-absorbing AR-coating thin layers with suitable refractive in-
dices. To minimize parasitic absorption, PEDOT:PSS layers have to be fabricated as thin as pos-
sible while maintaining electrical properties and ensuring a sufficient overall AR-behavior. In ad-
dition, textured surfaces may further decrease parasitic absorption losses as a significant fraction
of incident light hits the less absorptive extraordinary component of birefringent PEDOT:PSS.
Optical simulations cannot predict device efficiencies, fill factors or open-circuit voltages. There-
fore electrical simulations have to be performed. Finally, the concept has to be proven experi-
mentally. Device results are presented and discussed in the following chapters.

Screated triplet excitons have to be harvested at the Tc/c-Si interface



Hybrid PEDOT:PSS/c-Si heterojunction
solar cells

The highly conductive polymer PEDOT:PSS is commonly used as a hole selective contact in
organic solar cells. In particular, it was utilized in organic multi-exciton generating devices
with Pc and Tc incorporated as the singlet fission material, e.g. Refs. [134, 328, 64, 305,
172, 171]. More recently, it has been shown that PEDOT:PSS is also a promising candidate
as an organic hole-selective contact for n-type Si. Within the proposed multi-exciton generating
PEDOT:PSS/Tc/c-Si device concept (cf. section 2.4) we make use of both properties by incor-
porating the singlet fission material Tc in between the hole selective PEDOT:PSS and the n-type
c-Si absorber (experimental results, see chapter 7). In this chapter the novel PEDOT:PSS/c-Si
heterojunction is investigated in great detail.

First devices with PEDOT:PSS implemented in c-Si solar cells have been presented by M. J.
Price et al. in 2010 [232]. Efficiencies of solar cells with a planar device structure beyond 12%
have been reported [226, 202, 179]. D. Zielke et al. reached about 17% in their "BackPEDOT"
concept [348]. This proves that a reasonable passivation of the c-Si surface is possible. Recently,
it was shown by S. Jickle et al. that the PEDOT:PSS/(n)c-Si junction behaves as an abrupt p*n-
heterojunction [138], and not as commonly assumed as a Schottky junction [232, 142, 346].

A heterojunction contact is fundamentally characterized by its selectivity and passivation qual-
ity. The selectivity can be provided by the potential barrier present for one type of charge
carriers. The barrier height was obtained by the construction of a complete band diagram of
the PEDOT:PSS/(n)c-Si heterojunction. For this we combined experimental results (C-V and
UPS measurements) and, where necessary, literature values. To study the passivation mecha-
nism for standardly prepared hybrid junctions by means of solution processing of water based
PEDOT:PSS on initially H-passivated c-Si surfaces, a tender/hard X-ray PES (HAXPES) study
was conducted which allows to directly probe the buried PEDOT:PSS/c-Si interface on device
relevant layer stacks.

By fabricating hybrid solar cells utilizing high quality c-Si absorbers and a superior electron se-
lective back contact adopted from the highly efficient SHJ technology, we report on a record V..

73
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> 660 mV with an estimated interface recombination velocity < 1000 cm/s.

HAXPES data are in-line with the estimated interface recombination velocity of hybrid solar
cells, suggesting an immediate formation of a moderately passivating sub-stoichiometric SiOy
layer at the c-Si surface during standard sample processing.

Furthermore, by comparing experimental results with the simulations presented in chapter 5, op-
tical losses at the hybrid layer stack on the solar cell’s front side are quantified and discussed.

The results presented in this chapter contributed to the following publications:

1. S. Jackle, M. Mattiza, M. Liebhaber, G. Bronstrup, M. Rommel, K. Lips, and S. Chris-
tiansen, Junction formation and current transport mechanisms in hybid n-Si/PDEOT:PSS
solar cells, Scientific Reports § (2015), 13008, http://dx.doi.org/10.1038/
srepl3008, Ref. [138].

2. S. Jackle, M. Liebhaber, J. Niederhausen, M. Biichele, R. Félix, R. G. Wilks, M. Bir, K.
Lips, and S. Christiansen, Unveiling the Hybrid n-Si/PEDOT:PSS Interface, ACS Applied
Materials & Interfaces 8 (2016), 8841, http://dx.doi.org/10.1021/acsami.
6b01596, Ref. [137].

3. S. Jiackle, M. Liebhaber, C. Gersmann, M. Mews, K. Jiger, S. Christiansen, and K. Lips,
Potential of PEDOT:PSS as a hole selective front contact for silicon heterojunction so-
lar cells, submitted to Scientific Reports (2017), http://arxiv.org/abs/1701.
053638, Ref. [136].

The studies presented in this chapter were done in collaboration with S. Jéiickle!. HAXPES experiments
were carried out under the lead of the author of this thesis with beam time support by S. Jickle, R. Wilks
and R. Félix. Sample preparation was done by S. Jackle. HAXPES data analysis was performed by 8.
Jdckle, J. Niederhausen and the author of this thesis. Near-UV PES measurements and data analysis
was performed by the author of this thesis. S. Jdckle and the author of this thesis equally contributed
to the work on record hybrid solar cells. For record devices a-Si:H layers were grown by M. Mews. C.
Gersmann was involved in the fabrication of the hybrid front contact and device characterization. C-V
measurements were conducted by S. Jickle. Optical simulations were carried out by the author of this
thesis and K. Jdger. Manuscripts were written under the responsibility of S. Jdckle. All authors of above
papers were involved in the discussion and interpretation of our results.

Section 6.1 is based on paper [138], Section 6.2 on paper [137] and Section 6.3 on paper [136].

6.1 Investigation of the buried PEDOT:PSS/c-Si
interface

To investigate the passivation mechanism, a HAXPES study using an excitation energy (Fcy) of
3 keV was conducted to probe the buried PEDOT:PSS/c-Si interface on device relevant hybrid
layer stacks. As PEDOT:PSS is usually directly fabricated on initially H-passivated c-Si surfaces,
we investigated this interface.
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6.1.1 HAXPES sample preparation and degradation

To study a buried interface with HAXPES, photoelectrons from that interface have to escape
through capping layers without being scattered. Therefore, capping layers have to be thin, in
the order of ~10 nm, depending on the specific experimental setup, e.g. excitation energy, light
intensity, analyzer sensitivity, and material density (cf. section 3.2.1). However, the thinner the
layers get the more probable pinholes will exist that can lead to signal artifacts caused by signals
related to the underlying substrate. Standard spin-coating of PEDOT:PSS at maximum rotation
speed of 10.000 rpm produces an average layer thickness of ~35 nm. Because these layers are
too thick to detect any signal from the buried interface, we followed a DMSO post-treatment pro-
cedure as suggested in literature [58, 156, 331]. Thus, layer thicknesses could be further reduced
to ~20 nm. The detailed sample preparation is described in section 3.1.

Figure 6.1 shows the comparison between (a) "bulk sensitive" Si 2s (Epipng = 150 eV) and (b)
"surface sensitive" Si 1s (Fhing = 1840 eV) core level XPS spectra (o, = 3 keV) for thin film
PEDOT:PSS on c-Si. The different information depth of the core level peaks originates from
their difference in Ey,;,q. For the same E.,, higher Ey,;,q results in lower Fj;, of photoelectrons.
Hence, the IMPF of photoelectrons related to Si 1s is significantly smaller compared to photo-
electrons related to Si 2s core levels (cf. Fig. 3.4 in section 3.2.1). The Si 2s peak is clearly
observed for ~20 nm thin PEDOT:PSS layer on c-Si substrate (red data in Fig. 6.1 (a)), while at
the same time the Si 1s peak —related to more surface sensitive signals— is not detected (noise in
Fig. 6.1 (b)). This proves that the Si 2s signal exclusively stems from the buried PEDOT:PSS/c-Si
interface. Therefore, we can exclude that the Si 2s signal is related to bare c-Si substrate. We
therefore conclude that no pinholes or scratches in the PEDOT:PSS layer exists and no Si-related
contaminants on the surface are probed. The ~35 nm PEDOT:PSS layers are too thick to detect
a significant Si 2s signal of the buried interface (black data in Fig. 6.1).

A rough estimate for the IMPF of photoelectrons in PEDOT:PSS can be calculated with the
"TPP2M" formula [297], using the chemical formula of the polymer and assuming a density of
1 g/cm3 [90, 1]. For an excitation energy of 3 keV the deduced IMPF for photoelectrons in the
polymer stemming from Si 2s (Fy, = 2.85 keV) and Si 1s (£, = 1.15 keV) are ~6.5 nm and
~3 nm, respectively. Assuming a homogeneous coverage and considering that the Si signal is
exponentially attenuated to 1/e3 (i.e. ~5%) compared to the signal of the bare c-Si wafer, this
approximation suggests to obtain detectable buried Si related intensities for PEDOT:PSS cover-
ages in the range of 10 - 20 nm [137]. For soft organic materials, in particular porous materials,
the IMPF can be greately increased [111]. This rationalizes why significant signals related to
buried Si on samples with ~20 nm PEDOT:PSS capping layers can be detected.

Using high excitation energies and high intensity synchrotron radiation may cause degradation of
organic samples. To exclude beam-induced sample degradation during HAXPES measurements,
single scan spectra of thin film PEDOT:PSS/c-Si samples were recorded. Figure 6.2 shows core
level spectra of S 2p, which are related to PEDOT:PSS bulk material, and the Si 2s signal which
stems from the buried interface and c-Si substrate. The black/white image depicts all single scans
in an intensity plot. The scan sum is plotted in the bottom panel. No change in intensity, shape or
position of the peaks is observed over 20 scans which corresponds to ~1 h of X-ray irradiation.
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Figure 6.1: (a) "bulk sensitive" Si 2s and (b) "surface sensitive" Si 1s core level XPS spectra
(Eex = 3keV) of thin film PEDOT:PSS on c-Si. Standardly processed layers with a thickness
of ~35 nm (black data) and DMSO post-treated films of ~20 nm (red data) were studied.
Figure adopted from our publication [137].

Within the signal-to-noise, scan #1 (green spectrum) is identical to scan #20 (blue spectrum).

Samples with thicker PEDOT:PSS films reveal no c-Si related peaks even for long exposure
times (data not shown here). In addition, no energy shift or changes in peak shape or intensity
ratios were detected for C, S, and O core level peaks of bulk PEDOT:PSS (data not shown here).
Furthermore, at the spot of irradiation no obvious change of the samples could be observed in an
optical microscope.

In summary, there are no indications for any beam-induced PEDOT:PSS degradation while ex-
posed to a moderate flux of 3 keV photons in the low intensity modes of BESSY II? used through-
out the HAXPES studies. Therefore, all prerequisites for a meaningful HAXPES experiment
—thin but closed layers and no beam-induced sample degradation— are fulfilled. HAXPES results
will be presented and discussed in the following.

6.1.2 Effect of DMSO post-treatment on chemical composition of
PEDOT:PSS

The chemical formula of the used PEDOT:PSS blend (Clevios PH 1000) is given in Figure 6.3
[1]. It consists of different species, PEDOT and PSS. The three chemical states of S related to
the thiophene ring in PEDOT and to sulfonic acid groups in the neutral PSSH and charged PSS~
state are indicated in the figure.

In a first step, the change in chemical composition of PEDOT:PSS after the DMSO post-treatment
is investigated. In addition to the S 2p core level peak located at Ey;,q ~ 165 eV, the HAXPES

2(i) ’low-o multi bunch hybrid mode A’, and (i) ’low intensity single bunch mode’
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Figure 6.2: S 2p/Si 2s core level spectra (Eq = 3 keV) of ~20 nm thin film PEDOT:PSS/c-Si
samples taken in the low intensity mode of BESSY II. Comparison of the first (green data)
and last (blue data) single scan, and the summed up spectrum (black data). The black/white
image depicts all single scans in an intensity plot. No significant change of the spectra can be
observed over 20 scans. Figure as published in Ref. [137].
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poly(3,4-ethylenedioxythiophene)

Figure 6.3: Chemical formulation of the
PEDOT:PSS blend (Clevios PH 1000 [1])
consisting of different species, poly(3,4-
ethylenedioxythiophene), PEDOT, and
poly(styrenesulfonate), PSS, respectively.

poly(styrenesulfonate) The dashed line in PEDOT shows the con-

jugation path through the backbone. 2%
cationic charge in the PEDOT polymer
chain is delocalized over several adjacent

Q Q Q Q Q thiophene rings. As labeled, the PSS part

O, SOH SOH SOH SO, consists of ionic PSS~ and neutral PSSH
PSSH species [1].

study using 3 keV synchrotron radiation also allows to probe the S 1s core-level peak located at
Ehing = 2475 eV. Since no spin-orbit splitting has to be considered for s-shell core-level spectra,
data analysis is slightly simplified compared to higher-order shell core-level spectra.

Figure 6.4 shows the S 1s core level spectra of PEDOT:PSS (a) before, and (b) after the additional
DMSO immersion treatment. The three different chemical states of S as indicated in Figure 6.3,
(i) PEDOT, (ii) neutral PSSH, and (iii) charged PSS™, were deconvolved following the analysis
of G. Greczynski et al. [113]. The signals related to the S atoms bonded in the thiophene ring
(PEDQT) are at lower F;,q than the signals related to the strongly positive S atoms in the PSS
species. The PEDOT peak exhibits an asymmetric tail on the higher binding energy side due to
cationic charge in the PEDOT polymer chain being delocalized over several adjacent thiophene
rings (indicated as 2% in Fig. 6.3) [113, 313]. The PSS signal is split into the neutral PSSH
component located at a slightly higher Ey;,4 than the ionic PSS™ component. Both S 1s spectra,
i.e. before (Fig. 6.4(a)), and after the additional DMSO immersion (Fig. 6.4(b)) of PEDOT:PSS
films exhibit distinct signals from PEDOT and PSS components. Spectra are fitted with the PSS~
peak shifted by 5.06 eV and the PSSH peak shifted by 5.63 eV with respect to the PEDOT peak.
Intensity ratios of PEDOT-to-PSS signals can be deduced from the fitted peak areas.

For the "standardly" prepared polymer film a PEDOT:PSS ratio of 1:2.5 is derived from the S
Is spectrum (Fig. 6.4 (a)). This is identical to the molar ratio given by the supplier (Clevios
PH 1000 [1]). In literature, phase segregation is reported for equivalently prepared PEDOT:PSS
films using identical or similar polymer dispersions. The morphology consists of a shell of excess
PSS segregating at the surface of PEDOT:PSS grains [225, 333, 132, 313, 113]. As discussed
in the previous section (cf. Fig. 6.1), photoemission signals from high Fj;,q core level peaks
such as S 1s are rather surface sensitive. For that reason a significantly higher PSS contribution
in surface-sensitive S 1s photoemission data is expected. However, the molar ratio given by the
supplier corresponds to the pristine polymer dispersion. In the present case, the PH 1000 suspen-
sion is mixed with 5 vol% DMSO, which has been shown to increase the PEDOT-to-PSS ratio
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Figure 6.4: S 1s core level spectra (F., = 3 keV) of PEDOT:PSS (a) before and (b) after the
additional DMSO treatment. Fitting of the spectra is based on the analysis of G. Greczynski
etal. [113]. In PEDOT:PSS three different chemical states of S, i.e. PEDOT, PSSH and PSS,
exist. The residual of the fit is shown in gray. Figure as published in Ref. [137].

[225, 313]. This may explain the measured ratio of 1:2.5.

By visual inspection of both spectra, it is obvious that the PEDOT-to-PSS signal ratio dras-
tically changes after the additional immersion of PEDOT:PSS in DMSO. The intensity ratio
obtained for the post-treated polymer is 1:1.1. This is in agreement with the observation by other
groups that immersion of PEDOT:PSS in polar solvents or acids strongly reduces the PSS con-
tent [225, 329, 313, 76].

Furthermore, the sheet resistivity of the PEDOT:PSS films increases only slightly from 170 €2/sq
(~35 nm) to 200 €2/sq (~ 20 nm) after the post-treatment. This indicates that the excess PSS re-
moved by the additional immersion in DMSO was not actively taking part in the charge transport
through the polymer layer [137].

Figure 6.5 visualizes the results presented so far. The well-known core-shell phase segrega-
tion with PEDOT:PSS grains (indicated in blue) surrounded by a PSS shell (indicated in red) is
sketched [113, 225, 132]. HAXPES results suggest, that the excess PSS material in the shell is
drastically reduced, or removed entirely, after the DMSO post-treatment leading to a thickness
reduction of the polymer of approximately 40%. As shown in the previous section (cf. Fig.
6.1) and indicated by the arrows in Figure 6.5, those thin polymer layers allow to detect signals
related to buried c-Si or interlayer within our HAXPES study using 3 keV excitation energy.

6.1.3 HAXPES study of the buried PEDOT:PSS/c-Si interface

The main result of the HAXPES study is depicted in Figure 6.6. For the investigation of the
hybrid PEDOT:PSS/c-Si interface formation, the Si 2s core level signal was recorded with high
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hard core level
electrons

Interlayer

(a) standard fabrication (b) with DMSO post-treatment

Figure 6.5: Sketch of PEDOT:PSS deposited on c-Si substrates. In the polymer, PEDOT:PSS
grains (blue) are surrounded by a PSS shell (red) [113, 225, 132]. The PSS shell thickness is
reduced by an additional immersion in DMSO leading to a thickness reduction of the polymer
film of ~40%. As indicated by the arrows, the thinner polymer films allow to detect signals
from c-Si substrate and the interlayer. Figure adopted from our publication [137].

resolution and best signal-to-noise ratio feasible within reasonable integration times. Spectra
are background corrected and normalized. For fitting and a thorough data interpretation various
reference spectra without PEDOT:PSS capping layers are important and will be discussed.

Fig 6.6 (a) shows the Si 2s peak of a freshly HF-dipped c-Si wafer. The time between dip and
sample loading into vacuum was ~ 5 - 10 min. As expected for the H-passivated c-Si substrate
the spectrum exhibits only one core level peak which is related to elemental Si (Si%) [32, 210].
As a second reference (Fig. 6.6 (b)), a spectrum of a HF-dipped c-Si wafer that was oxidized
for two weeks in ambient air (clean room conditions) was recorded. A distinct shoulder arises at
higher F},;,q which is related to Si oxide natively grown at the c-Si surface [126]. The spectrum
can be fitted with two peaks whereby the oxide peak (orange trace, Fig. 6.6 (b)) is located at ~3.6
eV higher F;,q. This is in good agreement with reported energy position of Si** as present in
SiO, [32] and dominating native oxide growth on c-Si surfaces [116]. As already discussed in
section 4.1 (cf. Fig. 4.2), SiO, suboxide (x < 2) signals would appear in between the Si’ and
Si** peaks [32, 126]. However, since we are not probing thick PECVD grown SiOy layers (cf.
chapter 4), signals related to thin surface oxides are overlaid by intense c-Si bulk signals. As
a general trend, suboxide related signals are hardly detectable for natively oxidized c-Si wafers
[198].

In Figure 6.6 (c,d) Si 2s spectra of (c) a freshly prepared PEDOT:PSS/c-Si sample and (d) an
identical prepared sample but stored for two weeks in an inert gas (N3) atmosphere are plotted.
Photoemission signals related to buried layers are effectively attenuated by capping layers. Thus,
the signal-to-noise ratio of polymer capped samples is strongly reduced compared to the refer-
ence spectra, especially visible in the noise of the peak shoulders.

However, the Si 2s spectrum of the freshly prepared PEDOT:PSS/c-Si sample (Fig. 6.6 (c)) also
reveals a peak shoulder at the higher binding energy side of Si’. The spectrum could be ade-
quately fitted assuming two components (Si’, SiO,). The shoulder is less shifted (AE ~2.4 eV,
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red trace) compared to the SiO, shift of the natively oxidized reference sample, pointing to the
presence of suboxide species (i.e. Si>T and/or Si** [32, 126]) at the interface.

The Si 2s core level peak of a PEDOT:PSS/c-Si sample stored for two weeks in N is depicted
in Figure 6.6 (d). Compared to the freshly prepared sample, a more pronounced shoulder is
observed. The fitting procedure indicates also the presence of SiO, species (orange trace) in
addition to Si suboxides species (red trace).
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Figure 6.6: Background subtracted and normalized Si 2s core level spectra (F., = 3 keV) of (a)
freshly HF-dipped, (b) oxidized, as well as covered c-Si wafers with thin (~20 nm) layers of
PEDOQOT:PSS measured (c) directly after preparation and (d) after storage in N» for two weeks.
Various Si oxidation states are indicated. The residual of the fit is indicated in gray. Figure as
published in Ref. [137].

6.1.4 Discussion of PEDOT:PSS/c-Si interface formation

Figure 6.7 summarizes the results of the HAXPES study. In a first step the colloidal dispersion
of core-shell PEDOT:PSS in water (Fig. 6.7 (a)) is spin-coated on H-passivated c-Si substrates
and annealed in ambient air. This leads to polymer films too thick to allow probing the buried
interface with HAXPES. So we cannot gain information on its nature (indicated in brown in Fig.
6.7 (b)). After the additional DMSO immersion, including a second annealing step, excess PSS
material is removed and the polymer film thickness can be further reduced by ~40%. In such
samples photoemission signals related to the buried interface are detected (Fig. 6.7 (c)).

Data analysis of the Si 2s core level peaks as presented in Figure 6.6 indicates that upon de-
position and processing of PEDOT:PSS on an initially H-passivated c-Si substrate, the latter
partially oxidizes. A rough upper estimate of the thickness of the interfacial oxide layers (d ~
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1.5 nm) can be deduced by the comparison of the intensity ratio of elemental and suboxide peaks
of PEDOT:PSS/c-Si samples with the intensity ratios of Si 2s and Si 1s peaks of the natively
oxidized c-Si wafer reference sample [137, 326]. For comparison, a monolayer of Si oxide is
only about 0.3 nm thick [116]. A moist atmosphere can greatly enhance oxide formation on c-Si
surfaces [201]. Furthermore, it has been shown that oxidation of c-Si in hot DI water is a very
fast process [14]. Both, water from the water-based polymer dispersion and temperatures above
100 °C during mandatory annealing steps, are provided during PEDOT:PSS layer fabrication.
This is believed to generate conditions that lead to a fast c-Si surface oxidation.

Note that possibly also other PEDOT:PSS-related species might bind to the c-Si surface forming
e.g. Si-C or Si-S bonds which cause chemical shifts of the Si core level peak in the same region
as the Si suboxide species [18, 322, 7]. However, as those species can at most form a monolayer
on the Si surface their intensity would be lower than for the observed oxide peak. We interpret
the observed chemical shift of the Si core level peak as a clear indication of an immediate for-
mation of an interfacial suboxide layer (indicated in yellow in Figure 6.7 (c)).

Moreover, we observe that the initial suboxide layer increases in thickness, as well as in degree
of oxidation state, even when samples are stored in inert gas atmosphere (Fig. 6.7 (d)). SiO-
species are detected in addition to SiO,. A mixed Si0,/Si0O; interfacial oxide layer thickness of
~1.9 nm was estimated [137].

PSS shell PEDOT:PSS grains
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Figure 6.7: Sketch of the results from the HAXPES experiment. The colloidal dispersion of
core-shell PEDOT:PSS in water (a) is spin-coated on H-passivated c-Si substrates and dried at
temperatures > 100 °C leading to polymer films of ~35 nm (b). By the DMSO post-treatment
(incl. a 2"! annealing step) excess PSS material is removed and the film thickness is reduced
by ~40% (c). For post-treated samples the buried interface is accessible with HAXPES. Data
analysis indicate an initial formation of an interfacial SiOy layer (indicated in yellow) which
increases in thickness and degree of oxidation state with time (indicated in violet), even when
samples are stored in inert gas atmosphere (d).

As sketched in Figure 6.8, a likely explanation of this finding is residual water which accumulates
at the interface, and/or the diffusion of residual water from pores in the polymer film to the inter-
face. It is shown that PEDOT:PSS can easily take up water because of the hygroscopic behavior
of PSS [90, 156]. Within a XPS study, evidence for residual water molecules in PEDOT:PSS
films dried at 120 °C for 2 h in vacuum was found [113]. Although excess PSS material is dras-
tically removed after the additional DMSO immersion, it is still likely that the polymer takes
up some water during processing in ambient conditions. Water on the c-Si surface then causes
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further oxidation with time [13]. This model could explain that even if stored in N5, the interface
is not stable and the c-Si surface continues to oxidize.

H, O diffusion

Figure 6.8: Model of continuous c-Si surface oxidation at the hy-
brid PEDOT:PSS/c-Si interface due to residual water left over at
the interface, and/or the diffusion of residual water in the polymer
film to the interface. Water on the c-Si surface then causes further
oxidation with time.

The passivation quality of the natively grown interfacial suboxide layer at the PEDOT:PSS/c-Si
junction is addressed in the discussion of hybrid devices presented in section 6.3. However, the
observed continuous oxide growth can deteriorate the initial electronic quality of the interface
with time. Therefore, in terms of long-term hybrid PEDOT:PSS/c-Si device stability this implies
that in addition to a proper encapsulation of the polymer itself, also a stable and well passivat-
ing interface prior to solution processing has to be ensured. Possible candidates are inorganic
ultrathin aluminium oxides [234], stoichiometric Si tunnel oxides [109, 106], or organic methyl
passivation [178, 345, 344].

Another possibility to prevent oxide formation is to use non-water based PEDOT:PSS disper-
sions which recently became commercially available. Two polymer dispersions from the com-
pany Heraeus Clevios, i.e. HTL Solar 3 (dispersion in toluene [3]) and S V 3 Stab (dispersion in
glycols [2]), are candidates to be investigated®. In addition, to prohibit water uptake during fabri-
cation, the whole preparation should be done in inert atmosphere such that no water is provided
to the layer stack at all.

6.2 Valence band / HOMO of PEDOT:PSS

The valence band / HOMO and the sample’s work function, ®,,, of PEDOT:PSS (Clevios PH
1000 [1]) is probed by UPS measurements using a near-UV excitation energy of 6.5 eV. Details
on sample preparation and the UPS experiment are given in chapter 3. Immediately after poly-
mer fabrication, samples were loaded into the UHV analytics chamber.

Figure 6.9 depicts the measured UPS spectrum: (a) close to the secondary electron cut-off
(SECO), and (b) the zoom into the valence band leading edge close to Ef.

From an UPS spectrum, ®,, is determined by the difference between the excitation energy and
Fhing at the SECO [124]. The steep rise of photoemission signal was fitted with a sigmoidal
function using the Boltzmann Equation y(z) = {[A; — Ao] / [1 + el*=0)idr] 1 4 A, [138, 191],
whereby y changes drastically within the width dx. The y value at x is half way between the two
limiting values A; and A,. The center position z; is defined as the SECO. The corresponding
fit is shown in blue and the SECO is indicated as a vertical black line in Figure 6.9 (a). From
the data ¢, = (5.15 eV £ 0.02) eV for PEDOT:PSS is extracted. This is in good agreement

3note that the conductivity is strongly reduced compared to water based PH 1000 and F HC solar polymer
solutions used within this thesis
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with literature values reported between 5.0 eV < @, < 5.2 eV for similar mixed and treated
PEDOT:PSS [340, 131, 157, 42, 132]. The rather small error of 20 meV corresponds to the fit-
ting error. However, ®,, is very sensitive to surface adsorbates. As shown by N. Koch et al.,
residual or adsorbed water from the ambient decreases the work function compared to polymer
films dried in vacuum [157].

Near-UV (6.5 eV) PES spectrum of PEDOT:PSS
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Figure 6.9: Near-UV photoelectron spectroscopy spectrum of a PEDOT:PSS film using 6.5 eV
excitation energy. (a) Secondary electron cut-off, SECO, fitted by a Boltzmann sigmoid func-
tion for extraction of the work function, ®,, (for details see text). (b) Valence band states near
the Fermi level, /. The valence band edge, Ey, is determined by a linear extrapolation of
the leading edge to zero. Figure adopted from our publication [138].

Figure 6.9 (b) shows the valence band leading edge. Often, surface sensitive UPS spectra are
dominated by the insulating PSS shell instead of by the conductive PEDOT:PSS grains (bulk
material) [113, 132]. The use of a rather low excitation energy of 6.5 eV compared to commonly
used He-UPS (21.2 eV) leads to a higher information depth (cf. Fig. 3.4, section 3.2.1). Note
that in the binding energy range 0 < FEpiq < 2 eV surface-segregated PSS species show no
signal, but strongly attenuate signals originating from the conductive PEDOT:PSS bulk material
[113]. Thus, in the here conducted "bulk sensitive" near-UV PES study, a significant signal re-
sponse stems from PEDOT:PSS bulk material. As expected for a highly p-doped material as the
here used PEDOT:PSS (PH 1000 [1]), the spectrum exhibits filled valence states up to the Fermi
level, E'r. The valence band edge position, Ey,, was extracted by a linear extrapolation of the
measured valence DOS leading edge to zero. The fit, including fit boundaries, is depicted in blue
in Figure 6.9 (b). The determined Ey position lies (80 £ 20) meV above Er. Thus, PEDOT:PSS
appears to be degenerately doped. A similar UPS spectrum was reported recently by O. Bubnova
et al. showing a significant DOS at E for the highly conductive PEDOT-Tos [42]. This could be
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ascribed to the existence of bipolaron states within the energy gap forming bands at high doping
levels [39, 38, 33, 90, 42].

The values extracted from UPS experiments will be used to construct the band diagram of the
PEDOT:PSS/c-Si heterointerface (cf. next section).

6.3 PEDOT:PSS/c-Si hybrid solar cells

The first PEDOT:PSS/c-Si solar cell was presented in 2010 [232], followed by numerous reports
on modifications of this junction, e.g. Refs. [142, 141, 323, 234, 339, 226, 138]. Hybrid solar
cell results reported in literature are often achieved on so-called "long base" wafers, in which
the diffusion length of minority charge carriers is smaller than the wafer thickness. Also ohmic
metallic back contact schemes featuring high recombination velocities can lead to a reduction
of charge carrier lifetimes. However, the full potential of PEDOT:PSS as a hole selective front
junction on n-type c-Si can only be determined if the device is not limited by the intrinsic prop-
erties of the c-Si wafer or the implemented back contact. Therefore, we combine the hybrid
PEDQOT:PSS/c-Si front junction with a superior, very selective and well passivated electron back
contact and use high quality c-Si wafers with a minority carrier diffusion length larger than the
wafer thickness.

6.3.1 PEDOT:PSS/c-Si solar cell results

A sketch of the hybrid device is given in the inset of Figure 6.10 (a). The electron back contact
consists of an (i,n™)a-Si:H layer stack, followed by an ITO/Ti/Ag metallization adopted from the
high-efficiency SHJ technology [194, 191]. PEDOT:PSS is fabricated on the front side followed
by Ag-grid metallization. The detailed description of the hybrid device fabrication is given in
section 3.1.

The j(V')-curve of the record PEDOT:PSS/c-Si solar cell, including characteristic device param-
eters, is depicted in Figure 6.10 (a). We report on an efficiency of 14.8%, j..* = 31.9 mA/cm?,
Voe = 663 mV, and FF = 70%. To the best of the author’s knowledge, this is the highest V.
achieved for hybrid solar cells using PEDOT:PSS as a hole selective front contact to date. SHJ
solar cells fabricated at HZB with identically-prepared electron back contacts but conventional
inorganic ITO/(p)a-Si:H/(i)a-Si:H hole selective front contacts exhibit V,.s up to 708 mV [191]
and efficiencies above 16% [194]. Hence we conclude, that the achieved V. of 663 mV is truly
limited by the hybrid PEDOT:PSS/c-Si front contact. This is supported by a similarly V. of
657 mV reported for the so-called "BackPEDOT" hybrid device concept using PEDOT:PSS as
a hole selective back contact in a high-efficient front homojunction c-Si solar cell [250, 347].
Although PEDOT:PSS does not perform as well as the inorganic a-Si:H/c-Si front junction, it
shows by far the best performance of all organic materials tested on c-Si. Using P3HT as an
organic hole selective front contact and a similar inorganic SHJ electron back contact, a V,,. of
only 617 mV is reported [341].

4solar cell active area of 0.85 cm?2, front metal grid subtracted
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Figure 6.10 (b) depicts the corresponding 1/C2-V plot obtained by C-V measurements. As de-
scribed in section 3.3, fitting of the linear part allows to determine the built-in voltage, Wy, and
the doping concentration, Np. The extracted values are given in the figure and will be used in
the following section for the construction of the band diagram.
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Figure 6.10: (a) j(V')-characteristics under AMI1.5G illumination of the best hybrid
PEDOT:PSS/(n)c-Si solar cell. The electron back contact is adopted from the high-efficiency
SHI technology. The exact hybrid layer stack is sketched in the inset. (b) Corresponding C-V
characteristics. The built-in voltage, W}, and the doping concentration, Np, is extracted from
the A%/C2-V plot according to Eq. (3.6) (cf. section 3.3). Data published in Ref. [136].

6.3.2 Junction formation at the PEDOT:PSS/(n)c-Si interface

In Figure 6.11 the band diagram of the hybrid PEDOT:PSS/(n)c-Si junction of the device under
discussion is constructed by combining experimental data and literature values. For bulk c-Si
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the electron affinity, xg; = 4.05 eV, and the band gap, Efi(?)OOK) =1.12 eV, are well established
values [288]. The built-in potential, Vy,; ~ 690 mV, and the energy difference A(Fc — Er) =

kBTl %J ~ 250 meV in c-Si is deduced by C-V measurements’. The energetic position of the

conductlon band / LUMO of PEDOT:PSS was recently determined by IPES to be at ~3.6 eV, and
the corresponding conduction band / HOMO is ~4.9 eV [203]. Taking into account the measured
A(Ey — Er) =~ 80 meV, the work function, ®,,, is assumed to be ~5.0 eV. The corresponding
band offsets are indicated in red in Figure 6.11.

It is clearly seen in Figure 6.11 that due to Wy,; the intrinsic Fermi level of c-Si, EISi, Crosses
Er forming an inversion layer, IL, near the surface (indicated in blue). Moreover, even a strong
inversion of c-Si, defined as Wy,; > 2| Er — E| [288, 92], is observed at the PEDOT:PSS/(n)c-Si
junction. Thus, the construction of the band diagram suggests the formation of a pn-junction
within c-Si itself. A device operating in strong inversion is less sensitive to interface defects
than a Schottky barrier or a weak inversion device. This gives rise to high V,.’s and manifests
the potential of the polymer PEDOT:PSS as an organic hole selective contact for (n)c-Si based
photovoltaics.
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Figure 6.11: Constructed band diagram of the hybrid PEDOT:PSS/(n)c-Si junction by combining
literature values for c-Si [288], PEDOT:PSS (IPES/UPS) [203], and values obtained by N-
UPS(6.5 eV) and C-V measurements. The inversion layer (IL) caused by the built-in potential
(Uy,;) is indicated in blue.

Swith the effective density of states, N, in the conduction band. N¢(300 K) =2.8 x 10" cm ™3 [288]
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6.3.3 Discussion of limiting properties of the PEDOT:PSS/(n)c-Si
front contact

Based on the results presented above, the potential of PEDOT:PSS as a hole selective front con-
tact for SHJ (n-type c-Si) solar cells will be discussed in this section.

Selectivity and passivation of the PEDOT:PSS/(n)c-Si junction

Basically, a heterojunction in solar cells is characterized by its selectivity and passivation.

The selectivity is provided by the potential barrier present for one type of charge carriers. The
electron blocking barrier height at the PEDOT:PSS/(n)c-Si junction is given by (cf. Fig. 6.11)
[288, 136]:

1. A(Ec — Er) =~ 250 meV (C-V data)

2. U ~ 690 meV (C-V data)

3. AEq ~ 450 meV (IPES/UPS literature results [203])
The passivation of a heterojunction is determined by the surface recombination velocity (vs)
and the interface recombination velocity (v;).

Considering all contributions listed above, this leads to the assumption of the dark saturation
current density (jo). It is derived by both contributions [136]:

Jo = qNcvy- exp —1 [‘I’bi + A(Ee — EF)i|
kT

+ qNcvs- exp {_kLT [AEC + Uy, + A(Ec — EF)} } , 6.1)
B

whereby the probability of electrons to surpass the respective potential barrier is given by the

exponential term.

Furthermore, j, can be approximated by the ideal diode equation at open-circuit [288]:

-SC A
Jorm — R 9 x 107 (6.2)
exp [—ZZ‘;} -1 cm

with the measured V. and js. given in Figure 6.10 (a).
Finally, v; can be estimated from Equation (6.1) by assuming [136]:

* jo is only determined by the hybrid PEDOT:PSS/c-Si front junction.

* vg is given by thermionic recombination at the Ag/PEDOT:PSS (metal-semiconductor)
interface, whereby all electrons which surpass the potential barrier recombine with vg ~
A**T/qN¢ [288]°.

Swith the reduced effective Richardson constant A**
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This leads to an approximated interface recombination velocity of v; ~ 365 cm/s.

For comparison, the recombination velocity at the c-Si surface with natively grown oxide is in
the order of 1000 cm/s, but strongly depends on the time after H-passivation [186]. Unpassivated
c-Si wafers have surface recombination velocities of ~10° cm/s. A high quality passivation with
recombination velocities in the range of 10 - 30 cm/s and record values < 1 cm/s are reported
for thermally grown stoichiometric SiO/c-Si, ALD fabricated Al,O3/c-Si, or PECVD processed
a-Si/c-Si interfaces [4, 154, 69, 248, 324, 203]. Thus, the estimated v; of about 400 cm/s points
out the further potential of the PEDOT:PSS/c-Si junction if a better passivation of the hybrid
interface is achieved.

The estimated j, of ~2 x 10713 A/cm? is slightly higher than the dark emitter saturation current
density, jo ., extracted from PCD measurements on PEDOT:PSS/SiO,/c-Si samples featuring a
native SiO, layer which was intentionally grown by storing the wafer for 24 h in air prior to
PEDOT:PSS fabrication [249]. The difference may result from the fact that in our calculation of
Jo (Eq. (6.2)) contributions of the whole device are included. But also a different chemical state
of interfacial SiO, with varying passivation quality is a possible explanation.

Solar cell and HAXPES results both indicate the formation of an interfacial, sub-stoichiome-
tric SiOy layer during water-based solution processing of PEDOT:PSS on initially H-passivated
c-Si substrates. Improving the wafer passivation and introducing a more controllable and stable
interlayer is beneficial for V;. and the long-term stability of PEDOT:PSS/c-Si solar cells.

Optical losses at the PEDOT:PSS/c-Si front contact

Simulations presented in chapter 5 demonstrate that optical losses are significant in PEDOT:PSS/
c-Si solar cells. To quantify these losses optical simulations are compared with device per-
formance. The PEDOT:PSS layer thickness of the device under discussion was determined
to ~93 nm’. Figure 6.12 depicts the simulated absorption and reflection profile for a 95 nm
PEDQOT:PSS/c-Si solar cell in comparison to the measured EQE proving that the assumption of
uniaxial optical anisotropy of PEDOT:PSS films on flat c-Si surfaces under normal incidence of
light is correct.

Through integration over the solar spectrum js. = 30.3 mA/cm? is obtained. This is 1.6 mA/cm?
below j. = 31.9 mA/cm? extracted from j (V') measurements (cf. Fig. 6.10). Possible causes for
this deviation are (i) errors in substracting the front contact grid area or (ii) insufficient AM1.5G
solar spectrum imitation used in the measurements. However, optical simulations predict about
6 mA/cm? current loss due to parasitic absorption in PEDOT:PSS (orange area in Fig. 6.12) and
about 10 mA/cm? reflection losses at the hybrid layer stack (yellow area in Fig. 6.12). We have
already shown that with a DMSO post-treatment it is possible to reduce PEDOT:PSS layer thick-
ness to ~35 nm while maintaining the same sheet resistance [137]. This will reduce parasitic
absorption losses to ~1.5 mA/cm? (cf. Fig. 5.4, section 5.2). Reflection can be minimized by
adding an additional wide-bandgap layer with suitable refractive index. Possible candidates are
e.g. LiF or MoO,, [179, 348, 9]. With demonstrated V. = 663 mV and FF = 70% efficiencies
well above 16% are expected for planar layer stacks. Since the reflective losses mainly originate

"measured with AFM at the center of the device
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from the PEDOT:PSS/c-Si interface, further improvement can be achieved by using textured
wafers. As discussed in section 5.2, also parasitic absorption is expected to decrease as a sig-
nificant part of incident light would then oscillate in direction of the extraordinary component
of the extinction coefficient of PEDOT:PSS, which is smaller than the ordinary component. A
further reduction of parasitic absorption of ~40% for KOH etched c-Si substrates was estimated
(cf. section 5.2). However, polymer deposition on structured surfaces has been shown to be
difficult [142, 249, 323]. Eventually other deposition methods like drop-casting or spray-coating
[63] might be utilized for a better polymer coating on textured substrates. Possibly, also other
polymer formulations featuring different viscosities could enable a successful deposition of thin
film PEDOT:PSS on structured c-Si wafers.
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Figure 6.12: Optical simulated absorption and reflection profiles for a hybrid solar cell with
95 nm PEDOT:PSS. The experimental EQE of the device under discussion is shown as red
dashed line. Data published in Ref. [136].

6.4 Summary

The promising PEDOT:PSS/c-Si hybrid solar cell approach was investigated in great detail.

By combining capacitance-voltage measurements, near-UV photoelectron spectroscopy (PES)
and literature values a complete band diagram of the PEDOT:PSS/(n)c-Si heterojunction was
constructed showing that c-Si is strongly inverted at the hybrid interface. This is in-line with the
finding that the PEDOT:PSS/(n)c-Si junction can be described as an abrupt p™n-heterojunction
[138] giving rise to high solar cell’s V..
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Besides the proper band alignment of a heterojunction, the chemical structure of its interface is
important. A tender/hard X-ray PES (HAXPES) study was conducted to probe the buried hybrid
PEDOT:PSS/c-Si interface. The results show that after standard fabrication of PEDOT:PSS on
H-passivated c-Si, a thin sub-stoichiometric SiOy layer is always present at the interface. More-
over, we also find that this SiO, layer is even not stable when stored in inert gas atmosphere. It is
observed that the thickness and oxidation state of the SiOy layer increases with time which may
negatively affect the electronic quality of the hybrid interface.

PEDQOT:PSS/(n)c-Si hybrid front junction solar cells utilizing high-quality c-Si wafers and a su-
perior, well passivated electron selective back contact adopted from the SHJ technology, result in
best solar cell efficiencies of 14.8% and a record V. of 663 mV. The cell’s performance is limited
by the hybrid PEDOT:PSS/c-Si junction. Assuming that the dark saturation current density, jo,
is only determined by the hybrid junction and that the surface recombination velocity is given by
thermionic recombination, an interface recombination velocity, v, of ~400 cm/s was estimated.
For comparison, v; in conventional inorganic SHJs is usually in the range between 10 - 30 cm/s
[154]. This is the result of the poor interface, as observed in the HAXPES study.

This points out that the PEDOT:PSS/c-Si junction is limited by interface recombination and V.
of hybrid SHIJ solar cells could be further improved by providing a better passivating and stable
interlayer.

Additionally, a significant device improvement is possible with a better light management. For
the best solar cell, the comparison between measured device EQE and optical simulations pre-
dicts a short-circuit current density loss of ~6 mA/cm? due to parasitic absorption in PEDOT:PSS
and ~10 mA/cm? due to reflection at the planar hybrid layer stack. Minimizing parasitic absorp-
tion by reducing PEDOT:PSS layer thicknesses will on the other hand enhance reflection. This
can be compensated by implementing wide bandgap layers with suitable refractive indices. De-
vice efficiencies above 16% are predicted. A further increase in photocurrent can be achieved
by using structured surfaces which reduce reflection losses. Because a significant fraction of
incident light will oscillate within the less absorptive extraordinary component of birefringent
PEDOQOT:PSS, an additional reduction of parasitic absorption is expected for textured devices.
For a better surface passivation and hence improved V,,, and to ensure a long-term stability of the
PEDOT:PSS/c-Si hybrid interface, we suggest implementing a well-defined, stoichiometric and
stable SiO, tunnel oxide with excellent surface passivation quality [279, 199, 97]. A so-called
"TOPCon" device with such a layer currently yields a record efficiency of 25.3% for convention-
ally contacted c-Si solar cells [123, 109].

All above discussed device improvements lead to the proposed solar cell structure depicted in
Figure 6.13. It consists of the "TOPCon" electron rear contact featuring a very low jo yeqr = 7
fA/cm? [109]. On the front side the proposed hybrid device takes advantage of the high-quality
SiO, tunnel oxide as utilized in the back contact. MoO, or LiF are possible candidates for an
anti-reflex coating.
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Figure 6.13: Proposed
PEDOT:PSS/Si05/c-Si/TOPCon
hybrid solar cell. The hybrid
interface is passivated by a
well-defined and stable SiO,
tunnel oxide. For best device
efficiencies PEDOT:PSS as
thin as possible and an opti-
mized AR-coating should be
implemented [97, 109].



Multi-exciton generating hybrid
PEDOT:PSS/Tc/c-Si device concept

Making use of multi-exciton generation (MEG) via singlet fission (SF) is one possibility to over-
come the fundamental single junction photovoltaic limit. One of the central objectives of this
thesis is to exploit MEG for the already mature Si based photovoltaic technology by implement-
ing an appropriate SF material on the front side of conventional c-Si based solar cells. Tetracene
(Tc) with its triplet energy of E%¢ = 1.25 eV [310] is a promising candidate as EX° is a little
larger than the band-gap energy Efi =1.12 eV [288] for c-Si at room temperature.

The highly conductive polymer PEDOT:PSS is commonly used as the hole selective contact in
singlet fission OPV devices [134, 328, 64, 305, 172, 171]. Furthermore, as demonstrated in the
previous chapter, PEDOT:PSS is also a promising organic candidate forming a hole-selective
hybrid contact with n-type c-Si which can be described as an abprupt p*n-heterojunction [138].
Within the proposed hybrid PEDOT:PSS/Tc/c-Si device architecture (cf. section 2.4) we make
use of both properties by implementing thin film Tc in between the hole selective PEDOT:PSS
and the n-type c-Si main absorber.

The present chapter is organized as follows:

Morphology of thin film Tc, SF dynamics and the energy level alignment on device relevant
Tc/c-Si layer stacks were investigated in great detail, as it is important for the interpretation of
solar cell results.

As the central result of this study, PEDOT:PSS/Tc/c-Si solar cells with efficiencies = 10% are
reported. Devices were analyzed by means of j(1') characteristics and EQE measurements. For
a thorough interpretation the measured EQE spectra were fitted with the singlet fission EQE
optical model introduced in chapter 5. To further assess whether the dissociation of triplet ex-
citons and charge transfer across the hybrid interface to c-Si is a feasible scheme, EQE spectra
were recorded under various measurement conditions, such as temperature and externally applied
voltages. So far, no clear evidence for triplet exciton harvesting at the Tc/c-Si interface is found.
Reasons which hamper an efficient charge separation at the hybrid interface are discussed.
Finally two interlayers approaches, (i)a-Si:H passivation and intermediate Cg layers were tested.

93
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7.1 Morphology and growth mode of thin film Tc

For a profound interpretation of SF dynamics in polycrystalline thin film Tc (cf. section 7.2)
and PEDOT:PSS/Tc/c-Si solar cell performance (cf. sections 7.4.1 & 7.4.2), insight into Tc film
morphology and growth mode is essential.

7.1.1 Polymorphism in Tc thin films

The morphology of thin film Tc strongly depends on thermal evaporation deposition conditions
[15, 265]. It has been reported that polycrystalline Tc can be classified in two polymorphs,
namely Tc I and Tc II [15]. Furthermore, it is shown that Tc film morphologies influence SF
dynamics [15, 227].

Polarization dependent absorption measurements were performed at various measurement ge-
ometries using a spectrophotometer. As sketched in Figure 7.1 (right), the incident light with
wave vector k forms an angle with respect to the sample’s surface normal 7. Sample rotation
(here 10° and 65°) was achieved by a rotatable sample holder placed inside the integrating sphere.
Thus, transmission T and reflection R is measured simultaneously and the absorption, A = 100%
- (T + R), is plotted. Measurements at 10°, close to normal incidence (0° tilt), were performed.
At normal incidence the specularly reflected beam exits the integrating sphere through the hole
for the incident beam.

Figure 7.1 shows polarization dependent absorption spectra of a nominally 10 nm Tc film de-
posited on a glass substrate. The absorption spectra reveal the characteristic vibrational progres-
sion of polycrystalline Tc [15, 299]. The Sy — S; transition occurs between A = 400 - 550 nm,
whereby the two lowest energy transitions at ~524 and ~505 nm are assigned to Davydov split-
ting as a result of H- and J- type molecule aggregation [299, 212, 70]. For 10° tilt no significant
difference for both polarizations is observed. In contrast, a pronounced change of Davydov split
peak shares (cf. next paragraph) appears for 65° tilt.

Discussion of polymorphism and Davydov splitting

During growth of organic thin films, molecules tend to aggregate due to attractive intermolec-
ular interactions like van der Waals forces. The optical absorption properties of molecular ag-
gregates can be qualitatively modeled using the exciton coupling model that treats molecules
as dipole oscillators which interact depending on the position and orientation of neighboring
molecules [150, 149]. Using this model, absorption features can be related to structural motifs
of the molecular aggregates. Figure 7.2 depicts the fundamental aggregate types. When two
dipoles (indicated by the green double arrows) are aligned side-by-side (H-aggregate), parallel
dipoles repel each other leading to a higher energy state S{", whereas anti-parallel dipoles attract
each other which lowers the energy of that state (S;). An optical transition is only allowed if
the transition dipole moment m is greater than zero. As also indicated in Figure 7.2, parallel
alignment of dipoles results in m > 0, whereas anti-parallel dipoles cancel each other resulting
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Figure 7.1: Absorption spectra of nominally 10 nm Tc deposited on glass. The measurement ge-
ometries for polarizations of incoming light with respect to the surface normal 77 are sketched
for tilt angles of 10° (green line) and 65° (blue line). Vertical dotted lines indicate Davydov
splitting as a result of H- and J- type aggregates. The polarization is given in the inset.

in m = 0. Thus, the fundamental absorption in H-aggregates is blue-shifted (higher energy S,
— ST transition allowed) with respect to the monomer. Similarly, if the two dipoles are ori-
ented head-to-tail (J-aggregates) a red-shift (lower energy So — S transition allowed) in the
absorption is observed. In any intermediate case, the formation of oblique dimers, projections
of various orientations yield a H-J-band splitting which is called Davydov splitting [70]. The
oscillator strength is shared between the two transitions and their relative contributions depend
on the orientation of the crystallites [149, 150, 196, 233, 342].

Accordingly, we can interpret the observed Davydov splitting in the absorption spectra of thin
film Tc (Fig. 7.1) as being due to the fact that the polycrystalline Tc films consist of both, H-
and J- type aggregate shares. Furthermore, by controlling the polarization of incident light with
respect to the sample orientation and therefore the alignment of transition dipole moments, the
preferential aggregate excitation can be tuned. The results reveal a pronounced change of Davy-
dov split peak ratios for different polarizations in the off-axis (65° tilt) alignment, whereas for
near-parallel (10° tilt) alignment of k: and 7 no significant changes are detected. This behavior
shows an isotropic aggregate distribution in the substrate plane. In this case various polarizations
at normal incidence are not distinguishable. In contrast, the pronounced change of Davydov
splitting for off-axis incidence (65° tilt) is a clear evidence for anisotropy of H- and J- type Tc
aggregation along the surface normal 7i.
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Figure 7.2: Energy level diagrams of molecular dimers in side-by-side (H-aggregation), head-
to-tail (J-aggregation) and oblique (H-J-projections) geometrical arrangements (indicated by
double arrows), and the allowed (solid arrows) or forbidden (dotted arrows) transitions. Small
arrows denote the transition dipoles [149].

In addition, Tc absorption spectra for a thickness series of films deposited on glass ranging from
nominally 10 nm up to 200 nm were recorded. For these measurements samples were placed
in front of the integrating sphere, as it is commonly done to record transmission data. Thus,
reflection is discarded and the approximated absorption A = 100% - T is plotted in Figure 7.3.
All films exhibit the characteristic Davydov splitting with changing peak ratios depending on
film thickness. As observed previously, intensity ratios of Davydov split peaks are evidence for
various Tc polymorphs [128, 15]. In a recent study of D. H. Arias et al. [15], Tc polymorphs
are classified into Tc I and Tc II types with H-type aggregation being more pronounced in Tc
I and J-type aggregation being stronger in Tc II polymorphs. As shown in Ref. [15], Tc I:
Tc II polymorph ratios strongly depend on growth conditions, i.e. deposition rate and substrate
temperature, as well as on film thickness. Since all Tc films in this thesis are grown using the
same deposition parameters with only varying the deposition time, the here presented absorption
data show only the effect of changing film thickness. Thus, the change in Davydov split peaks of
Figure 7.3 is assigned to varying Tc I : Tc II shares, whereas thicker films favor the enrichment
of Tc I character (H-type split peak).

XRD analysis of thin film Tc

Figure 7.4 shows the X-ray diffractograms of nominally 100 nm and 300 nm Tc films grown on
c-Si(111). XRD allows for a simple identification of crystal structures. The peaks at 7.3° and 6.9°
can be assigned to diffraction from the (001) planes of Tc I and Tc II polymorphs, respectively
[15]. XRD data clearly show contributions from both polymorphs. By fitting XRD peaks with
Voigt profiles (for reasons of clarity fits are not shown in Fig. 7.4) peak area ratios were obtained.
The 100 nm Tc film reveals a Tc I : Tc II polymorph ratio of ~4:3, whereas the 300 nm Tc film
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Figure 7.3: Absorption spectra of a thickness series ranging from nominally 10 nm to 200 nm of
thin film Tc deposited on glass. Davydov splitting of H- and J- type aggregation is indicated.

is predominantly Tc I type with a strongly enhanced ratio of ~16:1. Thus, the trend of higher Tc
I shares for thicker films, which was already observed in the Tc absorption study (cf. Fig. 7.3),
is confirmed. This is in line with the reported dependence of an increasing Tc I : Tc II ratio for
thicker films in Ref. [15].

7.1.2 Thin film Tc growth on ¢c-Si(111)

Detailed knowledge about Tc layer formation on H-passivated c-Si(111) surfaces will be essen-
tial for hybrid solar cell performance and interpretation of results. An important question is, if Tc
films completely cover the c-Si substrate, or if point contacts between hole selective PEDOT:PSS
and c-Si are possible. Therefore, as presented and discussed in the following, AFM topography
images of Tc/c-Si layer stacks and corresponding SEM cross section images of hybrid stacks
capped with PEDOT:PSS were taken. To manifest an upper limit of a possible point contact
ratio, XPS measurements were additionally conducted.

Figure 7.5 (a) shows AFM topography images of nominally 10 nm (left) and 100 nm (right) Tc
deposited on H-passivated c-Si(111). For nominally 10 nm coverage we observe 3d island for-
mation with Tc crystallites of widths parallel to the surface in the range of ~1 pm and heights
of up to 60 nm. Approximately 60% of the surface area is not covered by such 3d crystallites.
Additionally, for three crystallites the height profiles corresponding to the numbers in the AFM
image are given. An analysis of the height profiles reveal Tc island edge angles of ~60°. The
nominally 100 nm Tc film also exhibits a 3d crystal grain structure with a RMS of ~16 nm.
Analysis of the height profiles yield the same ~60° edge angle. As indicated by the red arrows
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on the height profile color bar, after leveling of the image an ~4.5% share of deep valleys have
thicknesses below 40 nm, but only ~0.1% less than 20 nm.

In addition, XPS measurements were conducted to determine the amount of photoelectrons stem-
ming from the c-Si substrate that make it through the Tc film to the detector. As expected from
the AFM image, a pronounced Si core level signal (Si 2p) is detected for the "thin" 10 nm Tc
film (Fig. 7.5 (b,left)). Note that —in view of the inelastic mean free path of photoelectrons at the
corresponding kinetic energy (> 1 keV) of 1 - 2 nm- this does not exclude a closed Tc wetting
layer. For the "thick" 100 nm layer no Si related signal could be detected (background noise
shown in Fig. 7.5 (b,right)).

Finally, Figure 7.5 (c) shows SEM cross section images of identical prepared Tc films with
PEDOT:PSS capping layer used as the front contact in the hybrid device. The image on the left
side depicts one Tc island of the nominally 10 nm film. It is clearly observed that spin-coated
PEDQOT:PSS covers the island. At its edges the polymer layer is aligned along the ~60° Tc is-
land edge and is in contact to the substrate. In contrast, the SEM cross section image for the
nominally 100 nm Tc film show that the PEDOT:PSS layer is clearly spatially separated from
the c-Si substrate by the Tc layer. During SEM imaging the entire cross section was scanned and
no direct contact between PEDOT:PSS and c-Si wafer was found on a distance of about 2 mm.
However, the SEM cross section study was conducted at randomly cracked samples. Thus it is
likely that no deep valley of the Tc film emerged at the cross section under investigation even if
there was a small fraction of contact area.

Discussion of Tc growth mode and point contacts

As sketched in Figure 7.6, there are three main types of film growth: (i) Volmer-Weber [320] (i)
Stranski-Krastanov [280], and (iii) Frank-Van Der Merwe [100]. In thermodynamic equilibrium,
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Figure 7.5: (a) AFM topography of nominally 10 nm Tc (left) and 100 nm Tc (right) deposited
on H-passivated c-Si(111). Color bars indicate the height. Exemplary height profiles of Tc
crystallites (left) and deep valleys (right) extracted from the AFM images at positions indi-
cated in the images. (b) XPS spectra taken at F},,q of the Si 2p core level peak for identical
prepared films. (c) SEM cross sections of the corresponding PEDOT:PSS/Tc/c-Si layer stacks.
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growth modes can be explained macroscopically by a simple thermodynamic picture in terms of
surface energies [25, 236]. The Volmer-Weber model considers an initial nucleation at a certain
spot followed by a 3d island growth. This bulk island growth originates from the fact that the
surface energy of the substrate, -, is smaller than the sum of the surface energy of the molecular
adsorbate, ,,, and the interfacial energy, ~y;. In contrast, in the Frank-Van Der Merwe mode, 2d
molecular layer-by-layer growth is favored for 7, larger than the sum of +,, and ;. However,
there exists an intermediate regime, the Stranski-Krastanov mode, in which an initial layer for-
mation is followed by 3d island growth. Note that ~,,, and v; strongly depend on system specific
molecule-surface interactions [236].

Volmer-Weber Stranski-Krastanov Frank-Van Der Merwe

LB o

Substrate Substrate Substrate

Figure 7.6: Cross-section views of the three modes of thin-film growth: (i) Volmer-Weber (island
formation), (ii) Stranski-Krastanov (layer-plus-island), and (iii) Frank-Van Der Merwe (layer-
by-layer). Figure taken from Ref. [16].

In literature both island formation growth modes, Volmer-Weber-like for thin film Tc deposited
on SiO, surfaces [204, 330], as well as Stranski-Krastanov-like growth for Tc deposited on
Ag(111) [169] have been reported. Furthermore, it has been shown that Tc thin film growth
mode on H-passivated c-Si(100) substrates at room temperature strongly depends on the depo-
sition rate [265, 303]. J. Shi et al. [265] report layer-by-layer growth within a narrow range
of deposition rate of ~1 nm/min. However, a sufficiently high deposition rate of ~8 nm/min
results in a high-aspect-ratio 3d grain morphology which indicates that rapid deposition causes
multilayer-island growth before effective island coalescence takes place. In this regime they ob-
serve bare substrate regions coexisting with 3d grains pointing to a weak interaction between
Tc admolecules and H-passivated c-Si(100) substrate [265, 312]. Furthermore, it is predicted
by first-principles calculations that isolated Si dangling bonds of a H-passivated c-Si surface act
as efficient initial nucleation centers [312]. In summary, the exact growth mode of thin film Tc
strongly depends on specific substrate surface condition, substrate temperature and evaporation
rate.

For the Tc films deposited on H-passivated c-Si(111) substrates, a layer-by-layer growth mode
can be excluded from the AFM and SEM studies presented in Figure 7.5. A 3d island formation
is unambiguously observed.

However, for the "thin" 10 nm Tc/c-Si sample the formation of an ultra-thin Tc monolayer prior
to 3d island growth (Stranski-Krastanov mode) cannot be excluded from the here presented AFM
and SEM imaging study. Although lab based XPS is rather surface sensitive, the detected Si 2p
signal for the 10 nm Tc/c-Si sample could also emerge from buried Si with only a monolayer of
Tc coverage which would allow to detect photoelectrons stemming from the c-Si substrate.
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For the "thick" 100 nm Tc/c-Si sample one important question is whether the film is completely
closed, or if some deep holes reach the c-Si surface. AFM analysis gives no indication for the
existence of such holes but is limited due to cantilever length and diameter. To manifest an upper
limit and to exclude AFM tip artifacts at deep pinholes, an XPS analysis was performed. With
XPS no Si related signal could be detected. AFM height profile analysis reveal crystallite edge
angles of deep holes of ~60°. This is well above the photoelectron acceptance angle of 12° of the
here used PES setup. Thus, no attenuation of photoelectron signal by Tc grain edges is expected.
Assuming the typical sensitivity of XPS of 0.1% [275], from the here presented data an upper
limit of 0.1% share of deep pinholes possibly reaching the c-Si substrate is given.

For a further investigation of thin film Tc growth mode within our specific deposition parameters
and c-Si surface conditioning, a TEM study is currently under way.

In summary, polymorphism (denoted as Tc I and Tc II phases) is observed for all Tc films. The
change in Davydov splitting addressed by absorption measurements can be assigned to varying
Tc I: Tc Il ratios with thicker films favoring growth in Tc I mode. This assumption is confirmed
by XRD studies. AFM topography and SEM cross sections clearly show island formation of
our Tc thin films. The actual growth mode, either the formation of an ultra-thin Tc layer prior
to 3d island growth or nucleation with uncovered c-Si wafer regions remains an open question.
From the here presented data for the 100 nm Tc film a maximum share of 0.1% of deep pinholes
possibly reaching the c-Si substrate is extracted.

7.2 Dynamics of thin film Tc

The formation of long-lived triplet excited states in Tc via singlet fission is a key piece in our
MEG hybrid device concept. As described in section 2.3.1, measuring time-resolved PL signal
is an indirect but well established way to access long-lived triplet states [229, 227, 47, 45, 15].
To that end, time-correlated single photon counting (TCSPC) measurements on identical layer
stacks as used for solar cell fabrication were conducted.

For the measurements an excitation wavelength of 500 nm of a pulsed laser source with a repeti-
tion rate of 500 kHz and an excitation density of about 1 x 10" cm™3 was used. The PL signal
was detected for wavelengths > 540 nm using a long pass filter.

Figures 7.7 (a) and (b) show the measured PL transients of nominally 10 nm and 100 nm Tc
films deposited on quartz glass and HF-dipped c-Si(111) substrates, respectively. Each thickness
set was grown in the same evaporation run. The instrument response function (IRF) is plotted in
grey. Its kinks are artifacts due to imperfect pulse picking. Obviously the recorded PL transients
feature the same artifacts.

Upon photo-excitation, Tc has a population in the first excited state S;. These singlets may decay
via several processes: SF, fluorescence, or singlet-singlet annihilation (SSA). For Tc it has been
shown that singlet fission, which is a first order process, is the predominant relaxation process.
However, also second order SSA may occur [47, 46, 299]. Hence, the initial rapid decrease of
PL intensity over several orders of magnitude is assigned to the fast depopulation of the emissive
singlet state via SF. The delayed PL signal stems from the repopulation of the singlet state via
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triplet-triplet fusion. Thus, the detection of a delayed signal component is the unambiguous proof
that long-lived triplets are generated in the Tc layers under investigation [229, 227, 47, 45, 15].
Therefore, the basic requirement for MEG devices, the creation of long-lived triplet states via SF
is proven.

Evaluation of PL transients

The ultimate goal for the analysis of measured PL transients is to understand the process pro-
ducing luminescence by fitting a photo-physical SF kinetic model with realistic parameters. In
a first modeling attempt rate equations as introduced in section 2.3.1 (Egs. (2.7) - (2.9)) with
additionally included second order singlet-singlet and triplet-triplet annihilation loss pathways,
as well as non-radiative loss channels of the correlated triplet pair, (T, T;)’, and free triplet, T},
states were implemented. Unfortunately, within this model the fits never converged over the full
dynamic range of experimental TCSPC data. Possible explanations therefore are: (i) samples are
standardly translated during TCSPC measurements to minimize the exposure time at one spot
which slows down beam induced degradation. Since thin film Tc is not uniform, as shown in
the morphology study, this may effect measured transient PL spectra. (ii) Different phases of
polycrystalline Tc thin films were observed. According to a recent study of D. H. Arias et al.
[15], these different phases exhibit slightly different SF dynamics, which we cannot account for
in the kinetic modeling.

Therefore, following Ref. [15], PL transients were fitted with an empirical multi-exponential
decay model. In order to fit experimental data accurately it turned out that a series of four expo-
nentials, which have to be convolved with the IRF is needed:

4
Fit:lRF@ZAi-e*% (7.1)

i=1

By visual inspection of Figure 7.7 (a,b), no significant quenching of the delayed PL signal is
observed within each thickness data set. To prove that, a global fitting routine using Equation
(7.1) with constant lifetimes 7; was applied to each thickness set of data. As expected, within
one thickness set, experimental data could be accurately modeled using equal lifetimes and only
slightly varying amplitudes. Since the measured IRF is convolved with the empirical model, the
fits feature the same artifacts and noise as the experimental data.

The corresponding fit parameters are summarized in Table 7.1. Because we are especially inter-
ested in the delayed first order decay, reflecting triplet lifetimes, the fitting routine was optimized
in the range above 10 ns. The initial fast decay channel, which may also include second order
processes, could not be modeled within the same accuracy in our four-exponential decay model.

Thus, by comparing the delayed PL transients of Tc layers with the same nominal thicknesses
deposited on quartz, as well as on c-Si (cf. Fig. 7.7 (a,b) and Tab. 7.1), we do not observe a sig-
nificant lifetime shortening of the long-lived component. If the triplet state would be efficiently
depopulated via triplet exciton dissociation at the Tc/c-Si interface, a significant shortening of
triplet lifetime with a delayed PL component decreasing to zero is expected. In other words,
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Figure 7.7: Normalized (Log10) transient PL spectra recorded by time-correlated single photon
counting (TCSPC) measurements using a 500 kHz pulsed laser with an excitation wavelength
of 500 nm and an excitation density of about 1 x 107 cm~3. The PL signal is detected for
wavelengths > 540 nm. In (a) PL transients of nominally 10 nm Tc, and (b) 100 nm Tc
deposited on quartz and c-Si are shown (colored data). Using a four-exponential decay model
(cf. Eq. (7.1)), global fitting was conducted by fixing lifetimes for each thickness set. The
fits (black line) are convolved with the instrument response function (IRF, grey data). (c)
Comparison of 10 nm and 100 nm Tc layers on c-Si. (d) Comparison of 10 nm Tc deposited
on (i) glass and (ii) c-Si. (iii) Capped with PEDOT:PSS as it constitutes the device relevant

hybrid layer stack.
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Table 7.1: Fitted rate parameters using Equation (7.1) for nominally 10 nm and 100 nm Tc
films deposited on quartz glass and c-Si(111) substrates, respectively. The amplitudes for the
exponentials A; are listed as Ai/Z?:l A;. Global fitting with fixed lifetimes 7; was conducted
for each film thickness.

10 nm Tc/quartz 10 nm Tc/c-Si 100 nm Tc/quartz 100 nm Tc/c-Si

Ay 0.986 0.990 0.995 0.994

71 (ns)? 0.106 0.106 0.091 0.091

Ao 1.35E-2 1.02E-2 5.34E-3 5.61E-3

Ty (ns)® 5.53 5.53 6.08 6.08

As 1.51E-4 9.71E-5 4.40E-4 2.54E-5

T3 (ns) 88.2 88.2 116 116

Ay 3.99E-5 1.14E-5 3.08E-5 1.56E-5

T4 (ns) 254 254 316 316

“Since the focus was to fit the long-lived tail accurately (73, 74, bold & dark grey shaded values), the short-lived
components (71, T2) are more inaccurately and should be treated with caution.

within this dynamic study no evidence for triplet exciton harvesting at the hybrid Tc/c-Si inter-
face is found.

Figure 7.7 (c) displays the comparison of PL transients of "thin" (10 nm) and "thick" (100 nm)
Tc layers deposited on the same substrate, here c-Si(111). In contrast to data of Figures 7.7 (a)
and (b), long-lived tails are no more parallel, caused by slightly varying lifetimes. Fitted delayed
lifetimes 73 and 7, moderately deviate within ~20% (cf. Tab. 7.1). This can be attributed to
morphology differences for various Tc layer thicknesses [15, 227] which was observed for Tc
thin films under investigation (cf. section 7.1).

Finally, in Figure 7.7 (d) PL transients of 10 nm Tc, also deposited in the same evaporation run
on (i) microscope slide glass, and (ii) H-passivated c-Si(111) are shown. (iii) Additionally, the
Tc/c-Si stack was capped with PEDOT:PSS using the same fabrication steps, i.e. identical spin-
coating parameters and annealing temperature/time, as for hybrid solar cell production. Although
this experiment was carried out at the same experimental setup but roughly one year later as the
measurements discussed so far (Fig. 7.7 (a)-(c)), optical adjustment and excitation density was
slightly different resulting in a lower signal-to-noise ratio. Also in Figure 7.7 (d), no significant
lifetime shortening of the delayed component is observed by eye. As a consistency check, this
set of data was evaluated by assuming only first order decay in the delayed component above 100
ns. This justifies single exponential fits. We do not obtain pronounced differences, all samples
exhibit comparable life times of 7 = (57.4 £ 3.1) ns of the delayed component, corresponding to
a maximum deviation less than 10%. Due to only marginal differences between samples with and
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without capping layer of spin-coated PEDOT:PSS, it can be concluded that within the proposed
device architecture and utilized fabrication steps, triplet excitons are not significantly parasiti-
cally quenched at the PEDOT:PSS/Tc interface.

This is an important result, since D. N. Congreve et al. [64] reported on the necessity of an
interlayer placed in between the PEDOT:PSS hole conductive layer and the triplet exciton gen-
erating SF material. In their OPV devices P3HT is used. Their device architecture was already
introduced in section 2.4 (cf. Fig 2.8 (a)). They assigned the functionality of this layer to prevent
triplet diffusion to the anode and suppress parasitic recombination. Thus, this layer is called
"exciton blocking layer." In a study by N. J. Thompson et al. [305, 304] it was shown by XRD
measurements that the morphology of evaporated thin films is drastically influenced by the sub-
strate with greatly increased percentage of crystallinity for films deposited on P3HT. Therefore,
the boost in device performance was related to both, the improvement of crystallinity and triplet
blocking. In contrast, in this thesis hybrid solar cells are fabricated by an inverse sequence com-
pared to standard OPV device fabrication where layer stacks are deposited on ITO coated glass
substrates (cf. Fig. 2.8 (a)). We evaporate Tc directly on c-Si, subsequently followed by spin-
coating of PEDOT:PSS. Thus, different morphologies of thin film Tc is not an issue in the here
presented hybrid cell concept. The results presented in Figure 7.7 (d) suggest that a significant
parasitic loss of triplet excitons at the PEDOT:PSS/Tc interface is not present which supports the
explanation of an increased OPV device performance due to a favorable Tc thin film morphology
if evaporated on P3HT interlayer.

In summary, we clearly observe long-lived triplet states, although no significant quenching of
triplets due to exciton dissociation and charge separation at the hybrid Tc/c-Si interface is de-
tected. This is in accordance to a recently published dynamic study of G. B. Piland et al. [229].
Furthermore, it is shown that triplets are not significantly lost at the interface between the hole
conductive PEDOT:PSS capping layer and Tc when cells are fabricated within the hybrid device
concept as proposed in this thesis.

As it will be presented in section 7.4, the development of fully operating hybrid solar cells opens
up the opportunity for additional experiments on device level to further assess whether the disso-
ciation of triplet excitons and a charge transfer at the hybrid Tc/c-Si interface is a feasible scheme.

7.3 Energy level alignment at the Tc/c-Si interface

To assess the energy level alignment between H-passivated c-Si(111) and thin film Tc, as it is im-
portant for hole extraction from the c-Si absorber and charge separation at the Tc/c-Si interface,
UPS experiments were performed.

In-system preparation

At the end station SurlCat (BESSY II) an in-system sample preparation is provided. H-passivated
c-Si(111) substrates were put into the load lock and evacuated as fast as possible (~10 min after
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HF-dip). Three samples were investigated throughout the UPS study: (i) H-passivated c-Si ref-
erence, (ii) nominally 10 nm and (iii) 30 nm evaporated thin film Tc/c-Si samples. Subsequently
after Tc film deposition samples were transferred into the analysis chamber without breaking
vacuum. The results of UPS measurements using an excitation energy of 35 eV are depicted in
Figure 7.8.

In panel (a) the secondary electron cut-off spectra, SECO, for determining the sample work func-
tion, ®,,, are plotted. To clear the analyzer work function the samples were biased at -10 V. As
depicted in the figure, all three samples exhibit a constant ®,, = (4.3 £ 0.05) eV. It is determined
by the intercept of linear fits between the steep rising signal edge and the background noise. For
clarity, fits are not shown in the figure.

In panel (b) the HOMO(Tc)/VB(c-Si) region close to E'r, taken at 45° take-off angle for a better
surface sensitivity, are plotted (bottom). In addition, for a more precicely HOMO level deter-
mination, the difference spectra (c-Si reference spectrum subtracted) are depicted (top). The
extracted HOMO level of both Tc films are located at (1.1 = 0.1) eV relative to E.

The valence band leading edge of the H-passivated c-Si substrate is shown in panel (c). As de-
picted, the valence band edge position is determined as the intercept of linear fits between the
valence band leading edge and the background noise. Its position is estimated to (0.95 + 0.1) eV
relative to E'r.

Finally, based on the results presented above, combined with literature values for the Tc LUMO
[134, 328] and E, of c-Si [288], the energy level alignment at the Tc/c-Si interface is shown in
Figure 7.8 (d). The obtained ionization energy of ~5.4 eV for Tc is consistent with literature
values [158, 112, 328, 134, 310]. The HOMO level of Tc and the VB maximum of H-passivated
¢c-Si(111) are close to each other with an offset AEYE, ;o ~ 150 meV.

Solar cell preparation

Furthermore, ex-situ grown, nominally 1 nm and 10 nm, Tc thin films on H-passivated c-Si(111)
substrates, fabricated with identical deposition parameters and experimental setups as used for
solar cell production, were investigated with lab-based UPS using an excitation energy of 21.2 eV
(i.e. He-I, radiation). Samples were transferred under inert gas atmosphere from the evaporator
placed inside a glovebox to the UHV analysis chamber. The UV light intensity was attenuated by
a factor of 10 in the case of the 10 nm film to minimize possible light-induced film degradation
and sample charging.

Fig. 7.9 shows the measured SECO (a) and HOMO/valence band region spectra (b). A work
function of ¢, ~4 eV in both cases is determined. The low binding energy onsets of emission
of the HOMO is found at (1.2 + 0.1) eV and (1.3 4= 0.1) eV for the monolayer and multilayer
film, respectively. Accordingly, the ionization energy is ~5.3 eV for multilayer (= bulk-like)
Tc, consistent with literature values [158, 112, 328, 134, 310]. The slightly smaller ionization
energy for the ultra-thin (1 nm) film might result from a more efficient photohole screening from
Si when compared to the organic material. Such a film thickness-dependent shift is routinely
observed at organic/metal interfaces [125, 311].
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Figure 7.8: (a-c) UPS spectra recorded at SurlCat end station (BESSY II) using an excitation
energy of 35 eV. Samples were prepared in-system. Three samples were investigated: (i) H-
passivated c-Si reference (put into load lock ~10 min after HF-dip), (i1) nominally 10 nm
and (ii1) 30 nm evaporated thin film Tc/c-Si samples. (a) Secondary electron cut-off (SECO)
region. (b) HOMO(Tc)/VB(c-Si) region close to F/r. Spectra are recorded with 45° take-off
anlge (i.e., with increased surface sensitivity). (¢c) VB leading edge of H-passivated c-Si(111)
substrate. Values extracted from the spectra are given in the figure. (d) Corresponding energy
level alignment at the Tc/c-Si interface obtained by combining experimental and literature
values. The LUMO is taken from Refs. [134, 328], E, of c-Si from [288]. The determined
offset between Tc HOMO and the VB of ¢-Si is AE¥S o & 150 meV.
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Figure 7.9: (a) UPS (21.2 eV excitation energy) results: Secondary electron cut-off, SECO, and
(b) HOMO/VB region spectra of ex-situ grown Tc/c-Si(111) samples with Tc coverages as
indicated. The data resulting form subtracting the spectra collected with 45° take-off angle
(i.e., with increased surface sensitivity) from the one collected at normal emission (NE) is also
included for the 1 nm film. Extracted values for work functions, ®,,, and onsets of emission
of the HOMO are given in the figure.

Discussion of UPS results

The extracted | Er - HOMO| of (1.3 £ 0.1) eV for the 10 nm Tc/c-Si ex-situ grown sample is 200
meV larger than (1.1 £ 0.1) eV determined for the in-system prepared sample. However, simulta-
neously the determined work function, ®,,, shifts from (4.0 + 0.05) eV to (4.3 + 0.05) eV. Thus,
the corresponding ionization energies are almost constant at ~5.3 eV for the ex-sifu and ~5.4 eV
for the in-system prepared sample, respectively. Such shifts of SECO and HOMO energy levels
are observed in literature for organic/organic as well as organic/inorganic interfaces [283, 50, 51].
The authors relate this effect to differences in intermolecular packing and structural disorder in
the organic film which is induced in those studies by a post diffusion of inert gas (N») into the
film. In their model, gas molecules progressively penetrate into the organic film and the original
intermolecular packing geometry is locally altered [50]. In our study, intermolecular packing of
Tc thin films could be altered by various mechanisms comparing the two sample preparations:
(1) Ny gas atmosphere during sample transport for ex-situ prepared samples vs. vacuum transfer
for in-system preparation, and (ii) altering evaporation conditions, e.g. specific evaporation rates
and base pressures.

In summary, the here presented results, in accordance to literature, point out the importance of
specific initial evaporation conditions. But also follow-up device fabrication processes, i.e. expo-
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sure to various gas atmospheres, solution processing of PEDOT:PSS and various annealing steps
may have a significant impact on the electronic properties of organic thin films and therefore
overall device performance.

However, all UPS measurements on both, ex-sifu and in-system prepared, Tc/c-Si solar cell pre-
cursor samples reveal an offset between the HOMO of Tc and the VB of H-passivated c-Si(111)
in the order of AEYS, o &~ (200 + 200) meV. The large uncertainty of this value originates from
the above described energy shifts observed for different sample preparations. The comparatively
small offset, within the same order of magnitude as the a-Si:H/c-Si VB offset present in high
efficient inorganic SHJ solar cells (cf. chapter 4), should not impose a significant barrier height
for hole transport from the c-Si absorber across the hybrid interface to Tc.

A detailed discussion of triplet exciton harvesting at the hybrid Tc/c-Si interface, as it consti-
tutes one of the fundamental prerequisites for the here proposed multi-exciton generation device
approach, will be given in section 7.5.

7.4 PEDOT:PSS/Tc/c-Si hybrid solar cells

In the following section PEDOT:PSS/Tc/c-Si hybrid devices are analyzed and discussed by
means of j(V')-characteristics and EQE measurements under various device conditions. Ad-
ditionally, EQE spectra are evaluated by fitting experimental data within the singlet fission EQE
optical model as presented in section 5.1.

7.4.1 j(V)-characteristics of PEDOT:PSS/Tc/c-Si solar cells

Figure 7.10 shows j(V')-curves of hybrid solar cells with various Tc layer thicknesses. The
black curve corresponds to the PEDOT:PSS/c-Si reference cell without Tc, red and blue data
correspond to cells with nominally 10 nm and 100 nm Tc thin films incorporated. AFM images
taken on identically prepared Tc layers (without PEDOT:PSS capping layer) are also presented
in the Figure. As described in section 7.1.2, for a nominally 10 nm film Tc islands cover ~40%
of the c-Si substrate, for the 100 nm layer a maximum share of 0.1% of deep pinholes possibly
reaching the bare c-Si substrate are extracted from AFM images and a XPS study.

To the best of the author’s knowledge, this is the first report of a working c-Si based hybrid solar
cell with the singlet fission material Tc implemented within a hybrid layer stack. FFs of ~70%,
JseS Of ~22 mA/cm?, and Vs of ~645 mV result in PEDOT:PSS/Tc/c-Si device efficiencies
exceeding 10%. As demonstrated in the optical simulation study (cf. chapter 5), due to para-
sitic absorption in PEDOT:PSS and reflection at hybrid layer stacks, the photocurrent strongly
depends on specific organic layer thicknesses implemented on the solar cell’s front side. Hence,
the photocurrent extracted from j(V)-characteristics is insufficient to examine contributions of
the Tc layer. Therefore, as it will be presented in the next section, an EQE analysis was addition-
ally performed.

In order to keep solar cell fabrication for singlet fission hybrid devices simple, Ag was thermally
evaporated directly onto the a-Si layer of the BSF, forming a more recombination active rear



110 7 Multi-exciton generating hybrid PEDOT:PSS/Tc/c-Si device concept

contact compared to the optimized Ag/Ti/ITO/a-Si contact for highest efficiency SHJ solar cells,
which was used for PEDOT:PSS/c-Si record devices. This explains the V. reduction from the
reported 663 mV of the record PEDOT:PSS/c-Si solar cell (cf. section 6.3). Additionally, the
here presented j,. of ~22 mA/cm? is significantly lower compared to ~30 mA/cm? reported for
the record PEDOT:PSS/c-Si cell. This is due to the fact that the front grid area is not subtracted
in the j(V)-curves presented in Figure 7.10 which accounts for ~4 mA/cm?. An additional
Jsc reduction might stem from increased PEDOT:PSS layer thicknesses due to slightly different
spin-coating parameters. Extracted from optical simulations (cf. Fig. 5.4, section 5.2) an in-
creased PEDOT:PSS thickness of 150 nm reduces j,. by ~4 mA/cm? compared to the optimized
thickness of 80 nm.
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Figure 7.10: j(V')-characteristics under AM1.5G illumination (solid lines) and in the dark
(dashed lines) for various hybrid devices. PEDOT:PSS/c-Si reference cell without Tc.
PEDOT:PSS/Tc/c-Si cells with nominally 10 nm Tc, corresponding to 40% Tc island cover-

age and 100 nm Tc with a maximum share of deep pinholes of 0.1%, respectively. Coverages
are extracted from AFM images. V. is constant at (645 £+ 5) mV.

Discussion of j(V)-characteristics

The recombination current density, 7o, is a measure of overall recombination losses in a device
[66]. As derived in Equation (2.2), Vo o n (jpn/jo). Hence, passivation quality of the hybrid
interface is directly reflected in solar cell’s V,.. Consequently, as V. = (645 £ 5) mV is con-
stant for Tc coverages ranging from 0% (reference cell) to > 99% for the 100 nm Tc film, it is
demonstrated that the passivation of the c-Si(111) surface by thermally evaporated thin film Tc
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is comparable with the passivation quality of the hybrid PEDOT:PSS/SiO,/c-Si interface.

Moreover, since js. is constant for all three hybrid cells, j(V')-characteristics imply that efficient
extraction of holes generated in the c-Si main absorber is maintained for Tc layer thicknesses up
to 100 nm. This allows to tune the Tc layer thickness in the relevant range regarding the triplet
exciton diffusion length in polycrystalline Tc thin films with reported values of ~100 nm [47].

The series resistance, I, in a solar cell has three causes: firstly, the movement of current through
various device layers; secondly, contact resistances, R, at interfaces; and finally the resistance
of the metal contacts. The main impact of 12, is to reduce the solar cell’s FF.

From the j(V')-curves presented in Figure 7.10, overall hybrid device series resistances in the
order of R**! ~3 Qcm? are extracted.

e With the conductivity opgpoT =470 S/cm [137]" of the highly conductive polymer PEDOT:PSS
and assuming 0.1% point contacts (cf. AFM/XPS analysis in section 7.1.2) with cylindrical rods
of 100 nm height (polymer layer thickness) yield a resistance of point-contacted PEDOT:PSS
rods of Rpgpot ~2 + 107° Qcm?. This is negligible compared to R%! ~3 Qcm?.

e However, the contact resistance of PEDOT:PSS/c-Si, Rf/ 5~ 50 mQcem? [43]!, would increase
to 50 Qcm? assuming a 0.1% point-contacted PEDOT:PSS/Tc/c-Si solar cell. Thus, if hole ex-
traction through 0.1% PEDOT:PSS/c-Si pinhole contacts would be the dominant pathway in the
100 nm Tc solar cell, from this consideration the FF is expected to be drastically reduced.

Since it is demonstrated by the j(1/)-curves presented in Figure 7.10 that the FF is constant at
~70%, this evaluation is an indication that there are no direct point contacts between PEDOT:PSS
and c-Si in the 100 nm Tc device and therefore suggesting that holes which are generated in the
c-Si absorber can be transferred across the hybrid Tc/c-Si interface and conducted through thin
film Tc to be extracted at the PEDOT:PSS front contact. This is in line with the Tc-HOMO/c-Si-
VB offset AEY Sy = (200 & 200) meV? measured by UPS (cf. section 7.3).

Further analysis, e.g. EBIC experiments could help to spatially resolve the current flow in
PEDOT:PSS/Tc/c-Si solar cells [170, 164].

7.4.2 EQE analysis of PEDOT:PSS/Tc/c-Si devices

In Figure 7.11 we compare the EQEs of PEDOT:PSS/Tc/c-Si solar cells with nominally 10 nm
(red solid line) and 100 nm Tc (blue solid line) Tc incorporated with a PEDOT:PSS/c-Si refer-
ence cell (black solid line). As EQE spectra were recorded on the same devices as presented
and discussed above, the color coding corresponds to the j(V')-curves depicted in Figure 7.10.
Additionally, the approximated absorption spectra (100% - T) of thin film Tc deposited on glass
in the same evaporation runs as for solar cell fabrication is plotted in dashed lines. Whereas EQE
spectra of the reference and 10 nm Tc cells are very similar, the EQE with 100 nm Tc incorpo-
rated reveals strong deviations.

In the wavelength range below 550 nm, Tc absorption features are observed in the EQE, whereby
absorption maxima coincide with EQE minima. Hence, Tc acts as an optical filter, but it does

literature values measured for the solution PH 1000 mixed with 5% DMSO
2discussion of the large uncertainty, cf. section 7.3
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Figure 7.11: EQE spectra corresponding to j(V')-curves of Fig. 7.10 for the PEDOT:PSS/c-Si
reference cell without Tc (black line), and 10 nm Tc (red line) and 100 nm Tc (blue line)
PEDOT:PSS/Tc/c-Si hybrid devices. The spikes at ~400 nm and ~600 nm are setup artifacts.
Approximated absorption spectra (100% - T) of thin film Tc deposited on glass in the same
evaporation runs as for solar cell fabrication are plotted in dashed lines.
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not hinder efficient charge carrier extraction from the c-Si absorber. This is seen in the long
wavelength region above 550 nm where Tc does not absorb light. In this region, the EQE is
not reduced compared to the PEDOT:PSS/c-Si reference cell. In fact, the EQE is even increased
depending on Tc film thicknesses. This is attributed to optical effects such as altering reflection
losses for different organic layer stack thicknesses, as simulated in section 5.3. Parasitic absorp-
tion losses of thicker Tc layers are compensated by a superior light management. Therefore,
integration of the EQE explains the constant photocurrent observed in Figure 7.10.

In a nutshell, EQE spectra of Figure 7.11 reveal an "optical filter effect” of incorporated Tc lay-
ers. However, charge carrier extraction from the c-Si absorber is not hindered also for 100 nm
Tc layers. Without further analysis, it is not possible to resolve contributions related to singlet
fission in Tc. Small positive current contributions due to triplet exciton dissociation at the hybrid
Tc/c-Si interface cannot be directly extracted from EQE spectra.

Fitting the singlet fission EQE optical model

To further evaluate the EQE spectra of Figure 7.11, experimental data of the 100 nm Tc cell were
fitted with the singlet fission EQE optical model as introduced in section 5.1.

PEDOT:PSS is an optical anisotropic material. Experimentally derived (n-k) data of PEDOT:PSS,
as already presented and discussed in section 5.1, are given in Figure 7.12 (a). If spin-coated
on flat surfaces such as c-Si wafers, its extinction coefficient £ reveals an ordinary and an ex-
traordinary component, perpendicular and parallel to the surface plane, respectively [221, 222].
Consequently, for normal incidence of light only the ordinary component has to be taken into
account. This has been prooven by the comparison of simulated and experimental EQE spectra
of PEDOT:PSS/c-Si solar cells (cf. Fig. 6.12, section 6.3). However, AFM images confirm
rough Tc layers with a RMS value of ~16 nm and a ~5% share of deep holes (cf. Fig. 7.5,
section 7.1.2). Assuming that the PEDOT:PSS polymer chains are aligned along the Tc crystals,
a mixing of both, ordinary and extraordinary components is expected under normal incidence of
light.

Figure 7.12 (b) shows (n-k) data of polycrystalline thin film Tc as derived from reflection and
transmission spectra (cf. section 5.1). The characteristic vibronic Tc absorption spectrum to the
blue of 550 nm is reflected in k. As a guide for the eye, the vertical grey line separates the Tc
absorption region in all three panels of the figure.

Finally, the influence on the simulated EQE for different ordinary/extraordinary (o/e) mixture
ratios of PEDOT:PSS is depicted in Figure 7.12 (c). Obviously, only considering the ordinary
component (pink data), oversimplifies the optics of the hybrid PEDOT:PSS/Tc/c-Si layer stack.
However, EQEs for various (o/e) ratios demonstrate that the wavelength range 2 550 nm is pre-
dominantly affected, whereas less influence is observed within the Tc absorption band width.
This behavior is expected considering that the differences between ordinary and extraordinary
component of birefringent PEDOT:PSS is steadily increasing towards the infrared. In the Tc
absorption band width < 550 nm deviations of ordinary and extraordinary components are only
marginal (cf. Fig. 7.12 (a)). By comparison of experimental EQE (black data) with simulations,
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the curvatures for different (o/e) mixtures suggest an ordinary component of less than 50% in the
here presented hybrid device.

On that account, for fitting the experimental EQE the model was expanded by an additional (o/e)
ratio parameter. For fitting, the Tc layer thickness was fixed to 110 nm as derived from (n-k)
backwards calculation within the transfer matrix approach (cf. section 5.1). This is reasonable
because the Tc film used for (n-k) determination was grown on a quartz glass substrate but with
identical evaporation settings as used for solar cell fabrication. Thus, the only assumption made
is that the same amount of Tc with similar morphology is deposited on quartz as on the c-Si(111)
surface during identical evaporation runs. Furthermore, c-Si wafer and (i/n™)a-Si:H back contact
layer stack thicknesses were fixed to 280 pm and 5 nm/15 nm, respectively, as determined with
spectral ellipsometry. Accordingly, four parameters remain which were fitted within the basic
singlet fission EQE model: the PEDOT:PSS layer thickness, the (o/e) ratio parameter, and the
efficiency parameters 1<, and 7,; as introduced in section 5.1.

Figure 7.13 (a) shows the comparison of experimental EQE and the best fit obtained within
the optical model. The fit does not completely reproduce the experimental data over the full
spectral range. Deviations mainly occur in the spectral region above 550 nm, while the valley-
to-peak ratios in the Tc absorption region can be modeled fairly well. The fit was obtained for a
PEDOQOT:PSS thickness of 190 nm, an (o/e) mixing ratio of 0.3, an electrical efficiency 7.; = 90%,
and a total MEG efficiency n1¢,, = 10%. As introduced in section 5.1, 7; is the probability to
extract generated free charge carriers from the solar cell. It is therefore determined by the full
range EQE. 71 s is defined as the overall efficiency due to singlet fission, diffusion of triplets
to the interface, and their dissociation at the hybrid junction into extractable free charge carriers.
Thus, nl /5 is only determined in the Tc absorption region < 550 nm.

To visualize the effect of 7l on the modeled EQE spectra, the best fit for n1¢,, = 10% is
compared to efficiencies of 0% and 20%, respectively. The solid lines in Figure 7.13 (b) show
simulated EQE spectra in the spectral range of interest of Tc absorption with various 7!,
while keeping all the other model parameters constant. The spectrum for nlfzo = 0% (blue
line) lies significant below the experimental data (dashed black line). The simulated spectrum
for nl¢so = 20% (green line) is already significant above experimental EQE and also reveals
significantly reduced valley-to-peak ratios of characteristic Tc absorption features. Additionally,
simulated EQEs for various (o/e) mixing ratios (0%/ 50%/ 100%) are plotted in solid grey lines
for nifpe = 10% (best fit) illustrating its small effect within the Tc absorption region. Since the
valley-to-peak ratios within the Tc absorption band width are reproduced fairly well in the best
fit, optical modeling of the EQE spectra may indicate a small current contribution of Tc in the
PEDOT:PSS/Tc/c-Si hybrid device under discussion with an overall efficiency of 0l 5o ~10%.

Evaluation of optical fitting

The optical fitting has to be treated with caution. AFM images demonstrate that Tc layers are
rough with a RMS of ~16 nm (cf. Fig. 7.5, section 7.1). Therefore, scattering effects at rough
surfaces may disturb coherence conditions significantly, which are assumed in our optical sim-
ulations. At this stage of optical simulation, scattering is not included in the simple modeling



7.4 PEDOT:PSS/Tc/c-Si hybrid solar cells 115

< 20 T T T T T T T 10 =<
= - | PEDOT:PSS - I=
0) . ko)
§e) - NS
£ %
2 8
ks c
@ S
c -
0.0 + —— : | i - | 0.0
|
| t | | 4 | I | } 10 X
s 20r | B | thinfilmTe { %
3 16f ' 108 .2
= o | 406 G
z 8
B 404 £
@ S
g 102 §
00 X
I |
wl |
o l
| exp. data
0.4 ! i
| 0%  ordinary
! ——25% component
0.2 | ! ——50% share -
! 75%
I ——100%
OO | L ! | L | L | L -
400 600 800 1000 1200

Wavelength (nm)

Figure 7.12: (a) (n-k) data of PEDOT:PSS as derived from spectroscopic ellipsometry follow-
ing the analysis of L. A. A. Pettersson et al. [221, 222]. If spin-coated on flat substrates,
PEDQOT:PSS reveals an uniaxial anisotropy with an ordinary component perpendicular and an
extraordinary component parallel to the surface plane. (b) (n-k) data of Tc derived from re-
flection and transmission spectra. Optical data are published in Ref. [136]. (c) Experimental
EQE (black data) and simulated EQEs (colored data) within the singlet fission EQE model for
(o/e) mixing ratios as indicated.
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Figure 7.13: (a) Experimental EQE data and best optical fit within the singlet fission EQE optical
model. The fit indicates a small current contribution stemming from Tc with total efficiency of
Nl fza = 10%. (b) Zoom into Tc absorption region between 400 - 550 nm. Experimental data
(dashed black line) and best fit (solid red line) with nffEG = 10%. Additionally, efficiencies
were fixed to 0% (solid blue line) and 20% (solid green line) while keeping all other model
parameters constant. For comparison, simulated EQEs for various (o/e) ratios (0%/ 50%/
100%) are plotted (solid grey lines) for 1<, = 10%.
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approach. In future, we aim to implement a scattering model which is possible within the here
used simulation software "GENPRO4" [246, 144, 143]. The fitted PEDOT:PSS layer thickness
1s 190 nm. This is too high compared to experimentally determined values in the range of 100
- 150 nm. This may be either a result of scattering at rough surfaces and/or birefringence of
PEDOT:PSS. The shape of experimental EQE to the red of 550 nm, where ordinary and ex-
traordinary components of PEDOT:PSS deviate significantly, can only be modeled moderately.
However, birefringence of PEDOT:PSS predominantly affects the wavelength range = 550 nm.
The Tc absorption region < 550 nm is less affected and the valley-to-peak ratios in the charac-
teristic Tc absorption features can be modeled fairly well. Thus, fitting the experimental data
with our basic singlet fission EQE optical model may indicate that a small current contribution
originates from Tc with a total efficiency of 0} o ~ 10%.

As a final test, Figure 7.14 shows the simulated EQE assuming various contributions of singlet
fission in the Tc layer expressed through the parameter i1 (cf. Eq. (5.3), section 5.1), ranging
from 0% for purely parasitic absorption of Tc to its maximum value of 200% for a perfect MEG
device with a singlet fission quantum yield of 200% and no losses during diffusion of triplet
excitons and their dissociation at the hybrid interface.

Corresponding to Figure 7.13 experimental data and the best fit with nl . = 10% are plotted in
solid black and red lines, respectively. As already discussed above, low efficiencies in the range
0% < nlfpe < 20% are hardly distinguishable within an EQE analysis calling for more sensi-
tive experiments in this regime to resolve small Tc contributions to the photocurrent. However,
for n1fpe = 50% the "filter effect" of Tc on the EQE is sufficiently diminished accompanied by
significantly reduced valley-to-peak ratios of characteristic Tc absorption features which would
allow to detect a current contribution stemming from Tc within an EQE analysis. Eventually,
simulations predict that in the here presented hybrid PEDOT:PSS/Tc/c-Si device the EQE of
unity, which is an unambiguous proof of MEG generation via singlet fission and triplet harvest-
ing, is surpassed for nl¢. ., ~ 125% (data not shown in Fig. 7.14). For 150% the peak EQE
yields ~1.2. Ultimately, for the optimum efficiency of 71fu = 200% a peak EQE of ~1.5 is
reached.

As already pointed out in section 5.3, the overall EQE could further be significantly raised by
an improved light management by means of suitable AR-coatings and surface texturing, ideally
accompanied by the reduction of parasitic absorption in thinner PEDOT:PSS layers.

The development of fully operating hybrid solar cells opens up the opportunity to further access
the Tc/c-Si interface by performing EQE measurements under various device conditions such as
external applied bias or temperature.

Field-assisted exciton separation

It is known from OPV literature that free charge carrier generation via exciton splitting at organic
donor-acceptor interfaces can be significantly enhanced by external electric fields [59]. In par-
ticular, enhanced EQE:s for applied reverse biases are reported for singlet fission Pc/Cg devices,
e.g. Refs. [306, 171].

Figure 7.15 shows EQE spectra in the relevant Tc absorption region between 300 - 600 nm of
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Figure 7.14: (solid lines) Measured EQE and best fit corresponding to Fig. 7.13. (dashed lines)
Simulated EQE:s for total MEG efficiencies ranging from 1. = 0%, corresponding to purely
parasitic absorption of Tc, to its maximum value of 200% for a perfect MEG device with a
singlet fission quantum yield of 200% and no losses during diffusion of triplet excitons and
their dissociation at the hybrid interface.

a PEDOT:PSS/Tc/c-Si solar cell recorded under external applied reverse biases. Obviously, no
change in the EQE spectra is detected. Thus, within the here presented EQE analysis with ap-
plied biases up to -2.0 V, no field-assisted exciton separation is observed at the hybrid Tc/c-Si
interface.

With the simulated width d ~ 1 um of the depletion region using "AFORS-HET" [316], this
corresponds to applied electric fields |E | = Upias/d under reverse bias conditions of ~10° V/m.
A detailed discussion of the role of electric fields in driving charge dissociation will be given in
the discussion of section 7.5.

Temperature-assisted exciton separation

Providing additional energy by means of temperature may also affect charge carrier generation
[59]. Therefore, as shown in Figure 7.16 (left), EQE spectra of hybrid PEDOT:PSS/Tc/c-Si
solar cells were recorded at room temperature (RT, black data), and stabilized at 80 °C (red
data). The shift which is observed in the EQE spectra can be attributed to reversible temperature
effects, as the PEDOT:PSS/c-Si reference cell reveals the same shift (green framed, Fig. 7.16
(right)). We speculate that the observed reversible temperature effect stems from the removal
of water of already degraded PEDOT:PSS layers while heating. This will slightly change film
thickness, thus changing reflection behavior of the layer stack as shown in the optical simulations.
The effect is reversed due to uptake of water [90, 156] during 30 min interval in between both
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Figure 7.15: EQE spectra in the region of Tc absorption of PEDOT:PSS/Tc/c-Si solar cells,

measured under indicated applied reverse biases Uy;,s. Devices are stable up to -2.0 V. For
comparison, optical absorption of Tc is also plotted.

measurements. To check for this hypothesis, future measurements must be performed in inert
gas atmosphere. Within the signal-to-noise ratio of the spectra presented in Figure 7.16, the
Tc absorption feature ratios in the EQE do not change. Thus, the here presented EQE spectra
recorded at high temperatures do not indicate any temperature-assisted exciton separation at the
hybrid Tc/c-Si interface.

Also temperature effects will be included in the discussion of the following section.

7.5 Discussion — exciton harvesting at the hybrid
Tc/c-Si interface

Experimental results and fits to the optical data from EQE modeling presented so far, reveal no
clear evidence for bi-exciton splitting at the hybrid Tc/c-Si interface. As discussed in the previ-
ous section, small current contributions related to singlet fission in Tc are hard to detect within
an EQE analysis, a total efficiency parameter 7% ¢, ~ 10% obtained by EQE modeling based
on optical data has to be treated with caution. In the following, various possible exciton dissoci-
ation mechanisms and potential challenges which may hamper efficient triplet harvesting at the
Tc/c-Si interface will be introduced and discussed.

As sketched in Figure 7.17, Frenkel excitons as observed in Tc are tightly bound (typical for
organic materials Fyi,q = 0.1 - 1 eV) with the electron and hole localized on the same molecule
[230, 59]. On the other hand, Wannier excitons, as they are present in c-Si, are highly delocalized
with an exciton radius of ~50 A which is about 10x larger than the lattice constant. Wannier
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Figure 7.16: (left) EQE spectra in the region of Tc absorption of PEDOT:PSS/Tc/c-Si solar cells
recorded at room temperature (RT) and 80 °C stabilized. For comparison, optical absorption
of Tc is also plotted. (right) EQE zoom of a PEDOT:PSS/c-Si reference cell. A reversible
EQE shift is observed while heating to 80 °C followed by cooling down back to RT.

excitons are weakly bound with Ey;,q =~ 0.01 eV, resulting in free charge carriers already at room
temperature (kg1 = 0.025 eV). The main reason for that is the difference of dielectric constants
€, ~ 3.8 for Tc [19] and ¢, ~ 12 for c-Si [288].

The prerequisite for exciton separation is their diffusion to the hybrid interface. For singlet ex-
citons reported diffusion lengths are in the range of 5 - 20 nm [223]. The diffusion length of
long-lived triplet excitons can be much larger. Triplet diffusion is believed to originate by a
Dexter-type energy transfer through phonon-assisted exciton hopping processes [282, 155, 293].
For polycrystalline thin film Tc, triplet diffusion lengths above 100 nm have been reported [47].
This indicates that a significant fraction of triplet excitons generated via singlet fission in the Tc
layers reach both interfaces of a PEDOT:PSS/Tc/c-Si device. Since no pronounced shortening of
triplet lifetime is observed on samples capped with PEDOT:PSS compared to pristine Tc films
deposited on c-Si(111) substrates, it is concluded from transient PL. measurements (cf. Fig. 7.7,
section 7.2) that triplet excitons are neither significantly parasitically lost at the PEDOT:PSS/Tc
interface nor split into free charges at the Tc/c-Si junction.

The consideration of momentum is a key factor in describing the excitation of electrons into the
conduction band in indirect bandgap materials such as c-Si. The momentum of a plane wave in
the far field is well-defined, i.e. the momentum of a photon is effectively zero. Hence, far-field
photogeneration always needs to be phonon assisted to supply momentum to the electron system.
However, it is shown in literature that organic molecules close to the c-Si surface with emission
energies exceeding the band gap can non-radiatively transfer energy via near-field dipole-dipole
interaction. An important feature of this Forster-type energy transfer mechanism, which occurs
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from a localized excited state close to the absorber, is that it involves no strict momentum con-
servation [67, 95]. Efficient Forster-type energy transfer of singlets has been reported for dye
films deposited on c-Si, e.g. Refs. [67, 95, 11, 96].

This non-radiative energy transfer from bright singlet states to c-Si is promising in terms of sen-
sitizing c-Si devices with dyes or quantum dots. However, in the MEG device concept presented
in this thesis we do not aim to harvest bright singlet states. If the singlet fission rate is fast,
the formation of dark triplet excitons will outcompete singlet energy transfer to c-Si. Note that
within the transient PL study efficient singlet state depopulation and the formation of long-lived
triplet states via singlet fission was demonstrated in our Tc films (cf. Fig. 7.7, section 7.2). Since
triplets are dark states, non-radiative Forster-type energy transfer via virtual photon exchange
has no transition strength with the ground state of the molecule. To directly harvest non-emissive
triplet excitons, there exist two transfer processes:

* Dexter-type triplet energy transfer (TET) which in the here presented device architecture
requires a hole transfer (HT) back from c-Si.

* Electron transfer via localized hybrid charge transfer (HCT) states with the hole re-
maining on the Tc molecule.

In principle both mechanisms can exist at the Tc/c-Si interface. Both processes rely on parti-
cle exchange which in turn requires orbital overlap. The indirect band gap of c-Si should not
constitute a problem for particle exchange, since (i) the DOS becomes very large just above the
conduction band edge and (ii) localized donor states have a poorly-defined momentum [82].

Triplet energy transfer

Dexter-type TET of non-emissive triplet excitons from Pc and Tc to PbSe and PbS nanocrystals,
respectively, was recently reported [307, 290, 133, 87]. TET efficiencies as high as 95% have
been claimed [290]. It was demonstrated that the transfer rate is only efficient if the band gap
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of the nanocrystals is resonant with the molecular triplet energy. TET from Tc (ET¢ = 1.25 eV)
to PbS nanocrystals with band gaps in the range of 0.94 eV < EgNC < 1.23 eV with a maximum
transfer efficiency for EgNC = 1.09 eV was observed [307]. Thus, resonance condition for c-Si
(Egi =1.12 V) should be fulfilled. In addition to resonance, also the band alignment is essential,
since electrons and holes have to be transferred simultaneously.

With UPS measurements (cf. section 7.3) we have determined the HOMO level of Tc (5.4 + 0.1)
eV. This is close to the VB maximum of ¢-Si (5.2 & 0.1) eV. The small offset, A EY 5y & (200
+ 200) meV, is within the range reported for various Pc/Tc-PbS/PbSe nanocrystal systems in
which forward TET subsequently followed by hole transfer back is reported [133, 307, 290, 87].
This is summarized in Figure 7.18, which shows a possible triplet energy transfer process at the
hybrid Tc/c-Si junction. Resonance condition between Tc triplet energy and c-Si band gap is ful-
filled and Tc/c-Si HOMO-VB alignment should facilitate forward TET (step D). After the triplet
is transferred across the hybrid interface, charge carriers in c-Si are delocalized due to its high
dielectric constant resulting in free charge carriers at room temperature. Obviously, a subsequent
hole transfer back (step @) is required. An efficient hole extraction from the c-Si absorber to the
hole selective front contact in Tc/c-Si hybrid devices was demonstrated (cf. Figs. 7.10 & 7.11,
section 7.4). Using standard back contact schemes adopted from the SHJ technology, efficient
electron extraction from c-Si is achieved.
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However, as discussed in the previous section, an EQE analysis is not sensitive enough to resolve
small current contributions related to triplet harvesting. Thus, if TET takes place, its rate is rather
low.

Electron transfer via hybrid charge transfer state

The second possible process to dissociate triplet excitons is electron transfer via an interfacial
HCT state, sketched red in Figure 7.19. In a second step, the localized and Coulombically bound
interfacial electron-hole pair has to be dissociated into free charge carriers to be extracted at the
device contacts.
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The difference to TET is that the hole remains on the Tc molecule. The energy difference be-
tween the CB maximum of c-Si and the HOMO level of Tc is AE 5,0 &~ 1.3 eV. This is a rough
estimate of the HCT state energy at the hybrid Tc/c-Si junction; however, it neglects the binding
energy of the HCT state [77]. Binding energies of CT states can be a few tenth of an eV at organic
donor-acceptor interfaces [59]. Due to the low dielectric constants in purely organic junctions
(e, < 4, [59]), charge carriers are not efficiently screened from each other, forming Coulombi-
cally bound CT states. Given the high dielectric constant of c-Si (¢, ~ 12, [288]), the eventual
formation of a HCT state between Tc and c-Si is considered to promote efficient decoupling of
charge carriers due to the increased screening of electron-hole interaction. For organic-inorganic
HCT states, Coulombic binding energies are estimated to be < 0.1 eV, thus reducing the driving
force for charge carrier separation [20, 224, 318].

Since AE§S, 0 ~ B¢ is approximately isoenergetic, no driving force to form a HCT state is
expected at the hybrid Tc/c-Si junction. On the other hand, the LUMO level of the electron ac-
ceptor Cg lies at ~4.0 eV (large uncertainty of literature value [133, 328]), hence very close to
the CB of c-Si at ~4.1 eV. At the Tc/Cg interface, the formation of CT states and the harvesting
of dark triplets has been suggested [52, 245, 328]. Thus, compared to the energy level alignment
of the organic donor-acceptor Tc/Cg interface, the formation of a HCT state at the hybrid Tc/c-Si
junction might be possible.

If interfacial CT states are formed, their dissociation into free charge carriers is competing with
loss channels, e.g. geminate recombination. The competition depends upon the magnitude of the
Coulombic attraction felt by CT states. In particular, L. Onsager proposed a definition for the so
called Coulomb capture radius, ., which is defined as the distance where the Coulomb attraction
energy equals the thermal energy kpT' [214, 37, 59]:

e2

= ———— 7.2
" drege kT (7.2)
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with the permittivity of vacuum, ¢,, and the dielectric constant of the surrounding medium, ..
The dissociation probability increases for smaller r.. Thus, Equation (7.2) emphasizes the im-
portance of the dielectric constant. In the case of CT states at organic interfaces with €, < 4 the
Coulomb attraction between interfacial charges is rather high and the geminate recombination
rate may constitute a significant loss channel [59]. By an external applied electric field, geminate
recombination can be drastically reduced, resulting in more efficient charge carrier extraction
[214, 37,59, 171, 8, 49, 220]. In contrast, if an electron is transferred across an organic-inorganic
junction, due to the delocalization of the electron in the inorganic counterpart (¢, > 10), gemi-
nate recombination at HCT states is expected to be rather small compared to organic CT states
[318, 224].

To address the possible formation of HCT states, EQE measurements were conducted under ap-
plied external biases. The shape of EQE spectra of PEDOT:PSS/Tc/c-Si devices under reverse
bias conditions up to -2 V does not change (cf. Fig. 7.15, section 7.4.2).

Three possible conclusions can be drawn from this bias dependent EQE analysis. (i) No HCT
states are formed at the Tc/c-Si interface. (ii) HCT states are formed but possibly the applied
electric field which is estimated to be |E | ~ 10° V/m is not strong enough to significantly en-
hance HCT state dissociation. Note that typically electric fields in the order of ~10% V/m are
applied to organic devices [59]. (iii) The Coulomb attraction of HCT states is so small due to
the high dielectric constant of c-Si that interfacial charge dissociation is already efficient at the
internal field under short-circuit condition.

Hypothesis (i) is supported by transient PL measurements in which no quenching of triplet
excitons could be observed. Correspondingly, since no triplet lifetime shortening is detected
which would be expected in the case of HCT formation, hypotheses (ii) and (iii) are rather un-
likely. Anyhow, in the event of case (iii), HCT state formation and efficient dissociation into
free charges, the effect must be very small with total efficiencies n1¢,, < 10% as estimated by
optical modeling of EQE data (cf. section 7.4.2).

Furthermore, to check for the influence of temperature as a driving force for charge dissociation
[59], devices were heated during EQE measurements providing additional thermal energy to the
system. However, as shown in Figure 7.16 (section 7.4.2), no indication of temperature-assisted
exciton separation in Tc/c-Si hybrid devices upon heating to 80 °C was observed.

In a nutshell, it has been shown for various hybrid Tc/Pc - PbS/PbSe nanocrystal systems that
efficient triplet energy transfer is possible in resonance conditions [307, 290, 133, 87] which are
also fulfilled for the Tc/c-Si system.

The energy difference A E§5, o at the Tc/c-Si hybrid junction approximately equals the Tc triplet
energy. Hence, no driving force for the formation of a HCT state is expected. However, Tc triplet
exciton harvesting via CT states at the Tc/Cg interface is suggested [52, 245, 328], whereby the
energy level positions of LUMO(Cg) ~ CB(c-Si).

Thus, the band alignment is critical, but both, (i) triplet energy transfer or (ii) the formation of an
interfacial HCT state at the Tc/c-Si interface might be possible.

Since EQE analysis, including optical modeling and measurements performed under reverse bias
and high temperatures, is not sensitive enough to resolve possibly small current contributions of
Tc due to exciton splitting at the Tc/c-Si interface, this calls for more sensitive experiments such
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as magnetic field dependent current measurements, which can ideally monitor current contribu-
tions directly assigned to dissociation of triplet excitons created by singlet fission.

Besides the energy level alignment of the Tc/c-Si hybrid junction, other crucial aspects may be
important for efficient triplet harvesting.

Particle exchange requires orbital overlap. At the hybrid Tc/c-Si interface, coupling of wave
functions may strongly depend on (i) specific molecule arrangement at the semiconductor sur-
face, and (ii) substrate surface conditions itself. For the Pc/Cgy donor-acceptor pair charge trans-
fer state energies were calculated for different molecule configurations using DFT calculations.
The head-to-tail configuration appears likely to be able to dissociate triplet excitons from Pc,
whereas CT state energy in the face-to-face configuration is too high [133]. Orbital overlap may
also depend on substrate surface orientation and polarity, as it was modeled by DFT for the hy-
brid P3HT/GaAs interface [336]. To the best of the author’s knowledge, no calculations for the
hybrid Tc/c-Si interface have been reported. It is therefore possible that the lack of orbital over-
lap in our specific Tc/c-Si(111) hybrid interface formation hampers particle exchange processes.
The formation of a HCT state implies interfacial localization, at least for a short time. In con-
trast to purely organic CT states, the electron wave function in the inorganic part of the hybrid
interface is very different. For c-Si it will be derived from delocalized band states. HCT states
were experimentally observed at e.g. hybrid ZnO/organic interfaces [318, 224]. It is speculated
that local defects at the ZnO surface may assist the initial localization of the electron state. Thus,
trapping of excitons without degrading the c-Si interface may increase dissociation probability.
The idea of realizing suitable trap states at the semiconductor surface was already mentioned in
the original paper by D. L. Dexter in 1979 [82].

To that end, (i)a-Si:H passivation layers which exhibit localized states in the exponential band
tail were implemented in hybrid devices (cf. next section).

7.6 Interlayer development

No clear evidence of exciton dissociation at the Tc/c-Si hybrid interface is found neither within
an EQE analysis on device level nor by ultra-fast optical spectroscopy monitoring triplet ex-
citon lifetimes in device relevant layer stacks. Results presented and discussed thus far were
all obtained for Tc deposited on H-passivated c-Si(111) surfaces. In this work, further device
engineering by means of interlayer development was conducted.

(i)a-Si:H passivation layer

The idea of an (i)a-Si:H passivation layer, as standardly used in the high-efficiency SHJ technol-
ogy, is to trap long-lived triplet excitons at defect states located in the exponentially-decaying
DOS in the a-Si:H band tail. It is speculated that suitable trap states may assist the formation of
HCT states.

For that reason PECVD grown 5nm (i)a-Si:H passivation layers were implemented in hybrid so-
lar cells. Prior to organic thin film deposition, the native oxide was removed by a HF-dip. Nom-
inally 10 nm Tc was then evaporated onto the (i)a-Si:H layer followed by standard PEDOT:PSS
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layer fabrication. Figure 7.20 shows the j(V')-characteristics of hybrid PEDOT:PSS/c-Si ref-
erence, PEDOT:PSS/(i)a-Si:H/c-Si, and PEDOT:PSS/Tc/(i)a-Si:H/c-Si cells, respectively. Pro-
nounced s-shapes are observed for devices with (i)a-Si:H passivation layers incorporated. The
inset of Figure 7.20 depicts a SEM cross section image of the hybrid layer stack. Tc island
formation on (i)a-Si:H/c-Si substrates, as it was observed for Tc growth on bare, H-terminated
c-Si(111) surfaces (cf. section 7.1), is observed. Note that the thin a-Si layer cannot be resolved
with SEM.
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Figure 7.20: j(V)-curves of H-passivated PEDOT:PSS/c-Si reference cell (black line),
PEDOT:PSS/(1)a-Si:H/c-Si (green line) and PEDOT:PSS/Tc/(i)a-Si:H/c-Si (red line) cells.
For cells with 5 nm (i)a-Si:H passivation layer incorporated pronounced s-shapes are ob-
served. The inset shows a SEM cross section image of Tc deposited on (i)a-Si:H/c-Si sub-
strate capped with PEDOT:PSS. Tc island formation of a nominally 10 nm film is observed,
as previously shown for Tc deposited on H-terminated c-Si(111).

Reflected in the pronounced s-shapes of both (i)a-Si:H devices, with and without Tc island layer,
holes cannot be extracted efficiently at the hybrid front contact. A likely explanation therefore is
the formation of a thick, wide band gap a-SiO, hole blocking layer during cell fabrication. Pro-
viding water in the PEDOT:PSS suspension and heat during the mandatory polymer drying step
constitute favorable conditions for a-SiO, growth into the defect-rich amorphous silicon network
[14, 325].

However, if assuming that hole blocking oxide formation is hindered beneath Tc islands, the fact
that the s-shape is not reduced by the incorporation of a Tc island layer (~40% coverage), no
evidence for extraction of holes generated in the c-Si absorber across the Tc/(i)a-Si:H interface
is given.
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Finally, the corresponding EQE spectrum for the Tc/(i)a-Si:H/c-Si cell, due to the strong s-shape
recorded at - 1 V reverse bias, is depicted in Figure 7.21. As for the H-passivated hybrid solar
cells, Tc absorption is directly reflected as an "optical filter" in the EQE. If there is a positive
contribution due to exciton separation at the Tc/(i)a-Si:H interface, it is small and cannot be re-
solved within an EQE analysis.
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Figure 7.21: EQE spectrum of the PEDOT:PSS/Tc/(i)a-Si:Hc-Si solar cell recorded at -1 V re-
vere bias (red line). The corresponding j(V)-characteristics of this cell is shown in Figure
7.20. For comparison, approximated absorption (100% - T) of a Tc film deposited on glass in
the same evaporation run as for solar cell fabrication is plotted (blue line).

In future studies, to test the hypothesis of the formation of a hole blocking oxide layer, and to
check if hole extraction through the Tc/(i)a-Si:H interface is possible, hybrid solar cells with
varying Tc layer thicknesses and (i)a-Si:H surface coverages are essential.

Intermediate Cq, layer

The second interlayer approach is the implementation of an intermediate Cg, layer between Tc
and c-Si. At the organic donor-acceptor Tc/Cg, interface triplet excitons can be dissociated into
free charge carriers. In literature CT state formation at the Tc/Cg interface has been reported
[133, 52, 245]. On device level, photocurrent contribution from triplet exciton harvesting was
demonstrated by magnetic field dependent changes in the photocurrent of Tc/Cgy solar cells
[134, 328]. Hole extraction to the PEDOT:PSS front contact is also confirmed.

The Tc/Cgp/c-Si band alignment is depicted in Figure 7.22, whereby all processes confirmed in
literature —namely CT state formation @D and its dissociation into free charge carriers @— are
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indicated in green. In a third step, the free electrons in Cgy have then to be injected across the
hybrid interface to c-Si. If wavefunction overlap is ensured, electron transfer (sketched red in
Fig. 7.22) should be possible given the band lineup between the LUMO of Cg located at ~ -4.0
eV [328] and the CB of c¢-Si at -4.05 eV [288]. The HOMO of Cg, (approx. -6 eV, [328]) con-
stitutes a large offset to the VB of c-Si (-5.2 eV), meaning that C4y would act as a hole blocking
interlayer. Therefore, to ensure efficient extraction of holes generated in the c-Si absorber, which
is essential in the device concept, two options for the Cg layer are possible: (i) a very thin layer
that sustains hole tunneling, or (ii) a partially-closed layer, enabling hole extraction through point
contact schemes.
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For a first proof of concept hybrid PEDOT:PSS/Tc/Cgo/c-Si solar cells on HF-dipped wafers with
various Cgg interlayer thicknesses were fabricated. For reference, a cell without Cg, was also pro-
duced. On all devices nominally 10 nm thin film Tc was deposited in the same evaporation run.

Figure 7.23 (a) shows the j(V/)-characteristics for three cells with 0 nm (= reference), nominal 1
nm and 3 nm intermediate Cgq layers. V. is independent, thus c-Si surface passivation by Cg is
sufficiently good and comparable to the Tc/c-Si interface. For 3 nm Cg, the j(V')-curve already
exhibits a pronounced s-shape. As stated above, due to the large C5-HOMO/c-Si-VB offset, this
is likely related to an increasing hole blockade for thicker Cg layers.

The corresponding full range EQE spectra are plotted in Figure 7.23 (b). In the spectral range
below 600 nm the EQE is slightly increasing for solar cells with Cg intermediate layers, whereas
in the long wavelength range the EQE is independent. This might be an effect of both: (i) optical
effects like light scattering which is more pronounced at shorter wavelengths, or (ii) possibly also
due to harvesting of excitons at the Tc/Cg interface as proposed above.

To investigate this in more detail, we compare the EQE spectra of a PEDOT:PSS/Tc/c-Si ref-
erence and a PEDOT:PSS/Tc/3nmCgg/c-Si cell® recorded with a higher resolution (5 nm step
width) and an improved signal-to-noise ratio by means of multiple scans. The results are de-
picted in Figure 7.24 (a) together with the approximated absorption (100% - T) of Tc/Cgq layer
stacks deposited on glass in the same evaporation runs as for solar cell fabrication.

3reproduced hybrid solar cell series
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Figure 7.23: Intermediate Cg, layer thickness variation (0 nm = reference, 1 & 3 nm Cg) of hy-
brid PEDOT:PSS/Tc/Cgo/c-Si solar cells. (a) j(V')-charactersictics measured under AM1.5G,
and (b) corresponding full range EQE spectra.
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Figure 7.24: (a) EQE spectra (left axis) of PEDOT:PSS/Tc/c-Si reference cell (black data) and
PEDOT:PSS/Tc/3nmCg/c-Si cell (red data). Approximated absorption (100% - T) spectra
(right axis) of various organic thin films deposited on glass substrates in the same evaporation

runs as for solar cell production. (b) EQE ratio (violet dotted-line) obtained by division of
EQE(Cgo-cell)/EQE(ref.-cell).
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Comparing EQE spectra of the reference cell without Cgy with the 3 nm Cgy incorporated de-
vice, a significant increase of the EQE in the spectral range between 400 - 550 nm, where Tc
predominantly absorbs, is observed. In the range between 300 - 400 nm, which is dominated by
absorption of Cg, the EQE decreases. This observation might be dominated by optical effects
such as scattering or slightly varying anti-reflex behavior. However, just by visual inspection
peak-to-dip ratio in the EQE of the Tc/3nm Cg, device seems to be slightly reduced compared to
the reference cell without Cgg.

To verify this assumption, in Figure 7.24 (b) the two EQE spectra are divided. The corresponding
ratio of EQE(Cgo-cell)/EQE(ref.-cell) (violet dotted-line) reveals a positive region with an EQE
ratio > 1 which coincide with the spectral range of Tc absorption. On the other hand, between
300 - 400 nm where the absorption of Cgy, becomes dominant, the EQE ratio is < 1. This might be
indicative for parasitic light absorption of Cgy. However, the promising feature in Figure 7.24 (b)
is that characteristic Tc absorption maxima coincide with maxima of the EQE ratio, as indicated
by the vertical grey dashed lines. While the broad range features could be also evoked by optical
effects, the overlaid narrow peaks appearing in the EQE ratio and reproducing the vibrational
structure of Tc absorption are indicative for a small current contribution related to Tc, stemming
from exciton harvesting at the Tc/Cg interface and electron injection into c-Si base, as proposed
above.

Although EQE analysis of this study is promising, the effect is still very small and further exper-
iments have to be performed to unambiguously check for a positive Tc contribution arising from
triplet exciton dissociation and to exclude optical effects.

7.7 Summary

A promising multi-exciton generation concept is to take advantage of the singlet fission process.
By reducing thermalization losses, device efficiencies above the single-junction limit are theo-
retically possible. Tc is a promising SF material for the combination with a c-Si main absorber
as the Tc triplet energy is slightly above the band gap energy of c-Si.

In this work Tc was incorporated in hybrid PEDOT:PSS/Tc/c-Si solar cells. Device efficiencies
2 10% are reported. Thereby a constant V,. = (645 + 5) mV is measured for devices with vari-
ous Tc coverage ratios of the c-Si surface, ranging from 0% (reference cell) to > 99% (~100 nm
Tc layer). This indicates a sufficiently good surface passivation of c-Si wafers by Tc comparable
to the passivation quality of the PEDOT:PSS/Si0,/c-Si interface (cf. chapter 6).

An evaluation of j(V')-curves considering the impact of series resistance on solar cell fill factors
indicates that there are no direct point contacts between PEDOT:PSS and c-Si for the 100 nm
Tc device. This implies that holes can be transferred from c-Si across the Tc/c-Si interface and
conducted through the Tc film to be extracted at the PEDOT:PSS front contact. This is in line
with the Tc-HOMO/c-Si-VB offset, AEYS, o = (200 & 200) meV, measured by UPS. The com-
paratively small offset, within the same order of magnitude as the a-Si:H/c-Si valence band offset
present in high efficient inorganic SHJ solar cells (cf. chapter 4), should not impose a significant
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barrier height for hole transport.

The key issue in the here proposed MEG device concept is to directly harvest non-emissive triplet
excitons at the hybrid Tc/c-Si interface. Delayed fluorescence measurements prove the forma-
tion of long-lived triplet states via singlet fission in thin film Tc on cell relevant precursor layer
stacks. However, no significant quenching of triplet lifetimes is observed and hence no evidence
for triplet exciton harvesting at the Tc/c-Si interface is given. This is in accordance to EQE
spectra which reveal an "optical filter effect” of Tc incorporated in hybrid devices. Although fit-
ting of experimental EQE spectra within a basic singlet fission optical model may indicate very
small current contributions related to light absorption in Tc with a total MEG parameter of 1} ¢
~ 10%", such small contributions cannot be adequately resolved with EQE analysis. Further-
more, no field-assisted exciton separation up to -2.0 V applied reverse bias and no indications for
temperature-assisted exciton separation are detected within EQE studies.

Since experimental results reveal no clear evidence for a photocurrent contribution due to triplet
harvesting at the Tc/c-Si interface, two interlayer approaches were tested:

(1) The implementation of an (i1)a-Si:H passivation layer. Exciton dissociation rate might be

facilitated by trapping triplets at localized mid-gap defect states in the exponential decaying
DOS in the band tail of a-Si:H.
Operative hybrid PEDOT:PSS/Tc/(i)a-Si:H/c-Si solar cells are presented, although j(V')-
curves with incorporated (i)a-Si:H exhibit strong s-shapes. A likely explanation therefore
is the formation of a thick, insulating a-SiO, layer as water in the PEDOT:PSS suspension
and heat during the mandatory drying step provide favorable oxide growth conditions. EQE
analysis reveals an "optical filter effect” of Tc.

(i1) The incorporation of an intermediate Cg layer. It is demonstrated in literature that triplets
are dissociated at the Tc/Cg interface. Since the HOMO of Tc exhibits a large offset with
respect to the VB of c-Si, Cg( layers have to be ultra-thin for efficient hole extraction.
Absorption peaks of Tc coincide with maxima of the EQE ratio comparing Cg, interlayer
devices with a reference cell. This indicates a positive current contribution related to Tc.
However, the effect is still very small and has to be confirmed with more sensitive experi-
mental techniques.

EQE spectra of all hybrid devices reveal an "optical filter effect”" of incorporated Tc layers.
Analysis of EQE spectra is insufficiently robust to resolve possible small current contributions
due to singlet fission in Tc and triplet exciton harvesting. The development of operative de-
vices opens up the possibility to conduct sensitive magnetic field dependent photocurrent, I(B),
measurements in future. Due to the magnetic field dependence of the SF process itself, I(B)
measurements should allow to identify small current contributions of Tc to the total hybrid cell
photocurrent. Furthermore, by the shape of I(B), it is possible to differentiate between current
contributions related to triplet or singlet exciton harvesting [328, 134] (see also section 2.3.1).

“nl s accounts for the SF efficiency, diffusion of created triplets to the interface and their dissociation
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Photovoltaics (PV) is a fast growing industrial market. With silicon (Si) being the most abundant
inorganic semiconductor material, it is dominated by crystalline Si (c-Si) wafer based technolo-
gies yielding more than 90% of the global market share in 2015 [99]. The current world record
for single-junction c-Si based solar cells of 26.33% was reported in 2016 [91, 338]. Those very
high efficiencies, already close to the fundamental single-junction limit of ~30% [267, 243],
can be achieved by charge selective and excellent passivated Si heterojunction (SHJ) contacts.
Tolerable PV system costs scale with efficiency. About 1%-point efficiency gain allows ~25%
higher cell processing costs [206, 123]. Therefore, the development of high efficiency concepts
is important. The objective of this work is to further exploit the already mature c-Si based PV
technology. Three strategies are investigated:

1. Wide band gap a-SiO, passivation layers in Si heterojunction solar cells

One drawback of the conventional SHJ solar cell technology is parasitic light absorption in the
amorphous, hydrogenated Si (a-Si:H) layers in the front contacts' [129]. Thus, one possibil-
ity to further improve this high efficiency technology is to reduce the parasitic absorption by
implementing wider band gap materials. Obviously a change of optical band gap modifies the
band alignment at the heterojunction which is important for charge selectivity. Within the scope
of this thesis, wide band gap amorphous Si sub-oxides (a-SiO:H) ranging from pure a-Si:H to
near-stoichiometric a-SiO,, were investigated. A continuous increase of the valence band offset
starting from AFEy = 270 meV for the a-Si:H/c-Si to 4.3 eV for the a-SiOs/c-Si heterointerface
was determined. All layers reveal a sufficient surface passivation. Furthermore, SHJ solar cells
with identically prepared passivation layers were fabricated allowing to relate AFEy to device
efficiency. Rising AFy causes an increased transport barrier for holes. This is reflected in de-
creasing solar cell fill factors. Although large valence band offsets constitute a general transport
problem for SHJ solar cells, it is demonstrated that a stacked passivation layer approach, referred
to as "staircase", mitigates the transport problem. Therefore, splitting the valence band offsets is

Irelevant in both-side contacted device architectures
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shown to be a promising concept for the incorporation of wide band gap Si alloys.

Outlook — In this work only a two-step "staircase" passivation layer stack was fabricated. How-
ever, a gradually varying amorphous Si alloy layer is another possible concept. Especially, the
combination of medium band gap passivation with high band gap hole contact layers may allow
the successful application of wide band gap Si alloys in SHJ solar cells. Recently, SHJ research
interest has shifted towards the development of tunnel oxides and alternative charge carrier se-
lective contact materials to improve efficiencies. Excellent passivating tunnel oxide layers can
be grown by e.g. ozonized DI-water or by UV radiation induced photo oxidation [198, 199],
thus omitting the more costly plasma enhanced chemical vapor deposition (PECVD) processes.
Parasitic absorption in those ultra-thin layers is minimized due to their wide band gap and thick-
ness of only ~1 nm. Furthermore, high work function metal oxides like MoO, or WoO, were
already successfully incorporated as hole selective contacts in SHJ solar cells replacing the p-
doped a-Si:H layer [35, 24, 191]. In future works the obvious combination of both, SHJ solar
cells with ultra-thin tunnel oxide passivation and high band gap metal oxide layers as the hole
selective contact should be investigated.

2. Hybrid PEDOT:PSS/c-Si solar cells

The polymer PEDOT:PSS is commonly used as a hole selective contact in organic PV devices.
Recently it was shown that PEDOT:PSS can also be successfully applied as a hole selective con-
tact in c-Si based solar cells [232]. The hybrid PEDOT:PSS/(n)c-Si junction can be described
as an abrupt p'n-heterojunction giving rise to high open-circuit voltages (V,.) [138]. Since
PEDQOT:PSS is highly conductive no transparent conductive oxide layer (TCO) is needed, as re-
quired for charge carrier extraction in conventional SHJ solar cells. As part of this work this
novel PEDOT:PSS/(n)c-Si solar cell approach was investigated in great detail. A band diagram
was constructed showing that c-Si is strongly inverted at the hybrid interface, thus providing a
good selectivity. However, besides the proper band alignment of a heterojunction a good in-
terface passivation is essential. PEDOT:PSS/(n)c-Si solar cells using planar, high quality wafers
and a superior, well passivated electron selective back contact adopted from the conventional SHJ
technology reach an efficiency of 14.8% with best V. of 663 mV. An interface recombination
velocity of ~400 cm/s at the hybrid PEDOT:PSS/c-Si interface was estimated. This corresponds
well to the photoelectron spectroscopy study probing the buried interface. Device and spec-
troscopy results both indicate the formation of an interfacial, sub-stoichiometric and moderately
passivating SiOy layer. Moreover, it is observed that this SiOy layer is not stable. Although when
stored in an inert gas atmosphere its thickness and oxidation state increases with time which may
deteriorate the initial electronic quality of the hybrid interface. Optical simulations point out the
importance of optimized light management. Significant current losses of ~4.6 mA/cm? due to
parasitic absorption in PEDOT:PSS and ~11.2 mA/cm? due to reflection at the planar hybrid
layer stack are predicted.

Outlook — An enhanced passivation quality to reduce interface recombination losses and a long-
term stability of the hybrid PEDOT:PSS/c-Si junction should be guaranteed by the incorporation
of a well-defined, stoichiometric and stable SiO, tunnel oxide layer [279, 199, 97] grown be-
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tween the polymer and the Si wafer. To minimize parasitic absorption losses PEDOT:PSS has
to be fabricated as thin as possible while maintaining its electrical properties. Simultaneously,
optimized anti-reflection layers, e.g. by the implementation of MoO,, or LiF layers, and the use
of textured Si wafers are essential to minimize reflection losses.

Ultimately, the use of PEDOT:PSS is technologically interesting because fabrication does not
require costly vacuum deposition methods and high-temperature processes. PEDOT:PSS layer
fabrication is cheaply solution processed, is large area scalable, and only requires a low tempera-
ture annealing step below 150 °C . If further optimized, it could possibly compete with or replace
ITO sputtering and a-Si PECVD processes needed for conventional SHJ solar cell fabrication.

3. Multi-exciton generating hybrid PEDOT:PSS/Tc/c-Si device concept

In the singlet fission (SF) process a singlet exciton, created by the absorption of a photon, is
split into two triplet excitons with approximately half the energy of the initial excitation [276]. If
those triplets can be harvested, SF-mediated multi-exciton generation (MEG) solar cells have the
potential to overcome the fundamental single-junction limit by reducing thermalization losses
[269]. The MEG device concept followed in this thesis is based on the direct harvesting of triplet
excitons. Thus, the basic requirement is the diffusion of the triplets to an appropriate interface to
be dissociated into free charges there. To the best of the author’s knowledge, there is no report
on the implementation of a SF material in c-Si based solar cells to date. In this work, thermally
evaporated thin films of polycrystalline tetracene (Tc), being a promising SF material with triplet
energies matching the band gap energy of c¢-Si [310] and a very high SF quantum yield with
reported values close to 100% [47], could be incorporated in c-Si based hybrid devices. In the
presented device architecture Tc is integrated between the (n)c-Si main absorber and the hole
selective front contact PEDOT:PSS. Hybrid solar cells yield efficiencies above 10%. The con-
stant V,. of (645 = 5) mV independent of Tc coverages ranging from 0% to >99% indicates
a sufficiently good c-Si surface passivation comparable to the PEDOT:PSS/Si0O,/c-Si interface.
Moreover, an efficient hole extraction from the c-Si absorber is observed for application rele-
vant Tc layer thicknesses up to ~100 nm. In a dynamic study conducted on various solar cell
precursor layer stacks the formation of long-lived triplet states via SF is demonstrated, but no
significant quenching of triplet lifetimes is observed. Hence, no evidence for triplet harvesting
at the hybrid Tc/c-Si interface is given. This is in accordance to the external quantum efficiency
(EQE) of PEDOT:PSS/Tc/c-Si solar cells in which light-absorption in Tc functions as an optical
filter in the spectra. However, optical modeling of the EQE may indicate a small Tc contribution
with nTeo < 10%2.

Outlook — Within an EQE analysis such small effects related to triplet harvesting are not clearly
resolvable, calling for more sensitive experimental analyzing methods to be conducted. One
possibility, commonly used in literature, is to measure magnetic field modulated photocurrent
changes. Those measurements should (i) be sensitive enough to resolve small current changes
below 0.1%, and (ii) additionally enable to distinguish between singlet and triplet harvesting
[134, 133, 64, 172, 328].

20T s accounts for the SF efficiency, diffusion of created triplets to the interface and their dissociation
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Lastly, it is important to keep in mind that for the realization of a MEG device —in this thesis via
SF in thin film Tc— the MEG medium has obviously to be incorporated on the front side of the
main absorber, here c-Si. This device architecture implies that for a successful implementation
with an overall positive effect the photocurrent contribution due to MEG and triplet harvesting
has to overcompensate the current losses in the c-Si main absorber caused by light absorption
in the Tc layer. Results obtained so far reveal no, or only a very little share of exciton harvest-
ing at the Tc/c-Si interface calling for further work on interface modification. It is reported that
self-assembled monolayers (SAMs) can tune the work function at inorganic material surfaces
significantly, e.g. Refs. [224, 168]. Therefore, the use of SAMs feature possible playgrounds for
further modifications of the Tc/c-Si interface.

Ultimately, as pointed out by optical simulations, for the potential to overcome the fundamental
single-junction limit, optical device optimization by means of suitable anti-reflection layers and
surface structuring has to be ensured.



Abstract

The photovoltaic (PV) market is dominated by crystalline Si (c-Si) based solar cell technologies. Device
efficiencies >26%, already close to the theoretical single-junction limit of ~30%, have been reported. The
work in this thesis aims to further reduce the costs of electricity of the already mature c-Si based PV tech-
nology by (i) increasing the efficiency by the incorporation of wide band gap contact layers, (ii) reducing
costs by exploring new contact materials that can be processed at lower cost, and (iii) the implementation
of multi-exciton generating (MEG) layers, thus featuring the potential to overcome the single-junction
limit by reducing thermalization losses.

One possibility to improve highly efficient conventional Si heterojunction (SHJ) solar cells is to re-
duce parasitic absorption in the thin, hydrogenated amorphous Si (a-Si:H) layers by using wider band
gap materials. In this work Si suboxides (a-SiOy:H) within the full stoichiometry range (0 < x < 2)
were investigated. A continuous increase of the valence band offset (A Ey/) starting from ~0.3 eV for
the a-Si:H/c-Si to >4 eV for the a-SiOs/c-Si heterointerface is determined. A decrease in SHJ solar cell
fill factor coinciding with increasing AFEy at the a-SiOy:H/c-Si interface is observed. The reason is an
increasing barrier height for holes at the SHJ and a simultaneous change of the hole transport mechanism
from thermionic emission to tunneling processes. Furthermore, it is demonstrated that as compared to a
single layer, larger barrier heights can be tolerated in a stack of high band gap materials and a material
with lower band gap, forming a "staircase"” of band offsets. This may allow the application of wider band
gap Si alloys in SHJ solar cells.

As an alternative hole selective contact to conventional inorganic SHJs, the highly conductive poly-
mer PEDOT:PSS is a promising organic material forming a hybrid p*n-heterojunction with n-type c-Si.
The use of PEDOT:PSS is technologically interesting because it is cheaply solution processed. Hybrid
PEDOT:PSS/c-Si/a-Si heterojunction solar cells with efficiencies up to 14.8% and high open-circuit volt-
ages (Vo) exceeding 660 mV are fabricated. A recombination velocity at the PEDOT:PSS/c-Si interface
of vy =~ 400 cm/s is estimated. Device and spectroscopy results indicate the formation of an interfacial,
sub-stoichiometric and moderately passivating SiO layer at the c-Si surface. This limits V.. For planar
devices with an optimal PEDOT:PSS layer thickness of 80 nm, optical simulations quantify significant
photocurrent losses of 11.2 mA/cm? due to reflection at the hybrid layer stack and 4.6 mA/cm? related
to parasitic absorption in the polymer. The results emphasize the importance of (i) an improved hybrid
interface passivation quality, and (ii) an optimized light management to further increase PEDOT:PSS/c-Si
device efficiencies.

A promising MEG concept is to take advantage of the singlet fission (SF) process in thin film tetracene
(Tc) implemented on top of c-Si absorbers. In such a device high energy photons deposit their energy in
the Tc film as singlet excitons. One singlet is then converted via SF into two triplets of lower energy. In
order to contribute to the overall photocurrent, triplet excitons have to diffuse to an appropriate interface
to be dissociated into free charges there. In the device concept presented in this thesis, Tc is incorporated
in between the hole selective PEDOT:PSS and the c-Si main absorber. Hybrid solar cells yield efficiencies
above 10%. The constant V;,. of (645 = 5) mV independent of Tc surface coverage indicates a sufficiently
good Tc/c-Si interface passivation. Efficient hole extraction from the c-Si absorber for application relevant
Tc layer thicknesses up to ~100 nm is demonstrated. However, based on delayed fluorescence measure-
ments, no evidence for triplet harvesting at the Tc/c-Si interface is given. This is in accordance to external
quantum efficiency (EQE) spectra which reveal an "optical filter effect” of Tc incorporated in hybrid de-
vices. Optical modeling of the EQE may indicate a small Tc contribution with n]:f/fEG < 10%*. Such small
effects, which are not clearly resolvable within an EQE analysis, require (i) more sensitive experimental
analyzing methods, and (ii) further work on interface modifications to be conducted in future.

*n1 s accounts for the SF efficiency, triplet diffusion to the interface and their dissociation into free charges
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Kurzfassung

Die Photovoltaikbranche (PV) wird von Technologien basierend auf kristallinem Silizium (c-Si) dominiert. Solarzel-
lenwirkungsgrade >26% nahe des theoretischen Einfachzellenlimits von ~30% wurden bereits erzielt. Ziel dieser Ar-
beit ist es die Stromerzeugungskosten der bereits ausgereiften c-Si basierten PV Technologie weiter zu senken. Dazu
wurden drei Strategien verfolgt: (i) Effizienzsteigerung durch Implementierung von Kontaktschichten aus Materialien
mit groBerer Bandliicke. (ii) Produktionskostensenkung durch die Erforschung von neuartigen und kostengiinstigeren
Kontaktschichten. (iii) Verwendung von multi-Exziton generierenden (MEG) Schichten. Hierbei kann durch geringere
Thermalisationsverluste das Einfachzellenlimit theoretisch iibertroffen werden.

Durch die Implementierung von Materialien mit groeren Bandliicken konnen Absorptionsverluste in den diinnen,
hydrogenisierten amorphen (a-Si:H) Schichten verringert werden, was die Effizienz konventioneller hocheffizienz Si-
Heterokontakt (SHJ) Solarzellen steigern kann. In dieser Arbeit wurden Si-Suboxide (a-SiOy:H) mit Stochiometrien 0
< z < 2 untersucht. Stetig steigende Valenzband-Diskontinuititen (A Ey), beginnend bei ~0,3 eV fiir den a-Si:H/c-Si
bis >4 eV fiir den a-SiO5/c-Si Heterokontakt, wurden bestimmt. Einhergehend mit steigender AFy, wurden sinkende
Fiillfaktoren an SHJ Solarzellen gemessen. Grund dafiir ist eine erhohte Transportbarriere fiir Locher an der SHJ und
eine damit einhergehende Anderung des zugrundeliegenden Ladungstransportmechanismus von thermionischer Emis-
sion hin zu Tunnelprozessen. Des Weiteren wurde gezeigt, dass —im Vergleich zu einem einfachen Heterokontakt— durch
einen Mehrschicht-Heterokontaktstapel mit abgestuften Banddiskontinuititen hohere Barrieren toleriert werden konnen.
Dieser Ansatz konnte den Einsatz von Si Verbindungen mit groBeren Bandliicken in SHJ Solarzellen ermoglichen.

Das hochleitfahige Polymer PEDOT:PSS ist eine vielversprechende Alternative zu konventionellen anorganischen
Lochkontakten. Kiirzlich wurde gezeigt, dass sich ein hybrider p* n-Heterokontakt zwischen PEDOT:PSS und n-dotierten
c-Si ausbildet. Die Prozessierung von PEDOT:PSS ist billig und 16sungsmittelbasiert, was es zu einem vielversprechen-
den Material fiir die Solarzellenfertigung macht. Hybride PEDOT:PSS/c-Si/a-Si Heterokontakt-Solarzellen mit Wirkungs-
graden bis zu 14,8% und hohen Leerlaufspannungen (V) tiber 660 mV wurden hergestellt. Die Rekombinations-
geschwindigkeit an der PEDOT:PSS/c-Si Grenzflache konnte auf v; ~ 400 cm/s geschitzt werden. Zell- und Spek-
troskopieergebnisse deuten auf die Ausbildung einer sub-stochiometrisch und moderat passivierenden SiOy Grenz-
flachenschicht an der c-Si Oberflidche hin, was V,,. limitiert. Durch optische Simulationen an planaren Zellstrukturen
konnten signifikante Photostromverluste von 11,2 mA/cm?2 durch Reflektion am hybriden Schichtstapel und 4,6 mA/cm?2
auf Grund parasitdrer Absorption im Polymer quantifiziert werden. Die Ergebnisse zeigen, dass (i) eine verbesserte
Grenzflichenpassivierung und (ii) ein optimiertes Lichtmanagement sichergestellt werden miissen um PEDOT:PSS/c-Si
Zellwirkungsgrade weiter zu verbessern.

Ein vielversprechender MEG Ansatz ist die Ausnutzung des Singlet Fission (SF) Prozesses in diinnen Tetrazen (Tc)
Schichten. Singlet Exzitonen werden durch Absorption hochenergetischer Photonen im Tc erzeugt. Durch SF werden
aus einem Singlet zwei Triplets niedrigerer Energie generiert. Um zum Zellgesamtstrom beizutragen miissen Triplets
zu einer geeigneten Grenzfliche diffundieren und dort in freie Ladungen aufgespaltet werden. In dem in dieser Arbeit
verfolgten Ansatz wird Tc zwischen dem Loch selektiven PEDOT:PSS Vorderseitenkontakt und dem c-Si Hauptabsorber
integriert. Hybride Solarzellen weisen einen Wirkungsgrad von iiber 10% auf. Die konstante V,,. von (645 £ 5) mV,
unabhingig vom Tc Oberflichenbedeckungsgrad, deutet auf eine ausreichend gute Tc/c-Si Grenzflichenpassivierung
hin. Es wurde gezeigt, dass im c-Si Absorber generierte Locher bis zu einer anwendungsrelevanten Tc Schichtdicke von
~100 nm effizient am Vorderseitenkontakt extrahiert werden konnen. Zeitaufgeloste Fluoreszenzmessungen ergaben
jedoch keinen Hinweis auf Tripletspaltung an der Tc/c-Si Grenzfliche. Dies ist in Ubereinstimmung mit externen Quan-
teneffizienz (EQE) Spektren, in welchen ein "optischer Filtereffekt” der in hybriden Zellen integrierten Tc Schichten
beobachtet wurde. Optische Modellierung der EQE-Spektren deuten auf einen geringen Tc Beitrag mit ﬁzC\F/fEG < 10%*
hin. Derart kleine Effekte konnen jedoch nicht eindeutig in einer EQE-Analyse aufgeldst werden. Deshalb miissen in
zukiinftigen Experimenten sensitivere Messmethoden angewendet werden. Die Untersuchung von potentiellen Grenz-
flachenmodifikationen fiir eine effiziente Tripletspaltung ist unumgénglich.

*nifec ergibt sich aus: SF-Effizienz, Diffusion der Triplets zur Grenzfliche und dessen Trennung in freie Ladungstriger
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Symbols

EOV
IS ()

kin»

........ 0

effective Richardson constant

interface defect density

amplitude change angle of ellipsometry
conduction band offset

valence band offset

HOMO - valence band offset

excess carrier concentration (electrons)
excess carrier concentration (holes)
elementary charge: 1.6021766208(98) x 10~° C
permittivity in vacuum

dielectric constant

efficiency

Forster resonance energy transfer efficiency
binding energy

excitation energy

Fermi level/edge

quasi-Fermi level of electrons

quasi-Fermi level of holes

band gap energy

intrinsic Fermi level

kinetic energy

constant final state kinetic energy
monochromatic illumination power density
band bending

photon energy

vacuum level

valence band maximum of a-Si

valence band maximum

valence band maximum of c-Si

Urbach energy

photoelectron current

implied open-circuit voltage

current at maximum power point
photocurrent density

short-circuit current density delivered by a solar cell under illumination
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V1070 current voltage characteristics
JOweeee e recombination current density

E .............. wave vector

S S Boltzmann constant: 8.6173303(50) x 107° eV/K
Korad « oo vvnnenn. non-radiative decay rate constant
Kep oot singlet fission rate constant

KTp oovvion.. triplet fusion rate constant
A wavelength

77 S hole mobility

Py eeeeeeeean electron mobility

Moo surface normal

Neoovooooooo.. effective density of states in the conduction band
Np............ doping concentration

{2 T ideality factor

Ng(E) cooinn.. defect distribution

Thark « oo v v vnenenn electron density in the dark
ne(hv)......... photoelectron flux

(T Intrinsic carrier concentration

Tl e v e v e e e e s electron density under illumination
Nphot (AV) ... .. incident photoelectron flux

Neet(AV) oot reflected photoelectron flux
n(t)....o.o... photon distribution

NUHE) oo, valence band tail

Dy work function

Dot cveennnnnn. work function of photoelectron detector
Dillumm « « « v v v vvvns hole density under illumination
Poooooiioiiiii incident power density

Dark «+vvvvvnnnn hole density in the dark

Whi veeeeeann built-in potential

| phase change angle of ellipsometry
Qit e vveeeennnn. interface charge

R, reflectivity

Reoooovioii. contact resistance

/P Coulomb capture radius
Ry...ooo...... series resistance

Ry oooovi . shunt resistace

Ro.ooovvviiil. Forster distance

T complex Fresnel reflection coefficient
02 Gaussian dangling bond distribution
o AP photoconductance

SR(A) coovnn... spectral response

TAuger « v cvvenn- Auger lifetime

Toff e v e et effective lifetime
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O I radiative lifetime

TQRH «vvvvvvenns Shockley-Read-Hall lifetime

TULEACE « « v v v s e surface lifetime

Vinpp ++ovvevennn voltage at maximum power point
Vocoooooaaiinnn open-circuit voltage of a solar cell under illumination
Vspy evvviiin photovoltage pulse

VsPvicorr« v vvene- Dember corrected photovoltage pulse
1 interface recombination velocity

US e, surface recombination velocity

Yins (B, hv) ... internal photoelectron yield

X oooeeeeaas electron affinity
Abbreviations

Ao absorption

Ao acceptor

AFM........... atomic force microscope
ALD........... atomic layer deposition
AMI1.5G........ standard global air mass solar spectrum
AR............. anti-reflex

AZO........... aluminium doped zinc-oxide
a-Si............ amorphous silicon

a-StH.......... hydrogenated amorphous silicon
a-SiOy ......... amorphous silicon suboxide
a-SiOc:H....... amorphous silicon suboxide
BSF............ back surface field

BoHg........... diborane

CB............. conduction band

CFSYS......... constant final state yield spectroscopy
COq.vvi carbon dioxide

CT............. charge transfer

Coo vveeennnnn. fullerene

[CEN ) crystalline silicon

C-V........... capacitance-voltage
D.............. donor

DB............. dangling bond

DMSO......... dimethyl sulfoxide

DFT........... density functional theory
DOS........... density of states

EBIC.......... electron beam-induced current
EQE........... external quantum efficiency

ET............. electron transfer
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FF............. fill factor

FRET.......... FA{rster resonance energy transfer
HAXPES....... hard X-ray photoelectron spectroscopy
HCT........... hybrid charge transfer

HF............. hydrofluoric acid

HIKE.......... high kinetic energy electron spectroscopy
HI............. heterojunction

HOMO......... highest occupied molecular orbital
HT............. hole transfer

IBC............ interdigitated back contact

L inversion layer

IMPF.......... inelastic mean free path

IPES........... inverse photoelectron spectroscopy
IRF............ instrumental response function
ITO............ indium tin oxide

IQE............ internal quantum efficiency
KMC-1......... double crystal monochromator beamline at BESSY 11
LUMO......... lowest occupied molecular orbital
MEG........... multi-exciton generation

MIS............ metal-insulator-semiconductor
NC............. nano crystals

ND............ neutral density

OPV........... organic photovoltaic

Pc............. Pentacene

PCD........... Photoconductance decay

PECVD........ plasma enhanced chemical vapor deposition
PEDOT:PSS .... poly(2,4-ethylenedioxythiophene)-poly(styrene sulfonate)
PES............ photoelectron spectroscopy
PH;............ phosphine

PL............. photoluminescence

PV............. photovoltaics

QSSPC......... quasi-steady-state photoconductance decay
R.o....oooool. reflection

RCA........... standard cleaning process by Radio Company of America
RMS........... root mean square

RT............. room temperature

SAMs.......... self-assembled monolayers
SE............. spectroscopic ellipsometry
SECO.......... secondary electron cutoff
SEM........... scanning electron microscopy
SF.....o..... singlet fission

SHI............ silicon heterojunction

SiHy ........... silane
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SiOy ..o silicon dioxide

SRH........... Shockley-Read-Hall recombination
SPV ........... surface photovoltage

SSA ... singlet-singlet annihilation
T transmission

Te ..o tetracene

TCSPC......... time-correlated single photon counting
TCO........... transparent conductive oxide
TE............. thermionic emission

TEM........... tunnel electron microscopy
TET............ triplet energy transfer
TH............. tunnel-hopping

TT ... triplet transfer

(TiT) .o correlated triplet pair state
UC............. upconversion

UHV........... ultra high vacuum

UPS........... ultraviolet photoelectron spectroscopy
VB............. valence band

XPS........... X-ray photoelectron spectroscopy

XRD........... X-ray diffraction
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