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Abstract

Development and Optimization of Organic-Inorganic Hybrid Nanocomposite
Photovoltaic Devices

The current work deals with the in-situ preparation of organic-inorganic semiconductor
composites and their application in hybrid heterojunction photovoltaic devices.
Chalcogenide semiconductors are obtained by reaction of metal precursor salts, which are
dispersed within a conjugated polymer, with a reactive sulfur species that is obtained by
thermal decomposition of a sulfur source. During a moderate annealing step under inert
atmosphere the sulfur source is decomposed and the composite layer is obtained. In a
second part, stability of organic solar cells was investigated. For this purpose, a multi-

channel permanent testing setup was constructed.

Blends of a binary sulfide semiconductor and a conjugated polymer were prepared by
thermal decomposition of thiourea. Metal salts of Cd, Pb and Zn, respectively, were
dissolved in a solution containing a polythiophene and thiourea. This precursor solution
was deposited using wet chemical deposition techniques, upon annealing the composite
layer was obtained with networks in the nm-range. Following this approach, composites
of poly-3-(ethylbutanoate)thiophene (P3EBT) with CdS, PbS and ZnS, respectively, were
obtained. The composite films were tested as the active layer in bulk-heterojunction type

hybrid solar cells.

The concept was extended for the formation of ternary semiconductors, CulnS,-P3EBT
composites were obtained in the described fashion. The system was optimized for the use
as active layer in hybrid solar cells. In a further step, quaternary (ZnS),.(Culn);,S,-type
acceptor phases were prepared, which effectuated enhanced open circuit voltage in
hybrid solar cells. Structural characterization was obtained by XRD and SEM, layer
stoichiometry was analyzed using SEM-EDX. A special emphasis in this part was put on the
analysis of the annealing process, which was investigated using online-XRD, TGA-MS and
FT-IR spectroscopy. Chemical analysis of the decomposition process was performed using

mass spectrometry, which revealed the formation of side products.



Stability testing of polymer based solar cells was performed on (1) polymer — PCBM
devices and on (2) polymer — CulnS, devices using the self-constructed testing setup.
Photovoltaic performance was monitored to evaluate the durability of different
conjugated polymers. Active layers of PCBM in combination with MEH-PPV, F8T2 and
P3HT, respectively, were analyzed in series (1), in series (2) active layers of CulnS; in

combination with PPV, MEH-PPV, MDMO-PPV and F8T2, respectively, were investigated.



Kurzfassung

Entwicklung und Optimierung von Organisch-Anorganischen Nanokomposit

Hybridsolarzellen

Die vorliegende Arbeit behandelt die in-situ Herstellung organisch-anorganischer
Halbleiterkomposite sowie deren Anwendung als Aktivschicht in Hybrid-Heterojunction
Solarzellen. Chalkogenid-basierende Halbleiter werden durch Reaktion von Metallsalzen,
die in einem konjugierten Polymer dispergiert sind, mit thermisch generiertem Schwefel
erhalten. Die Thermolyse der Schwefelquelle findet unter Inertbedingungen bei
moderaten Temperaturen statt. Der zweite Teil der Arbeit befasst sich mit der Stabilitat

organischer Solarzellen. Daflir wurde ein Mehrkanal-Dauerteststand errichtet.

Komposite aus bindren sulfidischen Halbleitern und konjugierten Polymeren wurden
durch thermische Zersetzung von Thioharnstoff generiert. Dabei wurde eine
Precursorlosung, die jeweils ein Salz von Cd, Pb oder Zn, ein Polythiophen sowie
Thioharnstoff enthielt, nass-chemisch auf geeigneten Substraten aufgebracht. In einem
nachfolgenden Heizschritt wurde die anorganische Phase durch aus Thioharnstoff
generierten  Schwefel gebildet. Derart wurden Komposite aus  Poly-3-
(ethylbutanoat)thiophen (P3EBT) sowie CdS, PbS oder ZnS erhalten. Mittels XRD und TEM
konnten Netzwerkstrukturen in der GréRenordnung von einigen nm nachgewiesen
werden. Letztlich wurden die Halbleiterkomposite als Aktivschichtmaterialien in Bulk-

Heterojunction Hybridsolarzellen untersucht.

Die beschriebene Methode wurde in weiterer Folge zur Praparation von terndren
Halbleitern verwendet, es wurden Komposite aus CulnS, und P3EBT derart hergestellt. Fiir
dieses Materialsystem wurden Precursormaterialien, -zusammensetzung, Donor-
Akzeptorverhdltnis sowie Prozessierungsparameter hinsichtlich Anwendung in
Hybridsolarzellen optimiert. In weiterer Folge wurden quaternare Akzeptoren des Typs
(ZnS),x.(Culn)1,S, prapariert. Dieses Material liefert in Kombination mit P3EBT als
Donorphase gréBere Klemmspannungen in Hybridsolarzellen. Die strukturelle

Charakterisierung erfolgte mittels XRD und SEM, die Stéchiometrie der Aktivschicht wurde
iv



mittels SEM-EDX bestimmt. Ein besonderes Augenmerk lag auf der Untersuchung des
Heizprozesses, der mittels online-XRD, TGA-MS sowie FT-IR Spektroskopie untersucht
wurde. Bei der chemischen Analyse der Zersetzungsreaktion durch Massenspektrometrie

konnte die Bildung von Nebenprodukten nachgewiesen werden.

Im letzten Abschnitt werden Stabilitdtstests organischer Solarzellen beschrieben. Hier
wurden zum einen verschiedene Polymere (F8T2, MEH-PPV, P3HT) mit PCBM als Akzeptor,
andererseits verschiedene Polymer-CulnS, Kombinationen (F8T2, MDMO-PPV, MEH-PPV

sowie F8T2) untersucht.
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1.1 IntroductionEnergy Situation

With the development of civilization and society its hunger for energy is ever increasing.
There is a dramatic disparity in energy consumption between different regions and
cultures, a resident in North Amercia consumes more than 10 times the energy than an
average Asian citizen (281 GJ vs. 25 GJ per person p. a. [1]). Between 1973 and 2007 world
energy consumption has increased from 195.7 EJ to 346.9 EJ (+77 %) [2].
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Figure 1: World energy consumption after region in 1973 (left) and 2007 (right) [2]

Predominantly fossil fuels, which today cover ca. 80% of the energy supply, are consumed,
consequently emission of green house gases is augmenting and scenarios of global
warming recommend the transition to a sustainable energy policy. The fossil carriers need
to be replaced by alternative energies, which have a neutral CO,-balance. From the
options available photovoltaics has a huge potential, irradiation from the sun is providing

3.9 e® EJ / a, an amount which could easily satisfy global energy consumption [3].

Table 1: Current use and potential of renewable energy forms [3]

Resource Current use / EJ/a  Technical potential / EJ/a Theoretical potential / EJ/a
Hydropower 9 50 147
Biomass energy 50 >276 2,900
Solar energy 0.1 >1575 3,900,000
Wind energy 0.12 640 6,000
Geothermal energy 0.6 5000 140,000,000
Ocean energy n.e ne. 7,400
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Figure 2: Left: Global CO, emissions and development scenarios for various CO, concentrations. Right:
Prognostic elevation of likely world mean temperature above the pre-industrial at different CO, levels;

there is no time axis because equilibration times are not reliably predictable [4]

Currently, renewable energy sources have a proportion of 2.2 % in the global energy mix
(hydro power and traditional biomass not included) [1], a strikingly low number when
considering the (future) CO, emissions and the concurrent rise in temperature (Figure 2).
When photovoltaic technology shall play an important role in the future, it needs to
comply with market requirements, which is up to now not the case. So far, development
of the photovoltaic economy was driven by supporting policies of governments, e. g. the
feed-in tariff models in Germany or Spain. The sector has seen a powerful growth during

the last decades, with rapid progress of annual installed PV-capacity.
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Figure 3: Cumulative PV installation in Germany / worldwide [5]



PV technology will be competitive, when grip parity is reached, however substantial cost
reductions are necessary, opening the door for new technologies as e. g. polymer-based
solar cells. Despite the failure of the Copenhagen Climate Council in 2009 extent of
sustainable energy sources will augment in the future (probably with support from

tomorrow fuel prices) and solar energy can play a major role in this process.

1.2 Hybrid Solar Cells — A Very Short Introduction

Within PV technology, organic heterojunction solar cells are a quite young member of the
family, with the first scientific paper published in 1986 by Tang et al. [6] (photoeffect in
excitonic homojunction setups was observed already in 1959, though with very low
efficiency [7]). Organic solar cells are an appealing alternative to the established systems,
materials consumption is low (layer thicknesses are in the 100-nm regime) and they can
be fabricated using wet-chemical deposition techniques and roll to roll processes. After
significant progress in development of conducting m-conjugated materials the subject
received a considerable impulse from discovery of the Buckminster Fullerene [8], which
was found to be an excellent electron acceptor and showed semiconducting properties.
Since the publication of the charge transfer from a conducting polymer onto Cgy by
Sariciftci et al. in 1992 [9], the subject rapidly developed. In the following, many different
material combinations were tested as active layer; a hybrid solar cell is obtained, when a
nanostructured inorganic semiconductor is used in combination with an organic donor
[10]. This concept bears the advantage that generation of charges can also take place in

the acceptor phase, whereas Cqq is a poor absorber.

Current Status

Considering hybrid systems, naturally a greater variety of possible donor-acceptor
combinations exists. From the numerous semiconductors with suitable opto-electronic
properties in particular 1l-VlI systems have been developed as hybrid absorber
components. Most effort was spent on research of CdSe acceptors in combination with
various conjugated polymers [11-13], as band levels of CdSe are very suitable for
photovoltaics (Eg(bulk) = 1.75 eV). Depending on preparation conditions, different shapes

3



can be obtained, spheres, rods tetrapods or hyperbranched CdSe were reported [14]. This
illustrates an additional tuning parameter of when nano-structured semiconductors are
involved, as the geometry can affect electronic properties and has implications on the
percolation in a composite layer. The sister components, CdS and CdTe also have been
utilized in hybrid solar cells, though not as extensively [15],[16]. The second important
materials class in context with hybrid solar cells are oxides, titanium oxide and zinc oxide
have been thoroughly investigated as acceptor materials [17-19]. Current record
efficiencies are in the range of 3%, which have been obtained with tetrapod-shaped CdSe
acceptor phases in combination with MDMO-PPV [20]. Similar values have been obtained
for a ZnO-P3HT [21] devices and a CdS-P3HT combination [22], when the acceptor phase

is prepared in-situ with no surfactants present.

1.3 Thesis Overview

The subject of the current work is development and optimization of polymer -
chalcopyrite composites, which are utilized as the active layer in hybrid solar cells; the
acceptor phase is obtained via an in-situ formation process within the matrix of the
conjugated polymer by decomposition of a sulfur source. In a second part the stability of
plastic solar cells was investigated. For this task a testing unit was constructed, which
allows multi-channel testing of solar cells under permanent illumination. Solar cell
parameters as a function of time are calculated and logged by a custom made LabView-

program.

The following two chapters deal with basic theoretical framework of organic solar cells
and semiconducting materials, followed by a short part on general experimental
procedures, detailed processing parameters etc. are given in the respective section.
Special emphasis is put on aspects of conjugated polymers and CulnS, (CIS), which served
as acceptor phase in the majority of the experiments. Hereafter findings are presented in

the section “Results and Discussion”:



e Chapter 5 covers the in-situ formation of the CdS, PbS and ZnS polythiophene
composites, the CdS composite was used as active layer in bulk heterojunction
type hybrid solar cells. Structural and morphological characterization was
performed using XRD, TEM and TEM-EDX, optical properties were investigated
using UV-Vis spectroscopy.

e The next section deals with the PPV-CIS system [23]. The acceptor phase is formed
in situ by decomposition of thioacteamide, which reacts with Cu- and In-ions
present in a matrix of a PPV-precursor. The influence of the precursor age was
probed in a subsection.

e Chapter 7 Investigations on polythiophene-CulnS, composites: The precursor route
developed for binary semiconductor-polymer blends is adapted for the in-situ
formation of CulnS,. Thorough examination of the precursor system in terms of
starting materials, metal stoichiometry, donor-acceptor ratio etc. was conducted.
The annealing process was identified as a decisive process parameter and was
studied using in-situ XRD, TGA-MS, FT-IR and MS, which also allowed the
identification of a side-product of the annealing reaction (Melamine).

e Hybrid solar cells with a ZnSy.(Culn).,S, acceptor phase (section 7.7) were
prepared using the developed route (polythiophene polymer, thiourea sulfur
source). Systematic investigation of Cu- and In-stoichiometry was performed by
SEM-EDX measurements, devices were optimized with respect to Zn-content.
Active layer surface morphology was analyzed using SEM, charge generation was
probed by EQE experiments.

e Stability testing (chapter 8): A multi-channel testing setup for permanent solar cell
testing was constructed. The following systems were tested for their long-term
stability: (1) P3HT - PCBM, (2) MEH-PPV — PCBM (3) F8T2 — PCBM; (4) PPV —CIS, (5)
MEH-PPV — CIS, (6) MDMO-PPV — CIS, (7) F8T2 — CIS. Systems (5)-(7) were

prepared using a novel in-situ formation route [24],[25].

A concluding remark at the end of the thesis gives a short review on the findings and
outlines possible future directions. Part of the measurements is not presented within

the main text and has been grouped into appendices.



2 Solar Cell Basics
2.1 General

At the centre of our planet system a star is shining with a surface temperature of approx.
5800 K — the sun. The earth, at a secure distance of 1.5e™ m, is orbiting around it. In the
suns core hydrogen is converted into helium by nuclear fusion at temperatures of 15.6 e°
K, releasing an energy of 27 MeV for every *He core that is formed. The solar constant is
assigned to Esc = 1367 W.m™, corresponding to the radiative flux incident to the earth

[26].
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Figure 4: AM1.5G spectrum [27]. The red line corresponds to the number of photons, the blue line

indicates the integrated current (every photon converted into a pair of charge carriers)

When the photons travel through the atmosphere, part of the radiation is lost due to
scattering and absorption, hence the appearance of the spectrum on the earths surface is

altered. Depending on the distance covered within the atmosphere, different AMx (AM =
air mass) standards were defined; x = ﬁ (6 angle of incidence). A widely used
standard is AM1.5G, corresponding to a tilt angle of 37 °. Spectral irradiation in the

AM1.5G standard is set to 1000 W.m™? (actual value is 963 W.m™2). The spectral
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distribution is obtained, when the path of the light covered in the atmosphere is 1.5 times
its thickness. The spectrum is plotted in Figure 4, together with the photon flux (red line).
The integrated current (blue line) corresponds to quantitative conversion of photons into

charge carrier pairs, representing the definitive limit for photocurrent.

Table 2: Integrated current at various wavelengths in the AM1.5G spectrum

A/ nm 500 600 650 700 750 800 900 1000 1250 1500
% of total photons | 8 173 224 276 356 373 46.7 53 68.7 75
current/mA.cm? | 5.1 11.1 143 17.6 208 238 29.8 33.9 439 479

Photon absorption and photovoltage of the device are governed by the bandgap of the
semiconductor. Based on the bandgap value of the absorber material and thermodynamic
limitations of solar cells [28], the theoretical limit for energy conversion in solar cells is
48%, limit for single-bandgap systems is 30% (Shockley-Queisser limit [29],[30]).
Practically, a maximum (confirmed) PCE of 26% and 25% was reached for single layer
absorber cells (GaAs thin film, Si single crystal [31]. Performance assessment for bulk
heterojunction type solar cells naturally involves two materials (donor- and acceptor
phase), the effective bandgap Eg(eff) (AE(HOMOponor-LUMOacceptor) is the limiting value
for the Voc. Recent estimates on organic solar cells have shown possible PCE of ca. 10%,
however, precisely engineered band offsets and high mobility materials are required [32].
Currently maximum (published) PCE for fullerene based solar cells is 7.4% [33], while the

best polymer-hybrid systems show values around 3% [34],[22],[10].

2.2 Solar Cell Parameters

To determine the performance of a solar cell, the i-V curves of the device are recorded
under dark and illuminated conditions. A diode-like shape is obtained (Figure 5). From the
illuminated curve, the parameters of the solar cell are extracted. The intersection with the
abscissa corresponds to the open circuit voltage (Voc), intersection with the ordinate
amounts the short circuit current density (isc). Power conversion efficiency (PCE) is
obtained by evaluating the maximum power point (mpp), with current density- and
voltage values impp and Vmpp. Fill factor (FF) is obtained by division of (Vmpp X impp) bY (Voc X

isc) and reflects the quality of the diode (FF is the ratio of the two rectangles in Figure 5).
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External quantum efficiency (EQE, dimensionless) accounts for the conversion of photons

into current at defined wavelengths (monochromatic irradiation), the spectral response

(SR / mAW ™ .nm™) practically covers the same aspect. The internal quantum efficiency

(IQE) is related to EQE when reflection / transmission of the device are considered.

Integration of the spectral response basically should return the isc-value [35].

__#e@)  _ hc isc(d) _ e _ _EQE
EQE = #(phot(1))  qed Pin(d) SR = hv EQE IQE = (1-R-T) ()
= —dark
o — illumii
g 2]
1_

1.5
voltage

Figure 5: i-V curve of a solar cell under dark and illuminated conditions

In order to ensure parameters to be comparable, testing should be performed under
standard reporting conditions (SRC), which for solar cells are defined by the standards
ASTM E948, EUR-7078 EN, IEC 60904-1, IEC 60904-3 [36-39]. Requirements to be met are
spectral irradiance / distribution (AM1.5G @ 1000 W.m?) and temperature (25 °C device
temperature), which requires irradiation with a solar simulator. The deviation of the
emission spectrum of the light source from the reference spectrum is taken into account
by the spectral mismatch factor M, where SR is the spectral response, E is the irradiance,
subscript R refers to the reference cell, T to the tested cell S to the light source and ref to

the reference spectrum the tested cell [40].
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Proper isc value is obtained by division with the mismatch factor. While for silicon devices
the difference is often neglectable (M = 1), strong deviations from unity can be obtained
for plastic solar cells, as reference cells are usually made of Si or GaAs [41]. Additional
features of new solar cell systems not contained in the established standards include slow
device response (especially for DSSC), bias-dependent hysteresis and edge- / shading
effects [42],[43]. When organic solar cells exhibit isc values higher than 11 mA.cm™
(corresponding to quantitative current generation from all photons up to 600 nm,
compare Table 2), or EQE/IQE values close to 100% are reported (especially when current

is higher at negative bias), care should be taken (e. g. [23],[44],[45] and [46-48]).
2.3 Device Aspects
Semiconductor Junctions

Common structure of solar cells comprises an active layer in junction with suitable
interface layers and electrodes. From the energy of the photons, semiconductor materials
are the choice for the active layer, correspondingly solar cell behaviour is very closely
related to the physics of semiconductor junctions. One of the most common
semiconductor structures is the p-n junction, where a p- and a n-doped semiconductor of

the same material (homojunction) are in contact:
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Figure 6: Scheme of p-n junction formation [49]



Doping of the material moves the Fermi level towards the respective band edge, when the
p-and n-type doped regions of the material are in intimate contact the bands bend, as flat
Fermi level / equal electrochemical potential is the condition for equilibrium [49],[50]. The
majority carriers diffuse towards the interface, a depletion region (“space charge”) is
formed which is accompanied by the formation of an electrical field (built-in field E;).
Considering heterojunctions, principally the same rules apply, however, according to the
relative band levels, workfunctions ¢, electron affinities % and carrier densities a greater

variety of band structures is possible (e. g. band offsets, band discontinuities).

Zno cds Cu(lnGa)Se,
Vacuum level E,=32eV E,=24eV E.=12eV
Vacuum level ’ ; :
|
! qx2
ax |4¢.,.1 q9m
Eq | AE
= —-!
| Egy
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Figure 7: Left side, middle: Band profile formation of two materials of different bandgap, workfunction

and electron affinity [51]; right side: band profile of the ZnO-CdS-CIGS heterojunction at short circuit [35]

Figure 7, left side, shows an example for the band profile of an anisotype type-I
heterojunction, where the bandgap of the n-type material is smaller than that of the p-
type material, whereas on the right side the anisotype type-Il heterojunction of a CIGS

solar cell is displayed.

Organic Semiconductors

With the discovery of doped polyacetylene in the 70s by Shirakawa et al. [52] the topic of
polymeric / organic semiconductors started, in the meantime organic electronics has
become a dynamic inter-disciplinary branch of science. Physical properties with relevance
to device applications are based on conjugated delocalized m-electron systems, which
account for a great part of the optoelectronic properties of the materials. Comparison of

conjugated polymers with inorganic semiconductors shows apparent differences:
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e Semiconductors are crystalline and ordered (which is a requirement), while
conducting polymers usually are partially crystalline or amorphous

e Carrier mobilities of organic semiconductors are several orders of magnitude
below the values of inorganic semiconductors

e Exciton binding energies of organic semiconductors are large compared to kT (25

meV) while they are not in inorganic semiconductors

Electron-phonon coupling is a major aspect in organic semiconductors [53], consequently
charge transport is determined by polarons rather than free carriers, as in the case of
inorganic semiconductors [54]. Additionally there is a lack of periodicity in m-conjugated
materials and band like (delocalisation of the wavefunction) transport mechanisms do not
apply. Standard transport models include two contributions to the carrier mobility,
tunnelling transport and hopping transport, which is thermally activated [54]. High exciton
binding energies (in the order of 0.1 - 0.5 eV) and g, values of approx. 2-4 result in the
generation of bound electron hole pairs rather than free carriers. Exciton diffusion radii
and lifetimes are in the range of nm and ns [55],[56] (considerable higher values are
possible for triplet excitons [57-59], respectively, which needs to be considered in the

architecture of organic devices.

Table 3: Typical properties of singlet excitons in conjugated polymers

properties processes
charge neutral fluorescence S1=> Sp+ hv
spin multiplicity 1 ISC ST
lifetime 0.01-10ns internal conversion S;=> S+ heat
Diffusion lenth  1-20 nm quenching S;+X > Sp+...

Heterojunctions of Organic Semiconductors

As exciton binding energy is large compared to kT, heterojunction designs are necessary to
achieve generation of free carriers / polarons in conjugate organic materials, as was
demonstrated by Tang in 1986 (“Tang Cell”) [6]. Organic homojunctions generally do not
show a substantial photoeffect [7]. The presence of the acceptor phase is an essential

condition for organic solar cells, the band offset between the LUMO energies of donor
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and acceptor component needs to exceed the exciton binding energy (exciton
dissociation) [60-63]. This is realized by intimate contact of the conjugated material
(donor phase) with the acceptor phase, which has staggered FOs (type Il heterojunction).
In the bilayer heterojunction approach, donor and acceptor material are part of adjacent
layers, whereas in the bulk heterojunction system a composite of the two phases
(interpenetrating network) makes up the active layer; intermediate forms, e. g. diffuse

bilayer heterojunction, are also known [64],[65].

Figure 8: Schematic drawing of bulk- and bilayer-heterojunction architectures (adapted from [21])

Considering the FO profile of organic heterojunction solar cells, the picture drawn so far
needs refinement. Under the prerequisite of interfacial charge transfer, i. e. formation of a
surface dipole and vacuum level shifting, level alighment is has been observed in various
systems (surface transfer doping), including organic-metal junctions [66] and P3HT-based

systems [67],[68] or ITO-PEDOT [69],[70].
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Figure 9: Level alignment of a metal — organic semiconductor interface; right: common vacuum level (VL);
left: formation of an interface dipole and vacuum level shifting (A) note the changed injection barriers ®

[66]
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While band alignment is a well established phenomenon, band bending in systems
involving organic semiconductors is highly disputable. It is suggested that bands are linear
due to low carrier densities and small length scales in organic semiconductor films
[66],[71],[72]. Following the argument, electronic structure of organic solar cells can be
reasonably approximated using the MIM (metal-insulator-metal) picture, assuming no

band bending and linear band profiles (compare Figure 10) [73].
Charge Generation

When light is absorbed by a solar cell charge carriers are created and extracted at the

electrodes. The balance of the process described the continuity equations [51],

op 1

% —q—e V]p-i- 9, — (Iv)
0 1

6_i=q_gv]e+ e — Te (V)

where J is the current density, ge is the elementary charge, g refers to the generation rate,
r to the recombination rate, e and p stand for electrons and holes. Currents can be
described using the drift-diffusion model [51],

3}
Je=qenME+qe Do i

dp

5. vm

]p = (4P ﬂpE +q. Dp
which can be inserted into the continuity equations (D and u refer to the diffusion
coefficient / mobility, p and n is the number of holes / electrons). Device behaviour can be
calculated using above equations, when appropriate boundary conditions reflecting the
properties of the materials (u, €, D;) and the device (contacts, thickness, morphology, ...)

are found and the local electrical field is calculated using Poisson equation [74],[75].
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Figure 10: Current generation in organic heterojunction solar cells (bilayer: left, bulk: right) [76]

Photovoltaic current generation in organic solar cells is summarized by the following

steps:

e absorption of light, formation of excitons

e exciton diffusion to interface / recombination

e exciton dissociation, generation of free carriers / polarons
e charge transport

e charge collection at electrodes

Absorption of light is the preliminary condition for current generation, low bandgap
organic materials (Eg < 2eV) are at the center of interest, when more than 20% of the
incident photons shall be absorbed (compare Table 2). Practically, due to low mobility
values, the thickness of the active layer is limited to some hundred nms, which is a
limitation for quantitative absorption over the entire range of the polymer, even though

absorptions coefficients of conjugated polymers are high (€max = 1€> cm™ [65],[77],[78]).
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Figure 11: Absorption of photons, thermalization and splitting of the Fermi level [50]
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The hot carriers thermalize and form excitons which have mean lifetimes and diffusion
radii in the ns / nm range (singlet excitons, compare Table 3; higher values for triplet
excitons [57]). Within this time, they need to reach an interface where they can dissociate,
if not recombination takes place. Exciton dissociation involves the formation of bound
electron hole pair at the interface (= geminate electron hole pair, charge transfer exciton
[79]), which can dissociate into free charge carriers or recombine [76],[79],[80], the
dependence from thermal motion and from the electric field present in the device can be
described using a modified Onsager theory [81-83]. From a thermodynamic point of view,
the Fermi level of the compound is split up into two quasi-Fermi levels, that is the

conversion of photon energy into chemical energy. The splitting of the levels is

corresponding to the electrochemical potential p ( y; = (%) + v;F® [84]) of the
v

electron-hole pair, which is the energy that can be transformed by the device [28],[50];

excitonic effects in context of this model are reviewed in [85].

Once the free carriers / polarons are generated, they need to be transported to the
respective electrode. High mobility materials are essential to avoid bimolecular
recombination (which is dominant over geminate recombination only in low-mobility
materials or thick layers) [86-88], balanced mobilities prevent the formation of space
charges [89]. Using the bulk-heterojunction architecture, continuous pathways of the
donor and the acceptor phase to the respective electrode is an additional condition for
efficient charge transport, as islands / dead ends cannot contribute to charge extraction.
Phase separation (which should occur on nm-scale) of the components is influenced by
their solubility and chemical interaction [90],[91], hence optimization of materials, solvent
/ solvent additives and processing conditions, are major ingredients for efficient solar
cells [92-98]. Additional tuning of the blend morphology can be achieved by application of

an annealing step where the material reorganizes [99-105].

The charges are extracted at the electrodes, anode materials are transparent conducting
oxides (TCOs) [106], most frequently indium-tin oxide on various substrates (glass, PET,
polyimide) is used. Workfunction modification and tuning of injection / extraction barriers

can be performed using (polymeric) interface layers or self assembled monolayers (SAMs)
15



[107-109]. PEDOT-PSS (compare section 3.1.2) is a standard interface layer for its hole-
transport properties [110], another successfully implemented polymeric interface layer in
plastic electronics is PANI (Polyaniline) [111-113]. As the materials can exhibit high
conductivity (conductivity of up to 900 S.cm™ [114]) application of purely polymeric
electrodes has been examined, especially in inverted device setups [115],[116]. Electrodes
are made up of a low-workfunction metal like Ca, Al or Ag. In the MIM picture (assuming
no Fermi level pinning) the difference in workfunctions of the electrodes exhibits the
built-in fied E,; of the device. Voc values are dependent from the workfunction of the
cathode, it has been shown however, that i-V curves of devices with different electrodes

are practically identical when normalized to the built-in field of (Voc-Vappiea) the device

[117].
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Figure 12:i-V curves of MDMO-PPV — PCBM devices with different cathode; left: i-V curves; right: i-V

curves normalized to the built-in field of the device [117]

Cathode interface layers are utilized for contact modification (ohmic contacts with LiF
interlayer [73],[118]) and tuning of the electronic structure by surface transfer doping
[60]; additional benefits are increased device stability [119] and enhanced optical

absorption (node of electric field vector displaced from reflecting electrode [120]).

Solar Cell Operation

Depending on the applied voltage charge carriers are extracted or injected, the electronic

levels follow the potential of the source / voltage drop at the load.
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Figure 13: Solar cell with asymmetric contacts at different bias voltages (see text) [121]

(a) Darkness; solar cell at short circuit, Fermi level is flat

(b) Mumination under reverse bias causes Fermi level splitting, charge carriers are
extracted at the electrodes

(c) Short circuit under illumination; extraction

(d) Mumination with attached load; extraction

(e) Device under illumination at open circuit; Fermi levels are flat (flatband condition);
carrier recombination

(f) Forward Bias, carrier injection

A more detailed description is given in [121]. At reverse bias (b) the built in field is large
and carriers are extracted rapidly. When the mean free path of carriers is higher than the
thickness of the device, carriers are extracted quantitatively, the current (saturation
current) is corresponding to the generation rate of the device (compare equations IV and
V) [49]. Practically (solar cell operation) (d) applies, the device is at a moderate internal
field, charges are extracted at the electrodes, pass the load and reenter the circuit. At
open circuit, built-in field is zero, electron-hole pairs recombine, in organic solar cells
excitons cannot dissociate due to their strong binding energy (one reason for comparably

low fill factors in plastic solar cells). At forward bias (f), charges are injected and
17



luminescence can be observed given proper device architecture / materials (direct

bandgap semiconductors). The slope of the i-V curve indicates the different stages of

device operation.
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Figure 14: Dark i-V curve of a bulk-heterojunction device in logarithmic scale [77].
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3 Materials

3.1 Conjugated Organic Polymers

As outlined in section 2, organic conjugated materials can be utilized as donor phase in
heterojunction-type solar cells. Besides absorption of light / exciton generation and
subsequent transfer of an electron to the acceptor phase, hole transport is the principal
task of the donor phase. Following this simple conceptual argument, prerequisites for a
good donor material are high absorption coefficients, suitable bandgap and high mobility
values. Considering the interaction with the acceptor phase, FO energy and chemical
compatibility with the acceptor material as well are necessary prerequisites. In the
following, a short review on the most popular substance-classes within the vast topic of

conjugated polymers is given.

3.1.1 PPV-Type Polymers

Figure 15: Structure of PPV (with numbering scheme), MEH-PPV and MDMO-PPV (left-middle-right)

While the synthesis of Poly-para-vinylene-phenylenes (PPV) was already developed in the
60s [122],[123] (more recent preparation routes are outlined in [124-126]), it was in the
80s, after the publication of the high conductivity of doped polyacetylene by Shirakawa et
al. in 1977 [52], when the field of plastic electronics started and interest turned on PPV-
type materials [127],[128], especially in connection with PLEDs, as high luminescence
guantum vyields have been reported [129],[130]. Non-substituted PPV is not soluble in

common solvents, however PPV films can be obtained from precursor materials, where
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the conjugated system is obtained by thermal elimination of a leaving group, usually in
benzyl-position (o-position in Figure 15) [131]. When side groups are attached to the PPV-
backbone soluble materials can be obtained, making them processable in common aprotic
solvents like chloroform, toluene or chlorobenzene. Electronic levels are affected due to
the interaction of the electron density of side chain atoms with the molecular orbitals of
the backbone and due to steric interaction of the sidechain influencing m-overlap of the
conjugated system (“bandgap tuning” [132]). PPV bandgaps are ranging from 2.1 to 3.0 eV
[78],[133], depending on substituents, substituent-position, synthesis and measurement
technique (e. g. CV, UPS or optical measurement, compare Table 4). The most prominent
materials in context with organic photovoltaics are MEH-PPV (Poly(2-methoxy-5-{2’-
ethylhexyloxy}-1,4-phenylene vinylene) and MDMO-PPV (Poly(2-methoxy-5-{3’,7’-
dimethyloctyloxy}-1,4-phenylene vinylene), with maximum PCE values ranging from 2-3%

in combinations with fullerene-based acceptor species [134],[135].

3.1.2 Polythiophenes
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Figure 16: Left: Polythiophene structure; left-middle: quinoid form of PT; right-middle: P3EBT; right: PEDOT-PSS

Synthesis of polythiophenes (PT) and application in plastic electronics started in the
1980s, similarly to PPV-type materials non-substituted polythiophene is not soluble in
common solvents (poly-3-butylthiophene is the first compound in the series of poly-alkyl-
thiophenes soluble in common solvents [136]). Besides a great variety of functionalities
attachable in 3- or/and 4-position (compare [137-139] for a review of modern syntheses
of PTs), poly-3-alkyl-thiophenes (P3ATs) so far attracted greatest interest with applications

in OFETs [140-142], sensor systems [143],[144] and organic solar cells [105],[145]. A
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notable exception in this regard is PEDOT (Poly-3,4-ethylenedioxythiophene), historically
used as an antistatic coating for celluloid films [146]. A variety of highly conductive
dispersions (usually PEDOT-PSS (compare Figure 16) in water based solutions) are
available from numerous manufacturers (e.g. H. C. Starck (Clevios®), Agfa (Orgacon®)).
PEDOQT-PSS films are used as e. g. transparent polymeric electrodes, hole injection layers
in OLEDs, or as electron blocking layer in plastic photovoltaics [110]. As the building
block in P3ATs is non-symmetric, several regiochemical possibilities arise when combing

P3AT monomer units (compare Figure 17).
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Figure 17: Coupling of 3-substituted thiophene units in different geometries [147]

In regioirregular compounds (containing 2,2’ i.e. head-to-head couplings) the vicinity of
the side groups causes a torsion of the polymer backbone reducing m-overlap, hence
transport properties are inferior compared to regioregular structures (2,5’ or head-to-tail
coupling) [147]. When synthesis- and production parameters [105] are well controlled,
P3ATs are excellent solar cell materials, combining high carrier mobility (mobilities of up
0.1 cm?’V*tst are reported for P3HT [148]) and good stability, making P3HT-PCBM the

most researched materials system in organic photovoltaics.
3.1.3 Copolymers — Low Bandgap Polymers

One of the initial driving forces in developing new polymeric conductors for plastic
photovoltaics was bandgap reduction, in the quest of a synthetic metal with zero bandgap

(which, however, is unrealistic due to Peierls distortion / Jahn Teller effect [149],[150]). A
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review of Roncali points out the various options for band engineering on a molecular
scale, with contributions from bond length alternation (BLA), resonance energy (RES),
substituents (SUB), torsional angle (0) and intermolecular contributions (inter) to the

bandgap [132]:

E, = Epjg + Eggs + Esyp + Ey + Ejpger (vin)

Practically a huge variety of low bandgap polymers was synthesized for plastic PV
applications, as is elaborated in several excellent reviews [151-153]. Polyfluorene
copolymers were amongst the first copolymer-materials which were tested as donor

phase, e.g. polymers of the APFO family or F8T2 [154],[17].

Figure 18: Structures of F8T2 and APFO-3 [154],[17]

A review by Cheng et al. [155] giving an overview of the most common building groups on
low-bandgap systems used in plastic photovoltaics facilitates the task of keeping track of

the numerous (successfully used) systems.
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Figure 19: Frequently used building blocks of low bandgap polymers in photovoltaics (X=C, N, Si; Y =S,
Se, Si); upper row: fluorene (X=C), BDT (benzo(1,2-b:4’,5’-b)dithiophene); lower row: thiophene (Y=S),

benzothiadiazole, thieno(3,4-b)pyrazine, thieno[3,4-b]thiophene
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Fluorene based polymers (upper left in Figure 19, X = C) in combination with a thiophene-
acceptor-thiophene unit are the building blocks for APFO-type polymers, when a N-
(heptadecan-9-yl)-carbazole block is used instead of the fluorene unit in APFO-3 (Figure
18), PCDTBT (poly[N-9'-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'0-
benzothiadiazole)), is obtained, which was very successfully used in plastic solar cells
[156]. An alternating copolymer of BDT and a thienothiophene acceptor (Figure 19) was
used in a device with a PCE of 7.4 %, illustrating the potential of low-bandgap donors for

plastic solar cells [33].

Table 4: FO energies and bandgap values and mobilities for selected conjugated polymers

material |E;/eV|HOMO /eV|LUMO/eV|u/cm’V's? Ref.
PPV 2.5 5.2 2.7 n.d. [157]
MEH-PPV | 2,2 5,0 2,8 1e* - 1e? [73]
MDMO-PPV| 2,5 5,3 2,8 n.d. [78]
P3HT 1,7 5,2 3,6 le®-1e* [148]
P3EBT 1,9 5,70 3,65 n.d. 1 (see footnote)
F8T2 2,93 5,41 2,48 2e™ [158],[159]
APFO-3 2.3 3.4 5.7 n.d. [160]
PCDTBT | 1.85 3.6 5.45 1e? [161]

3.2 Acceptor Phases

In the following, acceptor phases used in the present work will be briefly described. After
a section on fullerene based materials, the basic properties of ZnS, CdS and CulnS, are

briefly reviewed.

3.2.1 Fullerene Based Acceptors

Since its discovery in 1985 the C60 molecule and its derivatives have been thoroughly
explored, ending up with applications in materials chemistry [162],[163], biochemistry
[164] and biology [165]. C60 fullerene is a strong electron acceptor which can take up up

to 6 electrons [166],[167] and an efficient fluorescence quencher as was demonstrated in

! determined by CV (Appendix 10.1)
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1992 by Sariciftci et al. in combination with MEH-PPV [9]. After a patent filed in 1992
[168], the first polymer-fullerene paper was published in 1993 [169]. Due to mediocre
solubility of C60 in many common solvents, chemically modified fullerenes are most
commonly used in solution processing for organic electronics, among the numerous
derivates already synthesized [170],[91], PCBM ([6,6]-phenyl-C;-butyric acid methyl ester
(i=60, 70)) is by far the most popular. Higher fullerenes (C70, C76, C78, C84 and C90
structures are known) show different absorption behaviour compared to C60, due to the
lower symmetry there are allowed transitions in the Vis-region with extinction coefficients
of ¢ ~ 1le*.cm™, whereas C60 is only weakly absorbing in the visible region [171].
Application in solar cells however is limited to C70-species, as availability of higher
fullerenes is very limited and optically pure samples are difficult to obtain for the C76 and

C78 compounds (5 resp. 24 known isomers [172]).
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Figure 20: C60-PCBM (right side) and cyclovoltammogramm of C70 in acetonitrile-toluene [173]
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3.3 Semiconductor Acceptors

3.3.1 ZnS

Zinc sulfide is a well known wide bandgap semiconductor (E; = 3.6 eV (direct bandgap,
bulk value for sphalerite) [174]) with two polymorphs, sphalerite (cubic) and wurtzite
(hexagonal). It is an efficient phosphor and widely used in optoelectronic applications as a
detector material or in CRTs [175], ZnS-CulnS; heterojunctions play an important role in
CdS-free CIGS thin film solar cells [176],[177]. Numerous publications report on synthesis
and application of nano-scaled ZnS [178-180], application of in hybrid solar cells however

is limited due to the large bandgap of the compound.

Figure 21: Sphalerite and wurtzite unit cells (Zn: grey, S: yellow)

3.3.2 CdS

Cadmium sulfide is direct bandgap semiconductor with a bandgap of 2.4 eV [174] showing
hexagonal wurtzite (the predominant modification) or cubic shpalerite structure. It shows
pronounced photoconductivity and is correspondingly used as photoresistor, other
applications include transistors, CRTs, phosphors and pigments [175],[181],[182]. It can be
used as a solar cell material (one of the first solar cells published in 1954) together with p-
type Cu,S [183], is employed as interface layer in CIGS thin film solar cells [184],[185] and
has been used in efficient hybrid solar cells [34],[186],[187]. Its sister compound, CdSe is
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one of the most widely studied semiconductors in nanotechnology and, due to the
favourable bandgap of 1.73 eV intensively studied as active layer material in hybrid solar

cells [188],[20],[189].
3.3.3 CulnS;

CulnS; (CIS) is a direct semiconductor with a bandgap value of 1.53 eV [190], that is, near
the optimum value of 1.3 eV predicted for a single bandgap absorber (Shockley-Queisser
limit [191]). Development of CIS was inspired by early promising results on CulnSe,,
12.5%-efficient CulnSe,-CdS heterojunction solar cells were fabricated as early as 1975
[192],[193]. Modern thin film solar cells utilizing this materials system often are referred
to as CIGS-cells, a compound semiconductor of Cu, In, Ga, S and Se is used in a
heterojunction with a CdS, In,Ss3, ZnS or ZnO buffer layer on molybdenum substrates [35].
Variation of the stoichiometry allows to vary the bandgap from 1.0 eV (CulnSe,) to 1.68 eV
(CuGas;) or to produce bandgap graded absorber layers. Despite inferiority compared to
CulnSe,, CulnS, was developed as a solar cell material, high radiation endurance, the
possibility to manufacture flexible modules and cheaper raw material (S instead of Se)
makes the material an interesting candidate for (spacecraft-) solar cell applications [194].
Whereas the material is very well researched in context with thin film solar cells and
nanoscience, very few reports exist on application in hybrid solar cells (e. g. Arici et al.

report on CulnSe; - polymer and CulnS; -polymer solar cells [195],[196]).

CulnS, compound has a tetragonal unit cell and shows chalcopyrite structure at ambient
conditions. The compound is stable in a quite wide range of stoichiometries in the
pseudo-binary system CuS — In,S3 [197]. Intrinsic CulnS, films show high resistivities,
deviation from stoichiometry (Cu-excess results in p-type compounds, In-excess in n-type
compounds; {([Cu] + 3[In]) / 2[S]} =1 2 0 (> 0: n-type, < 0: p-type) [194]) results in films
with higher conductivities; thin film solar cells generally use p-type CulnS, as absorber.
Moreover the material exhibits a complex defect chemistry (defect concentrations in the
order of > 1e®® ecm™ in doped CulnS,), which is still not fully understood, especially its

implications on heterojunction formation and solar cell action [198-201].
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Figure 22: Chalcopyrite-type unit cell of CulnS, (left) and ternary phase diagram of the Cu-In-S system
[194]
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Figure 23: CIS defect levels determined by Brewster-angle- / photoluminescence spectroscopy [201]

CulnS; — ZnS System

Incorporation of an additional metal species into the semiconductor lattice causes a
modification of the optoelectronic properties of the material, e. g. the incorporation of Cd
in Ag-doped ZnS can be used to tune the emission from the UV to the Vis region of the
spectrum [202]. For CulnS, incorporation of a variety of elements including Sn [203], As,
P, Sb [204], Mn [205], Mg, Cd and Zn has been demonstrated , application in thin-film

solar cells was shown for CulnS,:Cd, CulnS,:Zn and CulnS,:Mg alloys [198],[206-208].
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Depending on valence, size and position of the inserted metal, p- or n-type conductivity
can be observed, e. g. Zn-and Cd-insertion into the host lattice result in n-type CIS [206],
which can be utilized in buried layer homojunction devices or as electron conducting
acceptor phase in hybrid solar cells. Phase relations in the ZnS,,-Culny,S; (ZCIS) system
show chalcopyrite structure for 0 < x £ 0.05, for 0.05 < x £ 0.2 a two phase region exists,
with tetragonal domains contained by a cubic matrix [209],[210]. A systematic study of
the bandgap as a function of ZnS content revealed no substantial increase in the Eg-value
until x < 0.15 (Eg[(ZnS)o.3-CulnggsS;)] = 1.57 eV), at higher Zn-contents sphalerite bandgap
of 3.6 eV is approached [207]. Application of ZCIS in thin film solar cells resulted in slightly

increased Voc-values, whereas serial resistivity of the devices increased [208].
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4 Experimental

4.1 Preparations

Precursor / Polymer Solutions: Detailed description in the respective sections (sections

5.2,6.2,7.3,7.4,7.5and 7.7)

Spin Coating: Spin coating of various layers was performed on a Karl Siss CT 62
spincoating unit. Detailed parameters of speed and acceleration are given in the
respective sections. Solar cell active layers / anode interlayers were prepared on ITO-
coated glass slides, which were received from Delta Technologies® (surface resistivity: 20-

25Q/sq.).

Drop Coating: Sample preparation for experiments (TGA, MS, FT-IR, XRD) requiring high
sample amounts ( > 10 mg or thick layers) was performed by drop coating of the
substance / precursor of interest the proper substrate. Typically, samples were dried in
vacuum atmosphere in order to remove (part of) the solvent. Depending on experiment,
the film was measured as prepared (FT-IR) or scraped off and then subject to the

respective measurement.

Air Brushing: Part of the XRD-data was obtained directly from the film (sections 6.1 and
7.6.2). In order to ensure sufficient film thickness, typically 500 pL of the precursor

solution were air-brushed onto Si-wafers.

Curing / Annealing of Layers: PEDOT-PSS layers were cured in a N,-containing glove box
on a magnetic stirrer. Annealing of PPV-CIS layers was performed on a ceramic heating
plate. P3EBT-metal-sulfide layers were annealed using a tube furnace (Heraeus Ro 4/25,

Heraeus Re 1.1 controller).

Evaporation of Cathode Layer: Al-cathode layer was evaporated using a BalTec® MED-010
or BalTec MED-020 evaporation unit. Film thickness (typically 100 nm) was determined by

means of a quartz micro balance, cathode area was 10 mm? unless otherwise stated.
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Encapsulation of Solar Cells: Solar cells were encapsulated using a commercially available
two-component epoxy resin (UHU® plus 5 min epoxy), which was used to adhere the
device to the soda-lime glass cover (glass-glass epoxy encapsulation). The electrodes were

contacted with aluminium stripes by means of conductive silver paint.

Figure 24: Encapsulated hybrid solar cell array

4.2 Instrumental

UV-Vis Spectra: Transmission spectra were obtained using a Shimadzu® UV-1800
spectrometer. Spectral data is represented in terms of absorbance, however the data

were not corrected for contributions due to reflexion / scattering.

FT-IR Spectra: Transmission spectra were recorded using a Perkin-Elmer® Spectrum-One
spectrometer. Data were analyzed (baseline correction, determination of peak area) using

Perkin-Elmer Spectrum®-5.0 software.

TGA Analysis / Mass spectrometry: TGA-MS measurements were performed using a
Netsch TG 449 F3 Jupiter® STA unit, which was coupled with an QMS 403 C Aéolos®
quadruple mass spectrometer. Helium was used as carrier gas, mass spectra were
obtained from 15-300 m/z. Samples were prepared by drop coating and scraped off for

the measurement. Data evaluation was performed using Netzsch Proteus-4 software.
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Mass spectrometry was performed using a Waters Micromass GCT Premier spectrometer
(El ionisation, TOF mass analyzer). Samples were analogous to the STA-experiments,
positioned onto a glass capillary and heated in the sample chamber. Data were analyzed

using Waters MassLynx™ software.

XRD Data: Powder-diffraction data of polymer-metal sulfide composites were obtained
using Siemens D-5005 (section 5) and Bruker D8 Discover (in combination with a Anton
Paar Domed Hot Stage DHS900, section 7.6.2) powder diffractometers (Cu-K,-source in all
cases). Except for sections 6.1 and 7.6.2 (air brushing of samples, measurement as film)
samples were prepared by drop coating and scraped off for the measurement. Data were
analyzed using Bruker Diffrac-PLUS 2006 software. Primary crystallite sizes were estimated
using the Scherrer relation,

KA

dXRD = A(29) cosI (Vi)

with A(20) is the full width at half maximum (FWHM) of the peak in radians, 20 is half of
the scattering angle 20, A the wavelength of the X-rays, and K is the shape factor (K = 0.9

for spherical particles).

CV: Cyclic voltammetry measurements were performed using an Autolab PGSTAT100
potentiostat at a sweep speed of 10 mV/s. The polymer was measured as thin film on a Pt-
electrode, counter electrode was Pt and Ag/AgNOs; served as reference electrode.
Measurements were done using a acetonitrile-TEABF electrolyte, the system was

referenced to Fe(cp)s.

GPC: Weight average molecular weight (M,,) was determined using gel permeation
chromatography on polymer-CHClI; solutions. STV-Gel columns (mean adsorbent diameter
5 um) were loaded by a Merck-Hitachi L6200 Intelligent Pump, detection was performed
using a Wyatt Technologies Optilab DSP differential refractometric detector. The setup was

calibrated with polystyrene standards from Polymer Standard Service.
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Electron Microscopy: SEM and SEM-EDX measurements were obtained using a Zeiss-Ultra
55 instrument. Transmission electron microscopy (TEM) investigations and selected area
electron diffraction (SAED) patterns were acquired from a Tecnai 12 microscope (FEl
Company, 120kV, LaBg Cathode). High resolution TEM-micrographs were obtained from a
Tecnai F 20 microscope (FEI Company, 200 kV, Schottky emitter) equipped with a
monochromator (FEI Company), a Gatan energy filter system and an UltraScan CCD

camera.

I-V Measurements: |-V curves were obtained in a N,-containing glovebox using a
Keithley®-2400 source measurement unit operated by a custom made LabView® software.
The solar cells were illuminated using a Philips® 150W GX5.3 Focusline halogen bulb (no
spectral mismatch correction). Homogeneity was ensured using several scattering disks,
intensity of the incoming light was set to 1000 W.m™ (determined using a KippZonen®-

CMP-11 pyranometer).

EQE-Spectra: IPCE-measurements were obtained using a custom-made setup consisting of
a Xenon-arc lamp and an AMKO Multimode-4 monochromator. After the monochromator,
photons are guided to the device using a light-pipe, incoming intensity of the
monochromatic light was determined using a calibrated Hamamatsu S$1226-18BQ
photodiode. The photocurrent of the tested device at a defined wavelength of the
incident light was monitored using a Keithley®-2400 source measurement unit, the setup

was controlled by a custom made LabView®-program.
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4.3 Construction of a Multi-Channel Stability Testing Appliance
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Figure 25: Photograph of permanent testing appliance (left), lateral intensity of the light source at sensor

height (76 mm) (right)

Besides enhancement of PCE, one of the remaining issues to be resolved for organic solar
cells to be market-ready is the increase of their operational lifetime. In order to address
this topic, a multi-channel facility for permanent testing has been constructed,

requirements were as follows:

e multi-channel testing
e testing in various operational modes of the device

e logging of light intensity / temperature

This was realized by using a setup consisting of a Keithley®3706-switch combined with a
3730 6x16 two-pole matrix card, which can be operated by up to six source-measurement
units. lllumination intensity information was gained from a calibrated photodiode
(Hamamatsu S1226-18BQ), which was referenced to the light source (LG PSH-07 sulfur
plasma source) with a KippZonen® CMP-011 pyranometer, temperature information was

obtained from a Pt-100 element connected to the digital multimeter unit of the switch.
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Finally, a cage with an anodized aluminium ground plate with defined sample positions
and dual-adjustment for the height of the light source was constructed for exact

positioning of the devices.
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Figure 26: Screenshots of the stability-testing software; right side: operational display containing channel

overview and results; left side: parameter settings

The software (programmed at Johanneum Research Forschungsgesellschaft m. b. H.)
consists of three modules: (1) Logging of intensity / temperature, (2) non-biased testing,
(3) biased testing of solar cells (either at defined voltage value or bias at actual mpp).
Solar cell parameters are extracted automatically and logged vs. time. Device-name, -area,
-position and testing time are input parameters; measurement range, -speed, -direction, -

interval and frequency can be adjusted to the actual requirements in the settings menu.

34



4.4 Chemicals

All chemicals used are listed in Table 5. Unless otherwise stated, no extra purification

steps were performed.

Table 5: List of chemicals

compound purity, description supplier
Acetonitrile > 99.9%, Chromasolv Plus Sigma-Aldrich
Cadmium-Il-acetate.xH,0 99.99% Aldrich
Chloroform 99.9%, Chromasolv Plus Aldrich
Copper-l-acetate 97% Aldrich
Copper-I-chloride anhydrous, 299.99% Aldrich
Copper-lI-chloride 99.999% Aldrich
Copper-l-iodide > 99%, purum Riedel-deHaen
Indium-lll-acetylacetonate 99.99% Aldrich
Indium-lll-chloride 100.00% Aldrich
Lead-II-thiocyanate 99.99% Aldrich
MEH-PPV average M,, = 40000-70000 g.mol™  Aldrich
MDMO-PPV H. W. Sands

P3HT, Sepiolid P100

average M,, = 50000 g.mol™

Poly(p-xylene tetrahydrothiophenium

chloride)
Pyridine
Thioacetamide
Thiourea
Zinc-ll-acetate

0.25%, solution in H,0
99.9%, Chromasolv Plus
99.0%, ACS reagent
99%

99.99%

Rieke Metals / BASF

Aldrich
Sigma-Aldrich
Aldrich
Lancaster
Aldrich
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5 Preparation of Binary Semiconductor - Conjugated

Polymer Composites and Solar Cells

5.1 Introduction

This section deals with the preparation of nano-structured blends consisting of metal
sulfides and conjugated polymers. The inorganic semiconductor is obtained directly within

the matrix of the conjugated polymer using an in-situ solid state process.

S P3EBT
MeX, + —
2 HQNJ\NHZ A

Figure 27: Reaction scheme for metal-sulfide - P3EBT composites

Thiourea (TU) is decomposed during a moderate heating step and is reacting with metal
ions dispersed within the polymer (a more detailed description of the decomposition
process in given in section 7.6). Overall, a composite consisting of an inorganic and an
organic semiconductor is formed. By proper choice of materials and reaction conditions,
nanostructured networks of the components are accessible. In this work, organic-
inorganic blends consisting of P3EBT (poly-3-ethylbutanoate)thiophene and CdS, PbS or
ZnS, respectively, were prepared. As prepared layers were used as active layer in bulk-
heterojunction hybrid solar cells and were characterized optically. The structure of the
composites was studied using XRD, TEM and AFM, the formation of the blend was studied

using TGA.
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5.2 Experimental

A precursor solution containing the respective metal salt, thiourea and the polymer was
prepared by mixing the components in pyridine. Concentrations were chosen in a way
that, given complete reaction, concentration of the components is 24 mg.mL’ metal
sulfide and 6 mg.mL'1 P3EBT, i.e. donor-acceptor ratio is 1/4. Following sequence was
maintained during the preparation of the solutions to ensure good stability of the
precursor: (1) metal salt + pyridine (following metal salts were used: Cd(Ac),x1.08H,0,
Pb(SCN),, Zn(Ac),), (2) P3EBT, (3) TU. Water content in Cd(Ac), x n H,O was determined to
be 7.8%, that is n=1.08.

Table 6: Concentrations and proportions of the precursor solutions

c(P3EBT)/mg.mL" | c(MeX,)/mg.mL* | c(MeX,)/mmol.mL™? | ¢(TU)/mg.mL* | ¢(TU)/mmol.mL™

CdS-P3EBT 6 41.5 0.17 63.2 0.85
PbS-P3EBT 6 32.6 0.10 38.2 0.50
ZnS-P3EBT 6 45.3 0.25 93.7 1.25

Precursor solution was coated onto suitable substrates (ITO-coated glass for hybrid solar
cells and AFM samples, borosilicate glass for TGA and XRD measurements, NaCl single
crystals for TEM samples), for the TEM-, and XRD- preparations the solution was diluted
with pyridine 1/1 (vol) with pyridine. Layers were prepared by spin coating (hybrid solar

cells, optical spectra, AFM) or drop coated (XRD) and subsequently heated in a tube

3min 20 min

furnace under vacuum using the following routine: RT——— 80°C ———— > 180°C

10 min

———> 180°C. After the heating process the tube was removed, flooded with nitrogen
and cooled down to RT within about 30 minutes. Solar cell cathode was made of
aluminium (200 nm), which was evaporated using BalTec MED010 or MEDO020 at a

pressure of ca. 10°® torr.

5.3 Results and Discussion

5.3.1 P3EBT-CdS Composites
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Structural Characterization

Figure 28 shows the diffraction pattern of the P3EBT- CdS composite. A comparison with
the reference data (PDF Nos. 00-41-1049, 00-010-0454) reveals that from the two possible
modifications of CdS only the hexagonal one is formed; the three peaks characteristic for
wurtzite around 28° 2theta are present and no reflections from the cubic phase occur in
the pattern. This is in good agreement with the SAED-data (Figure 29). SAED pattern too
shows a very feature-rich diffraction pattern, with all major reflections of hexagonal CdS
present in the measurement. Broadness of reflections implies a small material structure,
using Scherrer formula and the (012) reflection at 36.70° 2theta, primary crystallite size is

estimated to be 4.3 nm.

TEM micrographs (Figure 29) show a network of spherical CdS-particles within the
polymer matrix. Particle diameters appear rather uniform and are in the range of 5-10 nm,
which is a favourable length-scale for application in hybrid photovoltaics. HR-TEM shows
the view onto an elongated nanoparticle, the measured spacing of 0.336 nm corresponds

to the (002) plane spacing.
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Figure 28: Diffraction pattern of P3EBT- CdS composite
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Figure 29: TEM, HR-TEM micrographs and SAED of the P3EBT-CdS composite

Hybrid Solar Cells and Optical Properties

Absorption properties of P3EBT-CdS blends were investigated by UV-VIS spectroscopy.
Additionally to the 4/1 blend used as solar cell active layer, the 1/1 blend and a pristine
P3EBT layer was investigated in order to elaborate the contribution of the inorganic phase

with respect to absorption.

] —— P3EBT 180 °C
3.0 1 —— CdS-P3EBT 1/1 180 °C
——— CdS-P3EBT 4/1 180 °C

absorbance. / a. u.

300 400 500 600 700 800
Al nm

Figure 30: UV-VIS spectra of different P3EBT-CdS composites

In the 1/1 blend, there is an increased absorption at short wavelengths, but no additional
features are present. CdS-P3EBT films with 4/1 ratio however show a strong increase of
the absorption in the blue and display additional features in the absorption spectrum,
indicative of excitonic states involved in the optical transitions [211]. Elevated baseline of

the 4/1 blend is attributed to enhanced scattering effects by the high proportion of
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nanoparticles within the material. Solar cells were built using the 4/1 precursor solution.

A reasonable photovoltaic effect was observed, with efficiencies close to 0.1%.
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Figure 31: i-V curve and surface topography of P3EBT-CdS solar cell

An AFM tapping mode image of a solar cell active layer (Figure 31) shows a very rough
surface and the formation of super-structures with length scales in the 10 um regime.
Negative implication on photovoltaic activity is possible, but superstructure action is still
not fully understood. Figure 31 shows the i-V curve of a CdS-polymer solar cell. The small
slope of the dark curve in forward bias implicates high serial resistivity of the device, FF
value is correspondingly low (0.28). Current density of 0.5 mA and Voc of 510 mV however

are promising, though further optimization work is needed.

5.3.2 P3EBT-PbS Composites

Structural Characterization

Sample structure was characterized using XRD and TEM. Figure 32 shows XRD and TEM
measurements of the sample. The XRD pattern shows no pronounced peak broadening,
this indicates that primary crystallite size is above 100 nm. Peak positions are in very good
agreement with the reference file PDF 00-005-0592, i.e. cubic Galena-type lead sulfide is
obtained (which, actually is the only modification of PbS reported in the literature). This
picture is consistent with the TEM data; TEM brightfield image shows crystals with
diameters in the range of 0.5-1 um. SAED reveals a single crystal diffraction pattern of a
particle oriented on the [0 0 1] axis. Applicability as solar cell active layer is questionable:
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differently to the CdS-P3EBT blends, particles are poorly connected and exhibit diameters

in the micron range. In absence of quantum confinement effects (exciton Bohr radius in

lead sulfide is 18 nm [212]) the bandgap remains at its bulk value of 0.4 eV,

correspondingly no photovoltage can be expected by this material. For this reason no

further investigations were performed on this material system.
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Figure 32: XRD and TEM-data of P3EBT-PbS composite structures

5.3.3 P3EBT-ZnS Composites

Structural Characterization
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Figure 33: XRD-pattern of the P3EBT-ZnS composite
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Analogous to P3EBT- CdS blends, P3EBT-CdS layers were obtained using zinc acetate as
metal salt. A XRD-pattern of the nanocomposite material is shown in Figure 33. The main
peaks are in good accordance with the main peaks described from the reference file PDF
00-005-0566 for sphalerite ZnS. The broadening of the peaks already indicates that the
primary crystallites are also in the nanometer range. From the half-width of the (113) -
reflection at 56,32° 2theta, a primary crystallite size of 4.6 nm is estimated using the
Scherrer equation. A thorough examination of the XRD-pattern shows that the peak at
approximately 82° 2theta as well as the small peak at 52.4° 2-theta, are not in agreement
with sphalerite structure. Therefore a Rietveld analysis of the pattern was performed
using the two main ZnS modifications — cubic sphalerite and hexagonal wurtzite. The
phase distribution is estimated to be roughly 80% sphalerite and 20% wurtzite. The
calculated pattern is also presented in Figure 33 as well as the difference of calculated and

observed data.

Figure 34: TEM, HR-TEM and SAED data for a P3EBT-ZnS composite

The corresponding TEM-data show rather diffuse aggregates of the ZnS nanoparticles and
the polymer. Particles are of spherical shape and show diameters of ranging from 2 — 5
nm. SAED indicates sphalerite structure, with no apparent reflections from the wurtzite
phase because of its low amount. HR-TEM of single particles reveals a plane distance of

0.315nm corresponding to (111) spacing.
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Hybrid Solar Cells and Optical Properties

Figure 35 (left hand) shows the UV-VIS spectra of two different P3EBT-CdS layers (red line:
1/1 composite, green line: 4/1 composite) together with the absorption spectrum of
P3EBT. Absorption is enhanced at short wavelengths, with an onset at 340 nm (i.e. 3.65
eV), a value very close to the sphalerite bulk-bandgap of 3.7 eV [213] and an additional
feature at 300 nm (4.0 eV), which is attributed to an excitonic effect caused by the small
diameter of the particles. It was possible to obtain devices showing a diode-like i-V curve,
however photovoltaic output was infinitesimal. In this context it should be remembered
that, contrary to e.g. CulnS,-hybrid solar cells, ZnS only acts as acceptor and electron
transporting phase, with no contribution to photocurrent generation. The extraordinary
low photocurrent values are attributed to the sparsely interconnected particles of the

acceptor phase (compare Figure 34).
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Figure 35: UV-VIS spectra of ZnS-P3EBT composites and i-V curve of a ZnS-P3EBT solar cell

5.4 Conclusion

In this section the formation of composites of a polythiophene and sulfide based
semiconductors by an in-situ route was demonstrated. By thermal decomposition of
thiourea in a polymer matrix (P3EBT) containing the respective metal salt (Cd(Ac),.xH,0,
Pb(SCN), or Zn(Ac),), organic-inorganic semiconductor layers were obtained. Structural
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characterization by XRD and TEM methods demonstrated nano-scaled network structures
for the CdS and ZnS composites, in case of the P3EBT-PbS blend microcrystalline PbS was
obtained. Examination of layers prepared in the described fashion as photoactive layers in
solar cells showed distinct photovoltaic action for the CdS-P3EBT material, ZnS-P3EBT
showed infinitesimal photocurrents while the PbS blend did not work as a solar cell active
layer. For application in hybrid solar cells further optimization is needed, adaption of the
proposed in-situ route for different acceptor phases was demonstrated for binary sulfide-

semiconductors and is also shown for CulnS;in chapter 7.
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6 PPV - CulnS, Solar Cells

6.1 Introduction

Continuing previous efforts at the institute, first investigations on hybrid solar cells were
performed on a system consisting of a non-substituted PPV-donor and an in-situ
generated CulnS; acceptor. PPV is not soluble in common solvents and is generated by

thermal decomposition of Poly(p-xylene tetrahydrothiophenium chloride) [214].
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Figure 36: Thermal generation of PPV from the precursor

Device structure consists of a PPV-hole blocking layer on top of an ITO-coated glass

substrate, followed by the active layer of a PPV-CulnS,; blend and an aluminium cathode.
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Figure 37: Energy bands (bulk values) and device structure for PPV-CulnS, solar cells

The acceptor phase is formed in-situ by thermal decomposition of thioacetamide (TAA),
delivering a sulphur species, which is reacting with the metal ions present to form the
inorganic species. TAA is a well known sulphur-delivering species widely used in wet-

coating processes of binary semiconductors [215], its usage in chemical deposition of
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ternary compounds is less frequent [216]. Depending on pH of the precursor solution

used, the following mechanisms are possible for the decomposition in aqueous media:

{;f,.,\ +HO@>/'
2 (@\\

0]
+ H,S + H,O + NH
HooN ’

0
H2NJ\

S
Hok +NH; +H0 HOJL +H,S

Figure 38: Reaction pathways of TAA in aqueous solution

In the regime of intermediate pH-values decomposition mechanism involving metal-ion-
TAA complexes are also possible [217]. Only few work has been published on the chemical
deposition of metal-sulfides using TAA from non aqueous media, e.g. Bi,S3 films were

deposited on glass from an acetic acid-formaldehyde suspension [218].

6.2 Solar cell Preparation

Preparation of the precursor solution

Educts are contained in a pyridine-water mixture. Cul, InCl; and thioacetamide were
dissolved in pyridine and added to the PPV-precursor (Poly(p-xylene

tetrahydrothiophenium chloride), 0.25% w solution in H,0). Concentrations and

proportions of the components are summarized in Table 7 and were adapted from [23].

Table 7: Compositions of PPV-CIS precursor solution

c(PPV-Prec) ¢ (Cul) ¢ (InCly) c(TAA)
4 4 4 4 | PPVICIS | Cu/In/TAA
/ mg.mL / mg.mL / mg.mL / mg.mL
PPV-CIS-4 0.22 0.31 1.82 1.85 1/4 1/5/15
PPV-CIS-7 0.22 0.55 3.19 3.25 1/7 1/5/15
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Layer Deposition and Annealing

The hole blocking layer and the active layer as well were produced by drop coating. In a
typical procedure, 150 pL of a 1/4 PPV-precursor — ethanole mixture were deposited with
a sampler. This step was followed by annealing of the PPV-precursor under argon
atmosphere at 150°C (t=15 minutes) on a ceramic plate. After cooling to RT, 100 uL of the
active layer precursor solution were deposited as described and annealed at 200°C (argon
atmosphere). The samples were cooled down and finally an aluminium cathode

(d=200nm) was evaporated using a BalTec Med010 or Med020 evaporation unit.
i-V Measurements

i-V curves were measured in a glovebox with nitrogen atmosphere using a Keithley 2400
source-measurement unit. Samples were irradiated with a Philips halogen bulb at an

intensity of 600 W/m?, irradiation intensity was determined using a photodiode.

6.3 Results and Discussion

6.3.1 Morphology and Structure of PPV-CIS Blend

Structural characterization of the active layer was performed by TEM and SAED.

Figure 39: TEM micrographs and SAED of a PPV-CIS composite

Figure 39 shows the TEM data of 1/4 — PPV —CIS composite. Left hand side shows the
dense network of the two components (dark areas are attributed to CIS). In the middle a

47



TEM micrograph of single particles is shown, particles are not monodisperse with

diameters in the range of 10-30 nm. SAED data show diffuse reflection cones, indicative

of a nano-structured material.

Table 8: SAED reflection list of a PPV-CIS blend

Ring | Radius / nm™ | 1/Radius / nm | intensity /a.u. | plane index
1 3.218 0.320 100 (112)
2 5.139 0.195 67 (204), (220)
3 6.001 0.167 45 (116), (312)
4 8.858 0.113 31 (424)

Positions and intensities are summarized in Table 8. Comparison with reference data

(PDF: 01-085-1575 27-159) shows good correlation of the obtained with literature data,

plane distances in the reference file are 3.19, 1.96, 1.66 and 1.13 A. Overall structural data

show that a nanometer-sized composite is obtained following the method described.

6.3.2 PPV-CIS Solar Cells

Solar cells were prepared as described in the introduction. Polymer-CIS ratio and ageing

time of the PPV-precursor were examined with respect to power conversion efficiency.

Testing of Different PPV-CIS Ratios

A continuous network of donor and acceptor phase is an essential prerequisite for a good

bulk-heterojunction solar cell. Following the approach from [23], two different donor-

acceptor ratios were tested, where PPV / CISis 1 /4 and 1/ 7 (mass ratios), respectively.
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Figure 40: i-V curves of 1/ 4 (left hand) and 1 / 7 (right hand) PPV-CIS solar cells

Figure 40 shows i-V curves of two different devices, PPV-CIS ratiois 1 /4 and 1 / 7. Solar
cell parameters are quite comparable, PCE of the 1 / 4 device however is significantly
higher than of the 1 / 7 device by virtue of the enhanced short circuit current and fill
factor. It is assumed that deteriorated hole-transport in the 1 / 7 device accounts for the
lower isc value, the great amount of CIS within the blend could reduce the available
pathways for hole transport, reducing short circuit current as well as fill factor. This
argument is in good correlation with the TEM-investigations, Figure 39 shows that a
dense network structure is obtained already for the 1 / 4 PPV-CIS blend. For this reason,

all further investigations were made using the 1 / 4 ratio.

Optical properties

Absorption properties and EQE of PPV-CIS solar cells were investigated. Data are displayed
in Figure 41. Absorption spectra of the donor and the acceptor phase are shown by the
dotted lines, the black line corresponds to the EQE spectrum of a 1/4 PPV-CIS solar cell.
CulnS, is extending the absorption range beyond the bandgap of PPV (2.5 eV,
corresponding to 496 nm [157]) beyond 800 nm. This is in concordance with the EQE-
spectrum, which shows that a substantial contribution to the photocurrent is generated at
wavelengths >500 nm, hence the inorganic phase does significantly contribute to

photocurrent generation.
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Figure 41: UV-VIS spectra of PPV-CIS layers and EQE spectrum of a 1/4 PPV CIS solar cell

PPV-CIS Solar Cells and Ageing of the PPV-Precursor

From previous work [23], where a Poly(p-xylene tetrahydrothiophenium chloride)
precursor, which was synthesized at the institute (and was of considerable age) was used,
it is concluded, that the quality of the PPV-precursor solution plays a considerable role
during film formation and hence for the performance of the solar cell. In this experiment
the PPV-precursor was stored at RT under exclusion of ambient light for one, two and
three weeks and tested in PPV-CIS solar cells (cell-1, cell-2, cell-3). During this time,
appearance of the precursor changed from colourless to yellow. For comparison, a
reference cell was prepared using PPV-precursor without prior conditioning. All devices

were prepared with a PPV / CIS ratio of 1 / 4.
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Figure 43:i-V curves of cell-2 and cell-3

Table 9: solar cell parameters

N/ % | Voc/ mV |isc/ mA.cm?| Voo / MV | impp / MA.cm™ | FF
reference | 0.34 690 1.072 360 0.561 0.27
cell-1 0.48 690 1.500 360 0.794 0.28
cell-2 0.75 705 2.120 390 1.15 0.30
cell-3 0.18 660 0.650 330 0.322 0.25

The preceding figures show the i-V curves of the different solar cells, efficiency
parameters are summarized in Table 7. It can be readily seen, that ageing time of the PPV-
precursor significantly affects solar cell action. Ageing of the PPV-precursor at ambient

conditions results in increased solar cell performance, reaching its maximum value after
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two weeks. The conjugated system is already formed to some extent during storage, as
can be seen by the yellow colour. This is influencing precursor solubility and viscosity,
which play a role in formation of the film and of the inorganic compound. When too much
of the trans-vinylene bonds are formed, the precursor is subject to phase separation and
parts of the macromolecule are not in vicinity of the acceptor, hence PCE is reduced when

the precursor solution is allowed to pre-polymerize for three weeks.

6.4 Conclusion

The aim of this section was to demonstrate the feasibility of a recently proposed novel
concept for hybrid solar cells [23]. Spray pyrolysis of solutions containing copper- and
indium-salts as well as thiourea is a very well known process to generate films of CulnS,
[219], this method was adapted (TU was replaced by TAA) for the in-situ generation of the
acceptor phase in hybrid solar cells. Considering PPV-CIS blends, not only acceptor phase,

but also the conjugated system of the donor is generated in-situ.

It was shown that photocurrent-generation not only occurs in the donor-, but also in the
acceptor phase. 1/4 PPV-CIS ratio gave superior results compared to the 1/7 blend.
However, ageing time of the PPV-precursor solution was identified to be the most

influential parameter in this system.
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7 P3EBT — CIS Composites and Solar Cells

7.1 Introduction

This section deals with the preparation of P3EBT — CulnS, (CIS) composites and their
subsequent use as absorber layers in hybrid solar cells. Materials were obtained adapting
the procedure described in chapter 5, CulnS, was obtained by the reaction of copper and
indium metal salts with thiourea within the matrix of the conjugated polymer. Structural
characterization was performed using XRD- and SEM-methods. Optical properties were
determined by UV-VIS- and IPCE-spectroscopy, solar cell parameters were extracted from
the i-V curves. Several aspects of P3EBT-CIS solar cells were investigated: Stoichiometry
was examined by studying behaviour of bilayer heterojunction cells, consecutively
exploration of bulk heterojunction type hybrid solar cells was performed by optimization
of solvent systems, precursor materials and ratios, use of interlayers as well as detailed

analysis of the decomposition reaction by XRD, TGA and IR-spectroscopy.
7.2 Proof of Principle — XRD analysis of an in-situ P3EBT — CIS composite

As an important prerequisite, the validity of the concept developed for binary sulfide
semiconductors was verified for ternary semiconductors. A layer obtained by air-brushing

of the precursor solution (composition is summarized in Fehler! Verweisquelle konnte

ami
nicht gefunden werden.) onto a Si wafer. The sample was annealed (RT —— 80°C

20min 10min
7160°C ?160°C, No-atmosphere) and analyzed by XRD.
Table 10: Components and concentrations of precursor solution
c(P3EBT) c (Cul) ¢ (InCly) c(TAA) | P3EBT/CIS | Cu/In/TAA
/mg.mL* | /mgmL* | /mgmL™ | /mgmLt | (wt./wt) | (wt./wt./wt)
p3eBT-CIS | 6 | 95 | 121 | 188 | 1/2 | 1/11/s
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Figure 44: XRD data and peak positions of reference data

XRD-data of Figure 44 indicate the formation of the CulnS, phase; main reflections of the
reference file (PDF 01-082-1702 27-159) are indicated by red lines. The experimental data
correlate with the literature values, the three major peaks are present in the
measurement. Almost no educt reflections (except for the very small feature at 15.15 °2-
theta, which can be attributed to InCls3) are detectable by XRD, indicating the formation of
the inorganic semiconductor within the P3EBT-matrix. Analysis of the FWHM (1.85 °2-
theta) of the (112)-reflection at 27.55 ° 2-theta the primary crystallite size is estimated to
be 4.9 nm.

7.3 Bilayer Heterojunction Solar Cells and Optimization of CulnS, Stoichiometry

Within the bulk heterojunction active layer the CIS phase is acting as acceptor- as well as
the electron transport phase. Depending on stoichiometry, p-type or n-type conduction

can be observed in the material; stoichiometric CIS is considered as a p-type conductor,
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generally Cu-rich material exhibits p-type conduction whereas In-rich material shows n-
type conductivity [194] (compare section 3.3). Taking into account the volatility of group-
three components [220],[221] and the elevated temperatures during the annealing
procedure, this series was used to establish the optimum stoichiometry for polymer-CIS
bilayer heterojunction solar cells. The results obtained in this experiment were used as a

starting point for the stoichiometry optimization for bulk heterojunction devices.
7.3.1 Experimental

Precursor solutions with different compositions were prepared using acetonitrile as
solvent and Cul, InCl; and TAA as CIS educts. Assuming complete and exclusive formation
of CulnS,, the CIS concentration of the precursor solution is 0.2 mM ™. P3EBT was used as
donor phase and was spin-coated from a pyridine solution (c(P3EBT) = 8 mg.mL™) at 1500
rom / 1500 rpm.s'1 / 20s. The polymer layer was annealed in an N,-atmosphere for 15
minutes at temperature of 80°C. Subsequently the CIS precursor solution was spin-coated

at 1000 rpm / 1000 rpm.s™ / 20s. Annealing of the acceptor phase was performed in a

15mil
glove box (N,-atmosphere) using the following temperature program: 120 °C —

3mi 15mi
120 °C — 160 °C — 160 °C. Finally, a 100 nm thick Al-cathode was evaporated

using a BalTec MED020 evaporation unit.

Table 11: Composition of the precursor solutions

Cu/In/TAA | c(Cul)/mg.mL™ | c(InCl5) / mg.mL™" | c (TAA) / mg.mL™
1/10/5 37.9 46.5 60.2
1/1.33/5 37.8 58.2 60.3
1/1.67/5 38.3 72.9 60.0
1/1.82/5 39.0 82.1 60.3
1/20/5 37.6 86.1 60.2
1/5.0/5 37.4 216.4 60.3
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7.3.2 Results and discussion

Table 12 shows the corresponding PCE values, which are in the range of 1e” %.

Table 12: Solar cell efficiencies with different acceptor layer stoichiometries

Cu/In/TAA | 1/1.0/5|1/133/5|1/167/5|1/1.82/5|1/20/5]| 1/50/5
n/% \ <1le? \ 7.0e” \ 8.2e”’ \ 1.1e? \ 9.5¢” \ <1e’

This is attributed to the small interfacial area when adapting the bilayer heterojunction
approach, in fact the situation was especially pronounced for precursor solutions with
inferior wetting behaviour on the P3EBT polymer layer. This holds true especially for CIS-
precursor solutions where a 1/1 pyridine-acetonitrile solvent system was used instead of
pure pyridine, which is shown on the right hand side in Figure 45. The acceptor layer
obtained from a purely acetonitrile-based solution (left hand) is compared with an
acceptor layer obtained from a 1/1 acetonitrile-pyridine solution, while the CIS content
was identical in both cases. Due to the unfavourable wetting properties of the
acetonitrile-pyridine mixture, only a very small fraction of the polymer layer is covered
with the inorganic phase, consequently only acetonitrile precursor solutions were tested

with respect to solar cell activity.

The best device showed an efficiency of 0.082%, with a In to Cu ratio of 1.67. The i-V
curve and device scheme are shown in Figure 46. The device shows a considerable short
circuit current which, however, is contrasted by low fill factor and open circuit voltage
values. The Voc of 255 mV is unexpectedly low (the effective bandgap in the P3EBT-CIS
system is 1.5 V), drastically reducing overall device performance, probably originating
from bad adhesion of the donor and acceptor layers. In terms of stoichiometry
optimization, the outcome of this experiment draws a definite picture; solar cells with an
In to Cu ratio of 1.67 show a PCE higher by ca. 1 order of magnitude than PCE of devices

with other stoichiometry.
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Figure 45: Optical micrographs of CIS-layers on top of a P3EBT-layer; Cu/In = 1/1.67 in all cases. Left hand:

acetonitrile precursor solvent; right hand: acetonitrile-pyridine (1/1) mixture

It is assumed that a combined effect is accounting for this result: Changing the In to Cu

ratio alters the surface energy and hence the wetting behavior of the precursor solution

on the ITO substrate. When the sample is annealed, the indium content within the layer is

reduced due to the high volatility of group three elements, correspondingly a higher

amount than the stoichiometric proportion of In is needed for the formation of CulnS,.

i..= 814 [uA/cm?]
75001 ¢
S V.= 255 [mV] Al-Cathode
g 60004 i =465 [uAlcm?] —dark
= 4500{ Vi~ 120[MV] flumi / acceptor layer
n= 0.082%
30001 FF=024 / donor layer
1500+ —__ ITO-anode
o 7 T T | \
0.4 o 04 0.8 1.2 1.6 glass
b b u/v
-3000-

Figure 46: i-V curve and schematics of a P3EBT-CIS bilayer heterojunction solar cell ([In]/[Cu] = 1.67)
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7.4 P3EBT-CIS Bulk Heterojunction Solar Cells from Different Copper- and Indium

Precursors

7.4.1 Introduction

Considering organic solar cells, either the bilayer heterojunction or the bulk
heterojunction approach is adapted for device fabrication. Polymer based devices very
often have bulk-heterojunction configuration, which can be realized conveniently using
wet-chemical deposition techniques. As a very important prerequisite for bulk
heterojunction devices, a molecular-disperse solution containing every component of the
film is necessary, as phase separation in the active layer is required to occur on the nm-
scale. Practically, a clear solution containing all the components is required, for P3EBT-CIS
BHJ-devices the precursor solution needs to contain the polymer, Cu-precursor, In-
precursor and the sulfur source, whereas in the bilayer approach at least one component
less (donor phase) is contained in the precursor solution. This was realized using
combinations of the metal-acetates, -halogenides or —acetylacetonates together with

thiourea as sulfur source in pyridine or pyridine acetonitrile mixtures.

7.4.2 Cul-InCl3-TAA Precursor in Acetonitrile — Pyridine

The precursor system was adapted from the PPV-CIS system (chapter 6). As solubility of
metal salts in pyridine is not sufficient to obtain concentrations of CulnS; 212 mg.mL, a
1/1 mixture of pyridine and acetonitrile was used. The metal salts were dissolved in
acetonitrile, while the polymer was dissolved in pyridine, finally the two solutions were

mixed. Table 13 shows the concentrations of the resulting solution.

Table 13: Composition of precursor solution

c (P3EBT) c (Cul) c (InCl5) c (TAA)
/mg.mL? | / mg.mL? ‘ /mmol.mL* | / mg.mL™ ‘ /mmol.mL™? | / mg.mL™? ‘ / mmol.mL?
4 | 190 | o100 | 322 | o015 | 375 | o050

This solution was spin coated onto an ITO substrate at 1500 rpm/ 1500 rpm.s™ / 20s. After

15mi 3mi
spin coating, annealing was performed in a glove box (120 °C $>120 °C$>
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15mi
160 °C $>160 °C) and the Al-cathode (100 nm) was evaporated ion using a BalTec

MEDO20 evaporation unit.
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Figure 47: i-V curve and device scheme of a Cu-InCl;-TAA based BHJ device

Figure 47 shows the i-V curve of typically obtained device. Virtually no photoeffect is
observed, isc and V¢ values are 18 uA.cm'2 and 45 mV, respectively. The In to Cu ratio was
kept at 1.5, because a further increase of the InCl; resulted in non-stable solutions. The
strong saturation of the solution, effectuating fast phase separation in the composite
layer, together with the non-optimum In to Cu ratio are assumed to be responsible for the
inferior device performance. Using a solvent mixture (pyridine-acetonitrile 1/1), an
additional parameter in terms of the phase formation process during spin coating is added

to the system, which is assumed to adversely affect the formation of the blend.
7.4.3 CuAc- In(Ac)s - TU - Pyridine Precursor

Copper acetate and Indium acetate were dissolved in pyridine. A clear solution is
obtained, when thiourea is added and the solution is heated to = 80 °C for about 5

minutes; finally P3EBT is added.

Table 14: Composition of precursor solution

c (P3EBT) ¢ (CuAc) ¢ (InAcs) c(TU)
/mg.mL* | / mg.mL™* ‘ /mmol.mL* | / mg.mL™* ‘ /mmol.mL* | / mg.mL™ ‘/mmol.mL'1
8 | 122 | o010 | 486 | o017 | 761 | 100

59



Processing parameters were kept constant (compare section 7.4.2) and i-V characteristics

were measured in Ny-atmosphere.
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Figure 48: i-V curve of CuAc-In(Ac);-TU based BHJ solar cell

The i-V curve of the device with the highest measured Voc-value is shown in Figure 48.
While good rectification behavior and open circuit voltage has been observed, fill factor
and especially photocurrent values seek improvement for prospective applications. As in
section 7.4.2, the results reflect the critical role of the precursor solution with respect to
solar cell performance; the obtained Voc-value of 0.675 V demonstrates the potential of

the method presented to produce efficient hybrid solar cells.

7.4.4 Copper(l)chloride- In(acac)s - TU - Pyridine Precursor Solutions

Dissolution of the Indium compound is most challenging for in-situ formation of the
acceptor phase. Stoichiometric considerations necessitate bigger amounts of the In-
component, while the larger molar mass (caused by three counter ions) additionally
increases the proportion of the indium species within the precursor solution. While
pyridine is a solvent with medium polarity (g, = 13.26, u = 2.2 D) its ability to dissolve
inorganic metal components is limited and primarily based on its behavior as a
complexing ligand [222]. This was the motivation to use an indium species with an organic
ligand. In fact solutions containing indium acetylacetonate (In(acac)s) showed very good
stability and could be obtained as a clear suspension before the addition of thiourea.
Several copper salts (CuAc, CuCl, Cul) were tested in this experiment, device-like behavior
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however was only obtained for the copper(l)-chloride indium-acetylacetonate

combination. Table 15 shows the composition of the precursor solution.

Table 15: Composition of the precursor solution

¢ (P3EBT) c (CuCl) ¢ (In(acac)s;) c(Tu)
/mg.mL* | /mg.mL* ‘ /mmol.mL* | / mg.mL* ‘ /mmol.mL* | / mg.mL* ‘ / mmol.mL*
8 | 99 | o010 | 749 | o018 | 761 | 100
N g —dark
i..=10.6 cm? f —_— i
™ [u ] §_ 120 illuminated
Vo=570mv] 3 _
Ipp— 5.7 [WA/lcm?] = 80,
V,,,= 315 [mV]
n=30e-3%
FF =0.31 40+
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Figure 49: i-V curve of a CuCl - In(acac); — TU based BHJ solar cell

The i-V curve of a typical device is depicted in Figure 49. Due to the low short circuit
current solar cell performance does not meet the expectations, whereas Voc of 570 mV is

acceptable.

7.4.5 CuAc- InCl3—TU - Pyridine Precursor

Two counter ions with high volatility were chosen in order to enhance the formation of
CulnS,. Table 16 shows the components of the precursor solution, again pyridine was

used as solvent.

Table 16: Composition of the precursor solution

c (P3EBT) ¢ (CuAc) c (InCl5) c(TU)
/mg.mLl* | /mgmL* /mmol.mL?| /mgmL? /mmol.mL™| /mg.mL™ /mmol.mL™
8 | 122 010 | 369 017 | 761 1.00
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Devices were prepared as described in the proceeding sections by spin coating, annealing

was performed in a glovebox as described in section 7.3.1.
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Figure 50: i-V curve of a Cu(Ac) - InCl; - TU based BHJ solar cell

Solar cells obtained from this precursor solution still leave plenty of opportunity for
improvement, however, compared to the previous efforts to obtain bulk-heterojunction
devices, efficiency improves by one order. Voc of 435 mV is not as high as e.g. in the
CuAc-In(Ac)s-system, but due to the enhanced short circuit current device performance

improves appreciably.
7.4.6 Conclusion from Precursor Experiments

This section demonstrated the utilization of different precursor systems for in-situ

generated P3EBT-CulnS, blends. Solar cell parameters are summarized in Table 17.

Table 17: Summarized solar cell parameters for different precursor systems

‘ n/% ‘ Voc / mV ‘ isc / pA.cm” ‘ FF ‘ Vinpp / MV ‘ impp / HA.CM™

CuAc - In(Ac);-TU | 3.20E-03 675 12.1 0.23 330 5.8
CuCl - In(acac);- TU | 3.00E-03 570 10.6 0.31 315 5.7
CuAc - InCl;-TU 3.30E-02 435 192.7 0.24 195 101.5
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PCE and isc values differ by more than one order of magnitude, open circuit voltage varies
by 240 mV. From the precursor solutions used, the CuAc-InCls-TU combination explicitly
shows the best efficiency result as the short circuit current is higher by one order of
magnitude. Clearly, high PCE is attainable only by increasing isc and FF values, given that
photovoltages are in a range similar to fullerene based devices. The different behavior of
the various precursor solutions is originating from the interactions during the film
formation process on one hand, on the other hand chemical reactivity during the
annealing process is strongly depending on the precursor materials. During the spin-
coating process the components of the solution phase-separate as the film is formed,
depending on their chemical compatibility and the time for the formation of the layer.
Such behavior can cause disadvantageous morphology [90], in fact it has been shown for
fullerene solar cells, that good performance is attained only, when the solubility of the
donor and acceptor species are more or less equal [91]. Apparently this aspect is quite
challenging for the actual system, four components need to be dissolved in the precursor
solution. It is believed that this is one of the reasons for the explicitly bad characteristics
of the Cul-InCls-TAA system, where, due to solubility reasons, a pyridine-acetonitrile
solvent was used: During spin coating, acetonitrile has a stronger tendency towards
evaporation than pyridine, hence the components with good solubility in acetonitrile will
precipitate at an early stage of film formation. Contrary to polymer-fullerene solar cells,
where several reports indicate additive-induced morphology improvement
[92],[223],[224], additional solvent components have negative impact on film formation in

the multi-component system under investigation.

7.5 Investigation of Donor — Acceptor ratio and Concentration of the Precursor
7.5.1 Introduction
Creation of continuous pathways of donor and acceptor phase to the respective electrode

is @ necessary requirement for bulk-heterojunction solar cells. In this chapter, P3EBT-CIS

solar cells were analyzed with respect to the optimum donor- acceptor composition and
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concentration. Optimum ratio of the components is strongly depending on the materials,
PCBM based devices containing PPV-type polymers have a donor to acceptor ratio of 1/4
(wt./wt.) [225] while devices with a P3HT donor phase show of a ratio of 1/1 (wt./wt.) or
even lower PCBM content [145],[226]. In the case of polythiophenes it has been shown,
that density and volume of the polymer side chains have a significant effect on the
mobility [227], in composites with a fullerene species polymer side chain density is

influencing the formation of the bicontinuous network [226].

Considering hybrid devices, naturally greater diversity with respect to optimum donor-
acceptor ratio is encountered as the number of possible material combinations is large
and only few acceptor phases were investigated in combination with different polymers.
Such results are actually meaningful only, if the acceptor phase was synthesized using an
identical procedure (different particle shapes, sizes and surface ligands). For CdSe,
optimum acceptor content is reported to be =85 %wt. for a CdSe-tetrapod-MEH-PVV-
combination [228], the same fraction is communicated for a CdSe-nanorod-APFO
combination [229]. A CdSe-nanorod-P3HT composite contains =90 %wt. of the inorganic
phase [230], whereas for a hyperbranched CdSe-P3HT active layer even 95 %wt. CdSe-
content are reported [231]. Semiconductor oxide — polymer combinations contain lower
amounts of the acceptor phase, ZnO-polymer composites show optimum PCE containing
=50%wt. ZnO (in-situ generation of ZnO, P3HT-donor [232], while ZnO-content is 67 %wt.
for a combination of pre-synthesized ZnO in combination with MEH-PPV [233]). The
optimum amount of TiO, in TiO,-nanodot-P3HT solar cells is reported to be 60 %wt., while
a P3HT-TiO,-nanorod combination showed maximum PCE of 0.8% with 53 %wt. TiO,
[234]. Considering polymer-chalcopyrite-type semiconductor systems, CulnSe,-P3HT

devices with a maximum efficiency of 0.15% contain 90 %wt. acceptor phase [195].
7.5.2 P3EBT-CIS Solar Cells with Different Donor and Acceptor concentrations

Solutions with different amounts of CIS-precursor and a different donor-acceptor ratio
were tested in the active layer of P3EBT-CIS solar cells. CuAc, InCls, thiourea and P3EBT
dissolved in pyridine acted as active layer precursor, preparation of the precursor is

outlined in section 7.4.5. Mixtures with a CIS-precursor content of 24 mg.mL" and 18
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mg.mL" were combined with polymer concentrations of 6, 8 and 10 mg.mL™. Device
preparation was performed by spin coating with constant parameters (1000 rpm / 1000

rom.s™ / 30s), annealing of the devices was carried out in a glove box (N,-atmosphere,

15mil 3mi 15mil
120 °C —> 120 °C — 160 °C — 160 °C). Finally, a 100 nm thick Al
electrode was evaporated using a Baltec MED-020 evaporation unit. Current voltage
curves were measured using a Keithley 2400 source measurement unit. Table 18

summarizes the results, the individual i-V curves are attached in appendix 10.2):

Table 18: Solar cell parameters from different donor acceptor concentrations

C'fizﬁﬁf/ /% | Voc/ MV | isc/PA.cm™? | FF | Voo / MV | impp / MA.C7
18-6 0.046 390 254 0.25 180 154
18-8 0.027 375 129 0.26 195 64
18-10 0.020 345 137 0.26 180 68
24-6 0.032 300 250 0.26 165 117
24-8 0.022 255 200 0.27 135 102
24-10 0.013 285 51 0.26 150 51

Optimum performance was reached with donor to acceptor ratio of 1 / 3 (wt./wt.) in the
active layer and a CIS-precursor content of 18 mg.mL'1 (18-6 series, corresponding to a
mass fraction of 75%), followed by to the 24-6 series with a 1 / 4 (wt./wt) ratio (80 %wt. of
acceptor) of the active layer components. Interestingly, the 24-8 series, containing the
same relative amounts as the 18-6 series, reached only half of the PCE of 18-6 series,
primarily due to low open circuit voltages (255 mV compared to 390 mV). Increasing
polymer content reduces both, Voc- and isc-values, which can be attributed to insufficient
network formation. The fact that solutions containing 24mg.mL™ of CIS precursor
generally perform inferior compared to the lower concentrated samples is assigned to the
high concentration of educts, during spin coating precipitation of the components occurs

rapidly, and hence phase separation in the active blend is difficult to control.
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7.6 Analysis of the Annealing Process and Optimization of the Heating Rate

7.6.1 Introduction

Thermal annealing of bulk-heterojunction solar cells is frequently used to tune the
morphology of the active layer [103],[102], alternatively solvent additives are used to
modify the phase separation of the components [94]. Considering the in-situ P3EBT-CIS
system, morphology tuning is a prerequisite for the annealing procedure, where the
decomposition of the sulfur source (i.e. thiourea) and the formation of the inorganic
phase are the principal processes. In this section the temperature dependent formation of
CulnS; is monitored by XRD, FT-IR, TGA-MS and mass spectrometry, consequently solar
cell action was investigated. The effect of the annealing step on P3EBT was studied using

FT-IR.
7.6.2 Online XRD-Monitoring of CulnS, Formation

Samples were prepared by air-brushing a solution containing the active layer precursor
solution (CuAc, In(Ac)s, thiourea and P3EBT dissolved in pyridine (compare section 7.4.5)
onto a silicon waver. XRD-data were recorded between 15 and 45° 2-theta using a Bruker

D8 Discover diffractometer equipped with an Anton Paar Domed Hot Stage Unit.

20°C/min
Following temperature program was used for the measurement: RT — > 80 °C

5°C/mi 20°C/mi
——"> 180 °C — > 450 °C).

The results are shown in Figure 51: After preparation of the sample, a series of four peaks
(indicated by black arrows) at 19.70, 22.84, 25.32 and 27.62 degrees 2-theta appears,
which can be attributed to complexes of the metals with thiourea and pyridine. In the

course of the annealing process, the intensity of the initial reflections decreases rapidly, at

a temperature of 100 °C the initially observed pattern has practically vanished.
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Figure 51: Temperature dependent evolution of the (112) reflection

Starting at 120 °C, the evolution of a broad peak at 28 degrees 2-theta is observed
(indicated by a red arrow), which is attributed to the (112)-reflection of CulnS; (reference
value: 27.90 degrees 2-theta, from PDF 01-085-1575 27-159). This serves as an important
information for future annealing strategies, as a minimum temperature of 120 °C is

necessary for the formation of the acceptor phase.
7.6.3 Investigation of the Decomposition Process by TGA-MS

In this experiment, the materials comprising the active layer were analyzed by
thermogravimetry and mass spectroscopy. Samples were prepared by drop coating of a
ZCIS (compare section 7.7.2) active layer precursor solution (CuAc, InCls, ZnAc,, TU
(1/2/0.1/10) and P3EBT in pyridine, c(ZCIS) = 18 mg.mL ™", ¢(P3EBT) = 6 mg.mL ", compare )

onto soda-lime glass slides.
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Table 19: Composition and relative amounts of the precursor solution

CuAc | InCl3 | ZnAc, | TU | P3EBT | total
¢/ mgmL? 9.1 | 3284 | 136 | 56.5 6 105.8
c(rel.) / %wt. | 8.6 31.0 1.3 534 5.7 100.0

After drying under vacuum for two hours to remove the pyridine, the layers were scraped
off and annealed using two different heating rates (final temperature T¢ = 160 or 200 °C,

heating rate = 5 or 20 °C/min, compare

Figure 52). Thermogravimetric- and TIC-data are shown for samples with T = 160 °C,
detailed analysis of the mass spectra is demonstrated for a sample heated to T = 200 °C
using heating program 1 (Figure 52). Thermogravimetric data for T; = 180 °C, thermodata

of thiourea and reference mass spectra are attached in appendix 10.4.
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Figure 52: Temperature programs used in TGA experiments; left side: after a temperature of 80 °C is
reached, annealing proceeds @ 5 °C/minute (program 1); right side: samples are annealed using a heating

rate of 20 °C / minute (program 2)

Thermogravimetric- and total ion current-data (TIC) of the samples heated to a final
temperature T; of 160 °C are shown in Figure 53 (data for samples with T; = 180 or 200 °C
can be found in appendix 10.4). Qualitative analysis of the TG-data reveals evident

differences in sample weight. When the samples are annealed with different heating
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programs, faster heating results in more pronounced mass loss. Consequently, the total
ion current of the sample heated at 20 °C/min reaches its maximum shortly after the final
temperature of 160 °C, followed by a fast decay in the generation of pyrolysis products,
while at a heating rate of 5 °C/min a fairly constant release of reaction products is
observed. A very significant feature is the relative sample weight at the end of the heating
routine, which is 71.7% and 65.1% of the initial weight for heating using program 1 /
program 2, respectively. Comparison with Table 19 shows that the thiourea content of the
precursor solution is 53.4%, quantitative reaction / thermolysis of TU corresponds to a
final mass 46.6% of the initial mass (assuming zero pyridine content in the samples),
indicating that a substantial amount of the sulfur source is still present within the sample

(see also section 7.6.4).
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Figure 53: TG and TIC data of samples heated to 160 °C at different rates; black lines: heating program 1;

red lines: heating program 2 (compare Figure 52)

Chemical information from of the pyrolysis products was obtained by mass spectrometry.
The sample was heated to a final temperature of 200 °C using heating program 1 (Figure
52). Figure 54 illustrates the temperature-dependent generation of the various pyrolysis
products. The appearance of the mass spectra is strongly dominated by fragments from
pyridine (while other decomposition products are difficult to identify), together with a
slowly decreasing peak at m/z = 32 (presumably oxygen), most of the peaks can be traced
back to pyridine fragments (m/z = 78, 79 (molecule-ion) 80; m/z = 49-52) until 100 °C.
Starting at 110 °C, two small peaks at m/z = 43 and 45 arise, which can be attributed to

decomposition products of thiourea or the acetate-ion, which both have fragments of this
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mass. All the features so far decrease at a temperature of 170 °C, where a fragment at
m/z = 76, corresponding to the thiourea molecule-ion appears, with another thiourea
fragment appearing at m/z = 43 and increasing signal in sulfur containing compounds at

m/z = 32, 33, 34.
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Figure 54: Mass spectra of an active-layer sample during heating from RT to 200 °C using heating routine 1

(compare Figure 52), T; =200 °C
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Figure 55: Selected normalized ion currents during the annealing reaction of an active layer sample

(heating program 1, followed by an additional heating step from 200 to 350 °C)

Figure 55 shows the corresponding normalized ion currents. Until a temperature of 150

°C the appearance of the TIC is very similar to that of the pyridine-IC (IC-79), at higher
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temperatures there is a strong resemblance of the TIC-signal with that of HS and H,S (ICs
33 and 34). Comparison of the 34-ion current (fragments from acetate and thiourea) with
the IC of thiourea (IC-76) suggests that the first peak is due to acetates leaving the sample,
while the second peak most likely stems from the decomposition of thiourea. Further
pyrolysis of the sample takes place at temperatures above 200 °C (note the different slope
of the TG-signal), a temperature range considered to be incompatible for processing of

P3EBT (compare section 7.6.5).

7.6.4 Analysis of the Annealing Process using Mass Spectrometry

In the preceding section, products from the thermal curing were analyzed by a
guadrupole mass spectrometer, which was attached to the TGA-setup, only allowing the
identification of the very basic products of the reaction. For this reason the
decomposition reaction was analyzed using a Waters Micromass GCT Premier
spectrometer (El ionisation, TOF mass analyzer): Precursor solution (P3EBT / CIS =1 / 4;
Cu/In/TU=1/1.7/ 10, compare section 7.4.5) was drop coated onto a soda-lime glass
slide, the sample was dried in vacuum atmosphere for two hours. Afterwards a small
amount of the layer was scraped off and placed directly into the capillary of the mass
spectrometer which was heated in the sample chamber of the mass spectrometer.
Contrary to results from the TGA-MS measurement, fragments with m/z > 100 were
detected, a distinct peak at m/z = 126 could be identified as one of the major products in
this region of the spectrum (Figure 56). Analysis of the fragmentation pattern and
accurate mass determination of the substance allowed the identification of the
compound, the peak is attributed to 2,4,6-Triamino-1,3-5-triazine (Melamine). The
compound apparently is not contained in the precursor solution. The following scheme
illustrates the formation of the compound, as is proposed in [235]. Cyanamide, CS, and
ammonia are be formed during the pyrolysis of thiourea, upon the trimerization of
cyanamide melamine is obtained. Its presence in thin film solar cells form thiourea-
containing precursors is questioned in [219]; more mechanistic detail is given in

[236],[237].
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Figure 56: Screenshot from the analysis of the peak at m/z = 126
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Figure 57: Schematic illustration of the formation of melamine from thiourea

Following the ion current (IC) at m/z = 126, melamine formation as a function of time (and
temperature) can be monitored. Top image of Figure 58 shows the onset of melamine
formation after 30 minutes at a temperature of ca. 125 °C (temperature of sample
chamber). Melamine IC consecutively increases when the sample is kept at the
temperature, maximum release of the compound occurs at a temperature of 180° C. As
the melting point of melamine is 350 °C (decomposition), it cannot be removed from the
blend without decomposition of the polymer. Though not present in large quantities
(detection by FT-IR was not possible) it is assumed that exciton dissociation and charge
transport will be negatively influenced by the presence of the compound, adversely

impacting on photovoltaic performance.
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Figure 58: Melamine (top) and total ion current (bottom) during the course of the measurement

7.6.5 Thermal Stability of P3EBT

In order to investigate the thermal stability of the donor material, P3EBT films were
analyzed by FT-IR. Samples were prepared by spin coating of P3EBT onto CaF, substrates,
annealing was performed at different temperatures (T = 180, 160, 200, 230 and 250 °C,
respectively; heating program 1 (Figure 52)) using a tube furnace (vacuum atmosphere).
Overall annealing for all samples was 47 minutes in all experiments. After cooling to RT

(no specific cooling program), the samples were probed by FT-IR.

Figure 59 shows the corresponding spectra. Although sample preparation was identical,
transmission values vary evidently, probably due to different layer thicknesses. For this
reason the area of two spectral ranges was compared, Al corresponds to 3020-2750 cm™
(aliphatic C-H stretch), A2 corresponds to 1760-1575 cm™ (ester-carbonyl). From the
premise that C-H bonds are thermally more stable than the ester functionality, the relative
area of the peaks should return a qualitative information on the thermal stability of the

compound. Analysis involving peaks originating from vibrations of the thiophene ring (e.

g. symmetric / asymmetric ring stretch at 1447 and 1510 cm™, respectively) was intricate,
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as their intensity strongly decreases, when T¢ > 180 °C. Integrated peak areas are listed in
Table 20. Whereas the relative area is comparable between the RT- and the 180 °C-sample
(1.2 vs. 1.3), significant deviation ( > 1.7) from the initial value of 1.3 is observed at higher
curing temperatures, corresponding to the degradation of the carbonyl group. It should
be noted, that from the data obtained, hydro-acyloxy elimination of the ethyl ester cannot
be asserted, in this case the carbonyl function would be conserved (conversion of the
ester- into acid functionality) and a shift its position, additionally the carboxy-OH — stretch
vibration should appear, which could not be verified. However, it is shown, that annealing
temperatures higher than 180 °C are detrimental to the structural integrity of the polymer
and hence to solar cell performance. This temperature is in the same range as was found
for poly-3-alkoxy-thiophenes [238], but considerably lower than data on P3HT
(decomposition at T > 400 °C) [239].
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Figure 59: FT-IR spectra of P3EBT-layers annealed at various temperatures T;

Table 20: Peak area of P3EBT layer at various temperatures

Al /area/ a.u. A2 /area/ a.u. Al/ A2
3020-2750 cm™  1760-1575 cm™
P3EBT-RT -591.9 -461.9 1.3
P3EBT-80-180 -665.4 -556.6 1.2
P3EBT-80-200 -451.3 -258.7 1.7
P3EBT-80-230 -320.6 -162.4 2.0
P3EBT-80-250 -199.4 -79.0 25
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7.6.6 Hybrid Solar Cells Using Different Annealing Procedures

In order to examine the effect of the thermal treatment on the photovoltaic parameters,
P3EBT-CulnS, solar cells were investigated using different annealing procedures, which
are summarized in Table 21. Precursor solutions were prepared as described in section
7.4.5 using a pyridine based solution CuAc, InCl; TU and P3EBT. As before, a simple device
architecture with no interface layers at the electrodes was used, devices were prepared as

stated in section 7.5.2. Solar cell parameters are outlined in Table 22.

Table 21: Overview of heating programs used

sample heating device  atmosphere T/ °C heating program

: ; 15 min 3min
A magnetic stirrer Ar 160 120 °C 120 °C 160°C
15 min

——160°C

3min 16 min
B tube furnace N, 160 RT °C 80 °C 160°C

_ 3 min 16 min
C tube furnace N,-stream 160 RT °C 80 °C 160°C

18 min

—— 160 °C

_ 3min 20 min
D tube furnace N,-stream 180 RT °C 80 °C 180°C

14 min

——180°C

) i 24 mi
E tube furnace N,-stream 200 min 30 °C min 200°C
10 min

——200°C

3
RT °C

3min 20 min
F tube furnace vacuum 180 RT °C 80 °C 180°C

10 min

——180°C

The heating program significantly influences solar cell performance. The most important
parameter is the heating rate, devices heated at 5 °C/min show almost double device
efficiency (0.10 % compared to 4.6e” % in the samples A and C). Isothermal annealing at
T¢ further increases photovoltaic action, as can be seen by comparison of sample B and C,
probably due to incomplete reaction when the final annealing stage is not applied. A final
temperature of 180 °C with a 10 minute isotherm at the same temperature under vacuum

conditions returned a device with a PCE of 0.35%, compared to 0.16% obtained using the
75



same heating program and a N,-stream. Vacuum conditions are supposed to favour the
formation of the inorganic phase by shifting the equilibrium to the product side, as the
decomposition of thiourea yields gaseous products. When the final temperature is set to
200 °C, PCE again deteriorates (0.13%), most likely due to polymer decomposition

(compare preceding section).

Table 22: Solar cell parameters

N/ % | Voc/ MV | isc/PA.cm™? | FF | Voo / MV | impp / HA.C7
A 46e*| 390 284 0.25 180 154
B 0.08 585 362 0.23 270 180
C 0.10 420 607 0.23 200 300
D 0.16 510 600 0.31 255 376
E 0.13 420 705 0.27 220 361
F 0.35 516 1305 0.31 276 728

7.6.7 Conclusion

XRD data showed the formation of the inorganic phase starting at temperatures above
100 °C, at higher temperatures the (112) reflection of CulnS, gains intensity. The heating
rate is a crucial parameter of the annealing process, TGA showed distinct differences
when samples were heated at slow (5 °C/min) or at fast rate (20 °C/min). This finding is
consistent with the parameters obtained from hybrid solar cells obtained by different
annealing procedures, where it was shown, that devices heated at slow rate clearly
outperform devices heated at fast rate. After an initial period (RT-100 °C), where
predominantly pyridine escapes from the sample, mass spectra indicate that the
formation of the inorganic phase is already starting at ca. 100 °C (compare 1C-43 in Figure
55). Most likely, acetate fragments leave the sample, corresponding to a reorganization of
the initial metal-thiourea-pyridine complexes; at temperatures below 120 °C the
decomposition of thiourea is assumed to play a minor role. Using mass spectrometry it
was possible to identify side reactions in the in-situ formation of the acceptor phase, as a
main by-product melamine was identified, which is formed at a temperatures > 125 °C.
The compound is formed by reaction of three thiourea molecules and is assumed to have
negative impact on solar cell action. High temperatures are favourable for the formation

of CulnS; (thin films CIGS cells are processed at temperatures in the range of 400-600 °C
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[240]), but definitely are not for conjugated polymers. This was demonstrated by FT-IR,
where it was shown, that significant decomposition of P3EBT takes place at temperatures
> 180 °C, whereas 180 °C seem to be compatible with the material. This is consistent with
the results on bulk-heterojunction devices, where a final temperature of 180 °C under

vacuum conditions returned the highest PCE of 0.35%.

7.7 Incorporation of Zn, Acceptor Phase Stoichiometry and Solar Cell Action

7.7.1 Introduction

In the development of inorganic CulnSe; thin-film solar cells incorporation of Ga and S
was utilized for optimization of bandgap and transport properties, whereas compound
formation with elements from different groups of the periodic system (so far reported for
Mg, Cd and Zn) has not been studied with comparable vigour, probably due to multitude
of structural possibilties. Inclusion of Zinc yields ZnS,,.(Culn)14S;-tpye compounds (ZCIS),
analogous Mg- and Cd-structures are known as well [208],[241],[242]. Incorporation of Zn
results in increased bandgaps and Voc-values in thin film solar cells [207], therefore the
behaviour P3EBT-ZCIS hybrid solar cells is explored in this section. The second major
aspect of this chapter is the investigation of the stoichiometry of the active layer. Due to a
higher volatility of indium compounds [243] compared to copper compounds, proper
stoichiometry of the film after the annealing reaction can be adjusted by altering the
composition of the precursor solution. This task was addressed by the preparation of
active layer films of different Cu- and In-and Zn-stoichiometry and subsequent analysis of

the annealed films by SEM-EDX.
7.7.2 Hybrid P3EBT-ZCIS Solar Cells

While In to Cu ratio was kept constant at 1.7 (% at.), different contents of Zn were added

to the precursor solution (as Zn(Ac),, compare Table 23), which was subsequently spin-

ami
coated onto ITO-substrates and annealed using heating program F (RT$> 80 °C
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20min

14mi
— 180 °C — 180 °C). Device preparation was performed as described in
section 7.5.2, donor / acceptor ratio is 1 / 3 (wt.), P3EBT concentration was 6 mg.mL'l. A

reference device with a CulnS, acceptor phase was included for comparison.

Table 23: Composition of ZCIS precursor solutions

Cu/ln/Zn/TU | c(CuAc)/ mg.mL™ | c(InCls) / mg.mL™ | c(zn(Ac),) / mg.mL™ | ¢ (TU)/ mg.mL"
1/1.7/0.05/10 9.2 27.6 1.4 60.2
1/17/0.1/10 9.2 27.6 2.7 60.3
1/1.7/0.2/10 9.2 27.6 4.1 60.0
1/17/03/10 9.2 27.6 54 60.3
1/1.7/05/10 9.2 27.6 6.8 60.2
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Figure 60: I-V curves of a P3EBT-CIS device (left) and a P3EBT-ZCIS device containing 0.5

at.% Zn

Figure 60 shows two typical i-V curves: Left hand side is showing the characteristics of the
reference device with a CulnS, acceptor phase, while on the right hand side shows the
device containing the highest Zn-content in this series (c(Zn) = 0.5 % at.). The obvious
feature of devices with a ZCIS acceptor are elevated Voc-values (588-690 mV compared to
540 mV of the reference device, see Table 24; i-V curves of the other samples can be
found in appendix 10.5) while the fill factor decrases slightly. Optimum Zn-content in this
experiment was found to be 0.1 % at., at this value both Voc and isc are increased by a
factor of ca. 1.2 compared to the reference device. Further increase of the Zn-content

augments device voltages up to 690 mV, however, at expense of the short circuit current.
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This behaviour is in accordance with the situation in thin-film CulnS, devices [208], the
increase in Voc however is accompanied by an increase of the serial resistivity of the
device (which is consistent with the flat shape of the dark i-V curve). When zinc contents

are > 0.1 %at. this behaviour becomes dominant und photocurrents decrease.
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Figure 61: i-V curves of a P3EBT-CIS- (left side) and a P3EBT-ZCIS device (c(Zn) = 0.5) (right side)

Table 24: Solar cell parameters of P3EBT-ZCIS devices with different stoichiometry

c(Zn) | n/% | Voc/mV | isc/MA.cm? | FF | Voo / MV |impp / MA.CM™
0 0.29 540 1190 0.29 280 616
0.05 | 0.27 588 1290 0.27 268 614
0.1 | 0.42 660 1433 0.27 340 746
0.2 | 031 690 1271 0.31 300 628
03 | 0.22 676 911 0.22 300 444
0.5 | 0.16 660 650 0.22 300 321

7.7.3 ZCIS-Precursor Stoichiometry - Active Layer Morphology — Active Layer

Stoichiometry

From chapter 7.3, where precursor solutions of different stoichiometry were analyzed
with respect to solar cell performance, an Indium excess of 1.7 %at. was used for the
consecutive experiments. In the preceding section, Zn-content in ZCIS-type acceptors was
varied and a with best results for 0.1 at.% Zn. In this chapter, Cu to In ratio was studied
using SEM methods, while In-content was fixed at 0.1 at.%. Measurements were made by
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Thomas Rath at the Technical University of Tallin, which is gratefully acknowledged.

P3EBT-ZCIS precursor solutions were spin coated onto CaF, substrates and subject to the

3mi 20 mi
heating routine as outlined in part 7.6.6 (program F: (RT ——> 80 °C — 180 °C

14min

— 2180 °C). Layer morphology was examined by SEM, stoichiometry was probed
using SEM-EDX.

x3,0k 30 um TM-1000_1549 2008.03.27 14:23 x3,0k 30 um

TM-1000_1512 2008.03.27 11:58

Figure 62: SEM-micrographs of two active layers: Left side: Cu / In = 1/1, right side: Cu / In=1/2

Figure 62 shows two of the obtained SEM-images. Apart from differences in the
brightness of the images, the morphology of the two samples is very similar, even though
the In-content of the precursor solutions differs by a factor of two. As all of the samples
investigated show a comparable morphology, supplementary SEM images were can be
found in appendix 10.7. Additional information was obtained from a view on the cross

section of a device, which is shown in Figure 63:
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Figure 63: SEM view on the cross section of a P3EBT-ZCIS active layer (Cu/In/Zn = 1/2/0.1)

The active layer is located in the middle of the image, on top of ITO-covered glass. The
film shows a porous appearance, probably due to the evaporation of gaseous products
during the formation of the inorganic phase. The bulky motives show dentritic
substructures which show good interconnection, active layer was determined to be ca.

180 nm.

Investigations on the stoichiometry were performed using SEM-EDX. Results are plotted in
Figure 64 (listings of the analyses can be looked up in appendix 10.6). Indium to Copper
ratio of the precursor solution is plotted on the x-axis, the metal- and metal to sulfur ratio

in the active layer (determined by SEM-EDX) is plotted on the ordinate.
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Figure 64: Active layer composition (determined by SEM-EDX) vs. precursor composition

It is readily seen, that a dramatic decrease of the Indium content occurs upon the
annealing procedure of the samples; whereas in the 1/1 precursor sample 46% of the
Indium is evaporated from the thin film, this value increases up to nearly 90% in the 2/1
(In/Cu)-precursor film. Zn-content (not explicitly plotted in) is not subject to as
pronounced variations (values ranging from 0.10 — 0.12 at.%, compare appendix 10.6),
however sulfur deficient compounds are obtained in all experiments. An Indium excess of
ca. 1.8 at.% yields an acceptor phase with equal amounts of Cu and In. this finding is in
good correlation with the results obtained from the solar cell experiments, where a In

content of 1.7 %at. showed best results.
7.8 Conclusion

This chapter illustrated the development of P3EBT — CulnS, hybrid solar cells. The
applicability of the in-situ approach for the generation of donor-acceptor blends was
demonstrated by XRD, consequently the application of polymer-CIS films as active layers
in solar cells was elaborated. The in-situ preparation of the composite turned out to be a
delicate task, for a bulk heterojunction-type active layer (at least) four constituents are

required to make up a molecular dispersion in the precursor solution. After experiments
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with bilayer heterojunction devices (optimization metal stoichiometry) and acetonitrile-
pyridine mixtures, a precursor system consisting of CuAc, InCl; TU and P3EBT dissolved in
pyridine showed promising photovoltaic action. The system then was optimized in terms
of the donor / acceptor ratio and precursor concentration. Special emphasis was put on
the analysis of the annealing procedure, which proved to be the decisive preparation step.
The formation of CulnS; starts at temperatures of ca. 120 °C, as was shown by online-XRD
measurements. Thermogravimetric analysis of the annealing process revealed
considerable differences in terms of the heating rate. Correspondingly devices annealed at
a slow heating rate (5 °C/min, Tf = 180 °C) showed distinctly better PCE than devices
obtained by a fast heating ramp (0.35 vs. ~0.05 %). Chemical analysis was performed by
mass spectrometry, which revealed the formation of melamine as a side product, while
FT-IR spectroscopy showed that temperatures beyond 180 °C are not compatible with
P3EBT. Finally zinc was incorporated into the acceptor phase (with Zn(Ac), as precursor
component), yielding a ZnS,,.(Culn).,S, (ZCIS)-type acceptor phase. ZCIS-P3EBT active
layer morphology as well as stoichiometry was probed by SEM and SEM-EDX, showing
extensive indium loss during the annealing reaction of the active layer. The results

showed good correlation to PCE of the devices, which reached values of 0.42%.
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8 Stability Testing of Plastic Solar Cells

8.1 Introduction

Besides device efficiencies well below values of inorganic devices, one major issue of
plastic solar cells seeking improvement is their stability. This is predominantly due to the
reactivity of the conjugated system, which can react with impurities such as oxygen or
water on one hand, on the other hand photochemical processes not necessarily involving
external reaction partners are possible [244-246]. This section will consider stability
testing of polymer-PCBM — combinations (F8T2-, MEH-PPV-, P3HT — PCBM), stability tests
of hybrid solar cell systems with a CulnS, acceptor are the second focus of this section
(PPV-CIS, MEH-PPV — CIS, MDMO-PPV — CIS, F8T2 — CIS). As throughout the thesis,
acceptor phase was obtained using an in-situ processes [23],[24],[247]. Details of the

testing-setup are described in section 4.3.
8.2 Stability of Polymer — PCBM Solar Cells

Three polymer-PCBM combinations were tested for their stability: (1) MEH-PPV — PCBM,
(2) F8T2 — PCBM and (3) P3HT — PCBM. Devices were prepared by spin coating from
chloroform solutions as outlined in Table 25, following the procedures outlined in
[135],[96],[145], respectively. At the anode a PEDOT-PSS (Baytron VPAI-4083) interface
layer was deposited by spin coating (200 rpm / 200 rpm.s ™ / 30 s), the aluminium cathode
(thickness 200 nm, electrode area = 0.1 cm?) was evaporated using a Baltec MED-020 unit.
Solar cells were encapsulated with a glass slide which was glued onto the substrate using
two component epoxy glue (UHU® plus 5 min epoxy) , the resin was cured for two hours
(pot life of resin: 5 minutes, minimal curing time: 1 hour) in nitrogen atmosphere
(compare section 4.1). After the curing process the devices were removed from the glove
box and examined in the testing under permanent illumination of a sulfur-plasma lamp

(iV-no-bias mode, no spectral mismatch correction).
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Table 25: Production parameters of polymer — PCBM devices

c (Poly.)/ c (PCBM) /

System mg.mL" me.mL " solvent spin coating parameters
MEH-PPV - PCBM 4 16 CHCl; 500 rpm / 500 rpm.s'1 / 30s
F8T2 — PCBM 5 5 CHCly 500 rpm / 500 rpm.s‘l / 30s
P3HT - PCBM 10 8 CHCl; 2000 rpm / 2000 rpm.s'1 / 30s
0.60 600
' 7- 1-12
5504
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Figure 65: Solar cell parameters of a P3HT-PCBM device under permanent illumination with a sulfur

plasma lamp; P;,) = 670 W.m'z, no spectral mismatch correction. Top / bottom: absolute / relative values
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Figure 65 shows the results obtained for a P3HT-PCBM solar cell. Data of MEH-PPV —
PCBM and F8T2 — PCBM are compiled in appendix 10.8, main results are summarized in

Table 26 as well as in Figure 66.

Table 26: Stability of polymer — PCBM solar cells

system testing-mode ‘ n(i)/ % | t(80%)/h ‘ t(50%) / h ‘ t(20%) / h ‘ main loss parameters
MEH-PPV - PCBM |  iV-noBias 1.1 1.5 - h(7.5h) = 55%(rel) isc, FF
F8T2 — PCBM iV-noBias 0.8 2 10 37 isc, FF
P3HT - PCBM iV-noBias 4.6 15 - h(70h) = 54%(rel) FF, isc

Rather elevated PCE-values in Figure 65 are due to illumination with a sulphur plasma
lamp, for this reason the initial PCEs (n(i)) of the devices are listed in Table 26
(illumination with solar simulator). Figure 65 shows a rapid decrease of FF and isc in the
initial stage of the test, after approx. 5h roughly linear diminution of the PCE is
observable. After 15 hours device performance is at 80% of its initial value, at the end of
the test (70h) PCE is 54% of the initial value. Parameters especially subject to degradation
are the fill factor and the short circuit current, while the open circuit voltage remains

almost at its starting value (99% after 70h).

A comparison of the relative PCE values of the three polymer-PCBM systems is shown in
Figure 66. While the profile of PCE vs. t shows a linear shape in case of the P3HT-PCBM
system (at this scale; compare Figure 65), PCE of the MEH-PPV and F8T2 devices
exponentially decreases. Another distinct difference of the latter two systems is that the
short circuit current is the principal loss parameter, whereas in the P3HT device it is the fill
factor. Such behaviour is in accordance with literature [248] and the higher reactivity of
PPV- and polyfluorene-type polymers; the conjugated system degrades more rapidly, as a

consequence charge transport (and hence the isc value) deteriorates.
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Figure 66: Relative PCE and isc values as a function of time for the three polymer — PCBM systems
8.3 Stability of Polymer — CulnS; Solar Cells

This section deals with the time dependent behaviour of polymer-CulnS, solar cells. First
the stability of the PPV-CIS system described in chapter 6was investigated, while device-
stability of different polymers (MEH-PPV, MDMO-PPV and F8T2) was investigated in
connection with a CulnS,-acceptor phase obtained by a recently developed precursor
route [249],[250]. All devices had an active area of 0.1 cm?, encapsulation (glass-epoxy) is

described in the preceding section.
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Figure 67: Device parameters of PPV-CIS solar cell (relative values); P, = 1010 W.m> (sulfur plasma lamp)

The relative values of the solar cell parameters are shown in Figure 67 (absolute values
are located in appendix 10.8); device performance is 53 %(rel.) after 30 minutes, after 5
hours PCE is 3% of its initial value. The rapid degradation is predominantly due to the

decrease in the short circuit current, while Voc and fill factor are less affected.

Stability data for the new CIS - precursor system are summarized in Table 27, the

respective plots are located in appendix 10.8:

Table 27: Stability data for CIS - polymer solar cells

system testing-mode ‘ n@i)/ % | t(80%)/h ‘ t(50%) / h ‘ t(20%) / h v n(t) ‘ main loss parameters
MEH-PPV - CIS iV-noBias 0.90 1.5 7.5 1(35.5h)=22.8% isc, FF
MDMO-PPV - CIS iV-noBias 0.92 1.0 8.0 23.0 isc, FF
F8T2 - CIS iV-noBias 0.51 2.5 - 1(35.5h)=56% isc, Voc

Compared to PPV-CIS solar cells stability values could be increased considerably, the F8T2-

CIS system showing best performance after the continuous illumination of approx. 36

hours (56% of initial performance):
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Figure 68: Relative solar cell parameters of a F8T2 - CIS solar cell; P, = 1010 W.m? (sulfur plasma lamp)

Solar cell parameters of the F8T2-CIS device are plotted in Figure 68 (relative values),
comparison with Figure 66 shows that the F8T2-CIS device exhibits greater stability than
the corresponding PCBM device. Among the four tested hybrid systems, F8T2 clearly
shows best stability values, which is shown in Figure 69. Degradation of the MEH- and
MDMO-PPV-based CIS devices is comparable to the MEH-PPV — PCBM solar cell. As in case
of the MEH-PPV — PCBM and the F8T2 — PCBM combinations, the decrease in the short

circuit current most strongly affects the reduction of solar cell action.

8.4 Conclusion

This section focused on the testing of plastic solar cells under continuous illumination.
Strong degradation effects were observed for all systems under investigation; highest
stability was observed for the P3HT — PCBM system, among the hybrid solar cells F8T2 —
CIS was found to be most stable, with about half of the degradation observed in the P3HT
— PCBM device. As a common feature of all investigations especially charge transport was
adversely affected by continuous illumination, short circuit currents and fill factors most
strongly deteriorated under the conditions of the test, which was very pronounced in the
PPV-CIS combination. Comparison with literature data (especially with data on PCBM

systems, whereas much fewer dedicated publications on the stability of hybrid solar cells
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are available, e. g. [251-253] shows similar behaviour [254], additional improvement is

reported from the applications of suitable cathode interface layers [255-257]).
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Figure 69: Relative efficiency values for the four different polymer — CulnS, systems
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9 Summary and Outlook

Summary

The subject of this thesis was the preparation of organic-inorganic composite
semiconductor layers and their subsequent application as active layer in hybrid
heterojunction solar cells. In a second part, a multi-channel stability testing facility was
constructed, which allows to monitor solar cell performance under permanent
illumination. The composite layers were obtained using a novel in-situ approach, where
the acceptor phase (CdS, CulnS; or (ZnS),.(Culn)y,S;) is formed by the reaction of metal
ions (Cd2+, Zn*"; cut, In3+) by thermal decomposition of a sulfur source (thiourea /
thioacetamide) in the composite film. This approach bears the advantage that, (I) no
separate synthesis procedure for the acceptor phase is necessary and the donor-acceptor
composite is directly obtained as a thin film and, (Il) no capping agents are necessary to
prevent the agglomeration of the nano-structured acceptor phase. In the conventional
approach, the capping agents (which are difficult to remove) deteriorate exciton
dissociation and charge transport, as their presence at the donor-acceptor interface

represents a high energetic barrier for these processes.

Figure 70: TEM-micrographs and SAED data (inset) for the CdS-P3EBT (left) and for the ZnS-P3EBT composite (right)

The in-situ formation of composite layers consisting of a binary semiconductor (CdS, PbS
and ZnS) and P3EBT (Poly-3-(ethylbutanoate)-thiophene) was demonstrated in chapter 5.
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Structural analysis was performed using XRD and TEM-SAED, the obtained values were in
very good agreement with literature data. From the FWHM of the reflections primary
crystallite sizes of 4.3 and 4.6 nm were obtained for CdS and ZnS, respectively, which is in
good agreement correlation with the obtained TEM micrographs, which show also the
formation of larger aggregates (compare Figure 70). In case of the PbS — P3EBT blend, bulk
material with crystal sizes of approx. 200 nm was obtained. The composites were used as
active layer in hybrid bulk heterojunction solar cells, the CdS — P3EBT system showed a
substantial photovoltaic effect with a PCE of 0.066 %. In case of ZnS — P3EBT blend a
photovoltage of 610 mV could be observed, whereas the PbS — P3EBT film is not suitable
for PV-applications, as particle diameters (ca. 200 nm) are too large to observe quantum-

confinement effects and the bandgap remains at its bulk value of 0.4 eV.

Nanocomposites of CulnS, and PPV were obtained adapting the procedure from [23]. The
system showed promising photovoltaic activity with PCE values of up to 0.75 %, however
at the expense of reproducibility and stability. The age of the precursor was identified as
the most influential parameter for photovoltaic activity. Stability testing of PPV — CIS

devices revealed a half-live of only 30 minutes.

Heterojunction films of CulnS, and P3EBT were in the focus of chapter 7. Successful
formation using the in-situ formation by decomposition of thiourea was shown by XRD, no
secondary phases (e. g. Cu,S) could be observed. Precursor composition and
stoichiometry were optimized in bilayer heterojunction devices. CuAc and InCl; were
identified as suitable precursor salts using pyridine as solvent. The optimum Indium
content was determined to be 1.7 at.%. CulnS, — P3EBT bulk heterojunction solar cells
were optimized with respect to donor - acceptor ratio and processing conditions. A 3/1
(wt./wt.) ratio of CulnS, / P3EBT returned best devices. Incorporation of Zn yields
(ZnS)x«.(Culn)1,S, as acceptor material, which showed elevated Voc-values of up to 690
mV in combination with P3EBT. Optimization of the precursor composition demonstrated
that a substantial In-excess is necessary (as was found in the bilayer setup), optimum
composition of the precursor solution was 1 / 1.7 / 0.1 (CuAc / InClz / Zn(Ac), (%at.)),

which returned PCE values of 0.42%. This was confirmed by SEM-EDX, showing that a
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significant amount of Indium is leaving the sample (up to 90% of the initial amount), while
Cu and Zn amounts remained unchanged. At 80 %.at excess of InCls in the precursor
solution, equal amounts of Cu and In are found in the composite layer after annealing at
180 °C. The Morphology of the active layer was studied by scanning electron microscopy,
which showed similar results for different Zn-contents. The network structure of the

active layer was revealed by a view on the cross-section of an active layer.
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Figure 71: View on the cross section of a P3EBT-ZCIS active layer on top of a glass-ITO subsrate

As the acceptor phase is generated in-situ by the thermolysis of thiourea, analysis of the
annealing process was a central part of the work. The temperature dependent formation
was examined in an online XRD-experiment. The formation of the acceptor phase starts at
ca. 120 °C, the intensity of the CulnS, peaks augments with increasing temperature. It
could also be shown, that heating rate and final temperature play a significant role on
solar cell properties. Application of a slow heating rate with 5 °C/min to a final
temperature of 180 °C gave superior results compared to a rate of 20 °C/min. This was
confirmed by STA analysis of the decomposition reaction, showing substantial differences
between the two different heating programs. Side product formation in during the
decomposition of thiourea was probed by mass spectrometry. Starting at temperatures of
ca. 125 °C the formation of melamine (mp = 350 °C (decomp.)) could be detected (which
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was not possible by e. g. FT-IR spectroscopy). It is formed by condensation of three
thiourea fragments and most likely adversely affects exciton dissociation and charge

transport.

One of the parameters of polymer solar cells yet to improve is their stability. In order to
investigate this aspect, a multi-channel testing setup was constructed, which allows the
parallel testing of up to 15 devices. Three different polymer — PCBM systems (F8T2, MEH-
PPV and P3HT) were investigated, testing of hybrid solar cells included MDMO-PPV, MEH-
PPV and F8T2 in combination with CulnS;, a PPV-CIS device was tested as well. The
devices were encapsulated using an epoxy resin to attach a glass cover. In case of
fullerene systems, P3HT-PCBM combination showed best stability. Degradation was most
pronounced in the PPV-CIS system (half live of 30 minutes), in the hybrid-series the F8T2-

CIS system showed best stability values.

Figure 72: lllumination unit of the stability testing setup in action
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Outlook

Research efforts in organic solar cells have considerable increased during the last two
decades, after the milestones of Tang et al. in 1986 and Sariciftci et al. in 1995. Up to now,
fullerene-based acceptors are in the centre of interest, while hybrid devices incorporating
a nano-structured inorganic semiconductor as acceptor phase did not attract comparable
attention. This is a surprise at first glance, hybrid systems can comprise the advantages of
two material categories, compared to fullerenes they can exhibit high absorptivity and FO
energies can be tuned. On the other hand, a common drawback of nano-scaled
semiconductor particles is the need to stabilize them, as they are thermodynamically not
stable. This involves application of capping agents, which are adsorbed on the surface of
the nanocrystals and prevent agglomeration. This evidently has negative impact on
exciton dissociation and charge transport, processes with strong dependence on a clean
interface. For this reason in-situ formation of the inorganic phase was pursued in this
work, no capping agents are required as the acceptor phase evolves within the matrix of
the conjugated polymer ensuring an intimate contact of the two components. So far, in-
situ formation of nanoparticles was utilized for the investigation of e.g. spectroscopic
properties, whereas application in photonic devices has attracted little interest. Very
recent publications on the theme [21],[22],[258], however, suggest this situation is
changing, the promise of capper-free interfaces, hence unhindered charge transport

indeed is attractive.

In-situ formation yet does not necessarily implicate the formation of clean interfaces, as
could be shown for the P3EBT-CIS system, where melamine has been detected using
mass-spectrometry. This example illustrates the demand for a clean chemistry, formation
of side products should be suppressed and the precursor materials need to be
decomposed quantitatively. From this viewpoint highly volatile or gaseous sulfur sources
are most attractive, e. g. H,S or HMDST could be interesting candidates. Considering
molecular precursors, the side chain functionalities could be designed in a way favouring

its decomposition by rearrangement or cleavage reactions.
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Further improvement is expected from development of precisely engineered materials
(combinations). Photon harvesting needs to be extended into the NIR-regime (nano-PbS is
an interesting candidate in this respect) in order to generate high photocurrents, this can
be achieved only with properly engineered band gaps and band offsets. So far plenty of
research on organic-inorganic hybrid solar cells involved polymers originally developed for
PLED applications, while (commercial) availability of low-bandgap absorbers is limited.
The purity of the materials in use is of crucial importance, contaminations tend to
accumulate on phase boundaries, defects can act as recombination centres in
semiconductors. Probably we are to observe a development similar to semiconductor
physics, and organic semiconductor devices become an everyday part of 21% century

technology.
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10 Appendices

10.1 Appendix 10.1: P3EBT Data
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Figure 73: GPC chromatogram of P3EBT (CHCI; solution, PS calibration)
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Figure 74: Cyclovoltammogram of a P3EBT layer on Pt (acetonitrile-TEABF electrolyte, calibration with Fe(cp),
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10.2 Appendix 10.2: i-V Curves from P3EBT-CIS Devices with Different Donor and

Acceptor Contents
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Figure 75: I-V curves from section 7.5: Left side: top: P3EBT-CIS 18-6, middle: P3EBT-CIS 18-8, bottom:

P3EBT-CIS 18-10; right side: top: P3EBT-CIS 24-6, middle: P3EBT-CIS 24-8, bottom: P3EBT-CIS 18-10
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10.3 Appendix 10.3: i-V Curves of P3EBT-CIS Devices Using Different Annealing

Procedures
3]
& 15000 — dark
i illuminated L dark
3000 — illuminated
= 12000 i, = 284 [uA/cm?] 32
_ 25004 .
90001 _Voc- 390 [mV] ? i .= 362.1 [uA/cm?]
lpp 154 [uAJom?] 2000{ V__=585[mV]
V_ =180 [mV i =
6000 - mpp [m ] 1500 - Impp_ 180.3 [HA/CIT]Z]
n=0.046 % V. =270 [mV]
FF=0.25 10004 mpp
3000+ n =0.08 %
500 - FF=0.23
e o T T T
0. 0J0 0.4 0.8 1.2 - o T -
l 04 Og—04 08 12
5001 U

15 min 3 min 15 min
Figure 76: i-V curves from section 7.6.6: Left side: Sample A (120 °C —— 120 °C — 160°C —— 160 °C;

3 min 16 min
glove box, magnetic stirrer); right side: Sample B (RT °C — 80 °C —— 160°C; tube furnace, N,-stream)
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Figure 77: i-V curves of differently annealed samples. Left side: Sample C (RT °C — 80 °C —— 160°C

18 min 3 min 20 min 14 min
—— 160 °C), right side: Sample D (RT °C 80 °C 180°C 180 °C). Samples were annealed in

a tube furnace under a N,-stream
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10.4 Appendix 10.4: TGA Data of Active Layer Components, Mass Spectra
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Figure 79: Left side: TG- and TIC-data for the decomposition of thiourea; right side: TG- and TIC-data for an

active layer sample with TF=180 °C using heating routine 1 (compare Figure 52)
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Figure 80: Left side: TG data of active layer samples heated using programs 1 and 2; right side:

100+

80+

MS Thiophene

corresponding TICs

ila.u.

—— T 200-F

250 —— T 2005 111

—mesps 110

200 0.9

0.8

150

0.7

100 106

{05

504 {04

103

0 . . . . 0.2

0 10 20 30 40 50
t/ min
MS Acetic Acid
100
80
60
40 A
20
O 1 \I T = T 1
30 40 50 60 70 80
m/z

101

normalized TIC / a. u.



i/la.u.

100

80 -

60+

40+

20

Figure 81: Reference mass spectra of thiophene and acetic acid from m/z = 30-80
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10.5 Appendix 10.5: ZCIS-Stoichiometry: i-V Curves
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Figure 83: Current density vs. voltage-plots for various P3EBT-ZCIS bulk heterojunction solar cells: top

left: [Zn] = O (reference), top right: [Zn] = 0.05; middle left: [Zn] = 0.1, middle right: [Zn] = 0.2; bottom left:

[Zn] = 0.3, bottom right: [Zn] = 0.5
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10.6 Appendix 10.6: EDX-Analyses of P3EBT-ZCIS Active Layers with Different

Stoichiometry
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NANONA-B: Precursor solution: Cu/In=1/1.25 (%at.)

Spectrum:
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NANONA-C: Precursor solution: Cu/In=1/1.50 (%at.)
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NANONA-D: Precursor solution: Cu/In=1/1.70 (%at.)

Spectrum:
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NANONA-E: Precursor solution: Cu /In=1/1.80 (%at.)

Spectrum:
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NANONA-F: Precursor solution: Cu /In=1/2.00 (%at.)

Spectrum:
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10.7 Appendix 10.7: Morphology of ZCIS-P3EBT Active Layers with Different Cu / In -

morphology

TM-1000_1524 20080327 12.40 SOk 30um

T-1UU_1518 2008.03 27 B0k 30 om
Figure 84: SEM-micrographs of P3EBT-ZCIS active layers; left side: Cu / In = 1 / 1.25 (%at.); right side: Cu /
In=1/1.50 (%at.)
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Figure 85: SEM-micrographs of P3EBT-ZCIS active layers; left side: Cu / In = 1 / 1.70 (%at.); right side: Cu /
In=1/1.80 (%at.)
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10.8 Appendix
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10.8: Stability Data of Plastic Solar Cells
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Figure 86: Solar cell parameters of a MEH-PPV - PCBM device under permanent illumination with a sulfur

plasma lamp; Pj;,) = 1010 W.m?, no spectral mismatch correction. Top / bottom: absolute / relative values
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Figure 87: Solar cell parameters of a F8T2 - PCBM device under permanent illumination with a sulfur

plasma lamp; P;,) = 1010 W.m?, no spectral mismatch correction. Top / bottom: absolute / relative values
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Figure 88: Solar cell parameters of a PPV - CIS device under permanent illumination with a sulfur plasma

lamp; P(in) = 1010 W.cm>
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Figure 89: Solar cell parameters of a F8T2 - CIS device under permanent illumination with a sulfur plasma

lamp; P(in) = 1010 W.cm?
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Figure 90: Solar cell parameters of a MEH-PPV - PCBM device under permanent illumination with a sulfur

plasma lamp; P;,) = 1010 W.m'z, no spectral mismatch correction. Top / bottom: absolute / relative values
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13 Abbreviations

A Angstrom

a,b,c lattice constants

a.u. arbitrary units

AM air mass

CIS copper indium disulfide

CRT cathode ray tube

cv cylic volatammetry

CZTS copper zinc tin sulfide

D; carrier diffusion coefficient

EDX energy dispersive X-ray spectroscopy
EQE external quantum efficiency

Eg band gap

e electrons

eq. equivalents

eV electron volt

FF fill factor

FO frontier orbital

FTIR fourier transform infrared (spectroscopy)
HMDST hexamethyldisilathiane

HOMO highest occupied molecular orbital
l,i current, current density
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Impp current at the maximum power point

Isc short circuit current

IQE internal quantum efficiency

LED light emitting diode

ITO indium tin oxide

JCPDS Joint Committee on Powder Diffraction Standards

k Boltzmann constant

LED light emitting diode

LUMO lowest unoccupied molecular orbital

vl carrier mobility

M spectral mismatch factor

MDMO-PPV Poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene]
MEH-PPV Poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene]
n.e. not estimated

n.s. not specified

p hole

P3EBT poly(3-ethlybutanoate)thiophene

P3HT poly(3-hexylthiophene)

p.a. pro analysi

PCBM [6,6]-Phenyl C61 butyric acid methyl ester

PCPDTBT Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]-

dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]

PDF powder diffraction file
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PEDOT:PSS
PF

I:>IN

PLED

mpp

OLED

SEM

SR

TAA
TEM

TU

Vmpp

Voc

XRD

ZCIS

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

incident light intensity

polymer light emitting diode
maximum power point

organic light emitting diode
distance

scanning electron microscopy
spectral responsitivity
temperature

thioacetamide

transmission electron microscopy
thiourea

voltage

voltage at the maxiumum power point
open circuit voltage

X-ray diffraction

efficiency

reflection angle (X-ray diffraction)
wavelength

resistance

ZnSy.(Culn)14S;
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