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ABSTRACT

Alternatives for replacing the expensive ITO are explored and Poly(ethylene dioxythiophene):polystyrene
sulfonate (PEDOT:PSS) is introduced as one possibility. We present the first small-molecule organic solar
cells employing only PEDOT:PSS as transparent electrode. Solar cells on glass and on flexible plastic foil
were prepared, using a p-doped hole transporting material, zinc phthalocyanine (ZnPc) and Cgo as donor-
acceptor heterojunction, and an exciton blocking layer. Different methods to structure the PEDOT:PSS
electrodes were investigated and are presented. As proof of principle, non-optimized prototype cells with
efficiencies of over 0.7% on glass and 0.9% on flexible plastic foil substrate were obtained.

Keywords: PEDOT:PSS, solar cell, ITO, transparent electrode, small-molecule, conductive polymer

1. INTRODUCTION

In the last years, rising oil prices, the discussion about peak oil, increasing energy consumption especially
in emerging nations and increasing public attention about climate change' have obtained attention. All of
these issues demand innovative solutions in form of sustainable, regenerative, environmental-friendly means
of energy generation.

This resulted in a dramatical increase of research and development, but also industrial production in
the field of photovoltaics. While crystalline silicon solar cells are a well-established field and copper indium
gallium selenide (CIGS) technology nearing large-scale production, one is still confronted with the argument
that inorganic photovoltaics are too expensive per kWh. Hence, on the mass market solar energy is currently
not competitive with fossil fuels.

Organic solar cells are a promising approach in the long term to reduce costs of photovoltaic energy
below both inorganic photovoltaics and fossil fuels. As a result, one finds an exponential increase of research
and peer-reviewed publications in this emerging field. There are four main approaches, the dye-sensitized or
Griitzel solar cells,® polymer-based solar cells,® inorganic-organic hybrid solar cells* usually created by wet
chemical processes, and small-molecule organic solar cells (SM-OSCs), the focus of the current work.

After the breakthrough of Tang® in 1986, who employed a heterojunction of of copper phthalocyanine
and a perylene derivative, new concepts like bulk heterojunctions, doping of organic molecules,” or p-i-n
structures with dedicated charge carrier transport layers® have resulted in efficiencies over 5%.°

Small-molecule organic solar cells produced via vacuum-evaporation have the potential for a very cost-
efficient, light-weight, large-area technology, possibly also on flexible, non-planar substrates. A typical
structure of this type of solar cell can be seen in Fig.1; the stack is deposited on glass or pastic foil covered
with a transparent, conductive electrode. The active layers consist of (p-doped) hole transporter (HTL),
absorber (e.g. bulk heterojunction) and (n-doped) electron transporter (ETL), and possibly an exciton
blocking layer (EBL). On top of the organic layers, a reflecting back contact (typically Al) is deposited.
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Figure 1. Schematic of a p-i-n type solar cell structure. The anode is typically a transparent conductive oxide, the
cathode a metal contact. The hole transport layer is p- and the electron transport layer n-doped.

2. TRANSPARENT CONTACTING MATERIALS
2.1 ITO

One issue associated with polymer- and SM-OSCs is based on the fact that the standard transparent contact
material on the substrate is IngO3:Sn (ITO). In the past decade, the price of indium has risen dramatically,
and projections suggest that this scarce resource might be depleted within the next decade. Hence, one of the
main advantages of organic solar cells, the potentially low price, might be outbalanced by rising transparent
conductive oxide (TCO) costs. The price of ITO, its brittleness (an issue for flexible devices) and the possible
diffusion of indium into organic materials, are strong arguments for finding alternative transparent electrode
materials.

2.2 ZnO:Al

One possible alternative to ITO is another transparent conductive oxide (TCO), aluminium-doped zinc oxide
(ZnO:Al, or often abbreviated AZO). It was shown by Schulze et al.l® that ZnO:Al can be used as hole
contact with similar performance. Generally, ZnO:Al has a similar conductivity as ITO, with resistivities
ranging from low 10~* Qcm for pulsed laser deposition to low 1072 Qem for magnetron sputtering and
transmittance of 80-90% in the visible. However, ZnO is chemically instable to acid, somewhat brittle and
tends to grow with rough surfaces; additionally, the deposition processes may be harmful to organic materials
if deposited on top, e.g. in inverted structures.'!

2.3 PEDOT:PSS

Poly(ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) (Fig.2) is a conductive polymer. Owing
to intense research activity in the last years, there are many different formulations of PEDOT available; it can
be used as antistatic coating, matrix for carbon nanotube networks, or for better hole transport between ITO
and organic materials.!? Recently, it was shown that PEDOT:PSS formulations can be used as transparent
contact for polymer-based solar cells (combined with a silver grid** or using a novel wrap-through concept!3)
and small-molecule based organic light-emitting diodes (OLEDs) where PEDOT:PSS led to better results
compared to ITO.1?

SOH
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Figure 2. Structure of Poly(ethylene dioxythiophene) (PEDOT) and polystyrene sulfonate (PSS)
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Disadvantages of PEDOT:PSS are its susceptibility to oxygen, HoO, sodium (from glass substrates) and
UV-light. With a conductivity of 500 S/cm, it still cannot compete with optimized ITO. Another point is
that PEDOT is usually applied from a water-based solution via spin-coating, a wet chemical process that is
not always compatible to thermal evaporation in UHV, the standard method for creating SM-OSOLs.

Nonetheless, first studies with OLEDs were promising and showed devices with comparable performance
to ITO-based counterparts. Hence, the present work aims at a proof of principle that PEDOT:PSS can be
applied as anode for SM-OSOLs.

2.4 Others

Apart from the aforementioned materials, there are other transparent conductive materials that will just
be mentioned briefly. A commonly used TCO is SnOs; it was disregarded in the present study since it
requires high substrate temperatures during processing. There is a number of ternary compounds, e.g.
Cd2Sn0y4, CdSnO3, CdInOy, ZnsSnOy4, MglngOy, CdSbyOg, IngSnzOq9; however, many of these contain
indium, cadmium and/or are still in early experimental stages. Another possibility is using thin metal films,
where a careful balance between layer morphology, transmission and conductivity has to be maintained.
First results with SM-OSOLs show promising potential.'®

On the organic side, much progress has been made on the field of carbon nanotubes. Already, there are
polymer-based solar cells employing this class of material (either as stand-alone electrode!” or combined with
ITO or a polymer matrix!'®). For SM-OSOLs, carbon nanotubes are difficult to use since typical thicknesses
of the complete stack (charge transport and absorber layers) are well below 150 nm, while carbon nanotubes
can form a non-uniform, not fully closed layer with protrusions that by far exceed several hundreds of nm,
leading to shorts.

3. EXPERIMENTAL

This section describes the complete process of first creating a PEDOT:PSS hole conductive layer and then,
after structuring, fabricating and characterizing a complete solar cell.

3.1 PEDOT:PSS Preparation

The PEDOT:PSS formulation in the current work was BAYTRON PH500 (H. C. Starck) with 5% of dimethyl
sulfoxide (DMSO) added to the aqueous solution. With addition of DMSO, a conductivity increase to 500
S/cm was observed. The formulation was used as received. The PEDOT:PSS bottles were kept in the dark
in a refrigerator to prevent premature polymerization or degradation. To reduce viscosity, the bottles were
removed from the fridge 24h prior processing. For some experiments, 10 wt% of the perfluorinated ionomer
Nafion (Sigma-Aldrich) was added to the solution, directly prior to spincoating.

Substrates were 2.54 by 2.54 cm? (1 square inch) float glass pieces or PET foil. Glass substrates were
cleaned by sonicating in Extran, deionized water, acetone, ethanol, and iso-propanol; PET foil substrates
were pre-structured with a laser printer (see below) and cleaned with de-ionized water and ethanol. To
improve wetting, all substrates were treated in a UV-oxygen plasma-etching system before spincoating.
This removed further contamination and led to increased hydrophilicity and lower contact angles of the
PEDOT:PSS solution on the substrate and was found essential for uniform and homogeneous films.

The spincoating was performed on a spin coater with 1400-1800 rpm for 30s. Independent of the structur-
ing method, samples were outgassed after spincoating on a hot plate in ambient conditions, at temperatures
of 80 ° C (for PET foil) up to 140 ° C (for glass substrates), with durations of typically 20-60 minutes. Purpose
of the outgassing was to remove residual water and DMSO from the aqueous solution.

3.2 PEDOT:PSS Structuring

To avoid shorts and to get spatially well-defined anode structures, several steps were carried out to structure
the uniformly spincoated PEDOT:PSS films before thermal evaporation. This is depicted schematically in
Figure 3 and will be explained in the next two sections.
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Figure 3. Schematic series of the steps undertaken to structure PEDOT:PSS as anode on PET foil.

3.2.1 Structuring on glass

After spincoating on a pre-cleaned, plasma-treated substrate, a uniform film is achieved and afterwards dried
as described above. Subsequently, a fresh solution of 10 wt% polystyrene in toluene is made and stirred
until the polystyrene is completely dissolved. The sample is then partially (25%) dip-coated with dissolved
polystyrene and again heated to remove traces of toluene. After drying, the sample is still completely coated
with PEDOT:PSS, but 25% have a transparent, insulating layer on top of the PEDOT:PSS. This layer
has been found thick enough to protect the conductive polymer below from shorts, but the transition from
polystyrene to PEDOT:PSS below is so smooth and gradual that it can be assumed flat for the thermal
evaporation process.

3.2.2 Structuring on PET foil

Structuring of PET foil samples is illustrated in Fig. 3. The principle used for this method is that BAYTRON
PH 500 ships as aqueous solution, needing a hydrophilic surface for adherence. By plasma cleaning, PET foil
can be made sufficiently hydrophilic. Toner, as printed by laser printers, is inherently hydrophobic, repelling
the solution. One can use CAD software to print patterned toner structures on transparent foil using standard
laser printers (here: HP LaserJet 1320). After the obligatory oxygen-plasma-treatment, PEDOT:PSS adheres
only on the transparent, non-printed areas of the foil, while the toner remains uncoated. Following the drying
(80" C), the sample is sonicated in a beaker of toluene for several minutes. This removes the toner, which
dissolves in toluene, while the PEDOT:PSS layer still adheres on the foil, resulting in well-defined structures
of closed conductive film. In the next step, organic layers (the solar cell stack) can then be deposited, as
described below.

3.3 Evaporation

The solar cells were fabricated by thermal evaporation in a custom-made UHV multi-chamber system with
pressures of 1075 - 10~8mbar, using shadow masks. Different chambers were used for HTL, absorber, ETL,
EBL and metal contact. Doping was performed by co-evaporation of dopant and host; all organic materials
were purified by vacuum gradient sublimation at least twice before usage. Typical deposition rates were
around 0.5 A/s. Solar cell stack and used materials are shown in Fig. 4.

Starting with a PEDOT:PSS ground contact, 1 nm of a proprietary p-type dopant (Novaled AG, Dresden,
Germany) was deposited, comparable in performance to the commonly available 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) (not shown).

As HTL, p-doped 4,4’,4”-tris(1-naphthylphenylamino)-triphenylamine (TNATA) was used with different
layer thicknesses (60 nm - 100 nm) and doping ratios (TNATA:NDP2 between 10:1 to 30:1).
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Figure 4. Structures of the used organic materials and schematic of a solar cell stack; shown is an example of a flat
heterojunction of ZnPc and Cegp.

For light absorption, two different absorber structures were used:
i) zinc phthalocyanine (ZnPc) (10 nm) followed by 40 nm - 50 nm of Cgg
ii) ZnPc (10 nm) followed by co-evaporated ZnPc:Cgy (25 nm, ratio 1:1) followed by 40 nm of Cgg

In both cases, the 40 nm Cgq served as absorber, but also as interface for exciton dissociation and as
ETL. After the fullerene, 7 nm of 4,7-diphenyl-1,10-phenanthroline (BPhen) was deposited as EBL and as
protective layer for the organic stack underneath to prevent damage from impinging metal atoms and to
hinder metal atom diffusion into the Cgg. Metal top contacts were typically 80 - 100 nm Al, deposited at
higher rates (5 - 10 A/s) than the organic materials.

3.4 Characterization

Typical areas of finished solar cells ranged from ~ 4 - 7 mm?, measured for every single cell using a light

microscope. The solar cells were stored in air; for characterization and evaluation, they were transferred to a
nitrogen glovebox. I(V)-spectra were recorded using a source measurement unit 236 SMU (Keithley) under
an AM 1.5¢g sun simulator (Hoenle AG) (monitored by Si photodiode; no mismatch correction). Typical light
intensities were around 105 mW /cm?. Reflection and transmission measurements were performed on a UV-
3100/MPC-3100 spectrometer (Shimadzu); the morphology of PEDOT:PSS layers was analyzed using AFM
(Digital Instruments). Work function measurements were performed in a X-ray/ultraviolet photoelectron
spectroscopy system (Specs) in UHV conditions.

Proc. of SPIE Vol. 7002 700210-5



4. RESULTS
4.1 PEDOT:PSS

PEDOT:PSS layers on glass and on plastic foil were studied using AFM to gain insight about the surface
roughness. Typical images are shown below. There was no difference found between glass and PET foil
substrates; root mean square roughness of the 100 nm thick PEDOT:PSS layers was below 2 - 3 nm at all
investigated spots, indicating a smooth surface with peaks below 20 nm height.

13.00

Figure 5. AFM images of PEDOT:PSS films. Left: on glass, area: 1 um?; right: on PET foil, area: 4 um?. Z-scale
is the same for both images.

The work function of polymer films was determined by UPS. The work function of untreated PEDOT:PSS
was found to be 5.05 eV. This is in very good agreements with values in the literature, which typically range
from 5.0 - 5.2 eV, depending on the formulation, residual water content, or UV treatment.'® After addition
of 10 wt% perfluotinated ion-exchange resin, the work function could be increased to 5.44 eV, which may be
promising for future experiments with different organic materials with higher work functions.

Reflection and transmission of untreated PEDOT:PSS and of PEDOT:PSS spincoated after addition of
Nafion to the solution are shown in fig. 6. Transmission is between 70 - 80% in the visible range. Reflection
is well below 10%, with untreated PEDOT:PSS having higher reflection and transmission than PEDOT:PSS-
5% DMSO-10 wt% Nafion. Future experiments will show the influence on solar cell performance, as has
been done for OLEDs with modified PEDOT:PSS-coated ITO anodes.?°

200 300 400 500 600 700 800 900 300 400 500 600 700 800 900
12 T T T T T T 12 100 T T T T T T 100
14 o —u—PEDOT:PSS 10 wt% Nafion| ] 44

! —e— PEDOT:PSS
10 H H -4 10 80 480
9 9 =
&

< 8- 8

2 S 60+ - 60

c 74 = 7 @

.2 u g

]

4 =m

% °1a e 8 40 {40

= !

o 54 5 ©

14 . =

44 m 4
" 20 - 420
34 3 —u—PEDOT:PSS 10 wt% Nafion
2] 1, —e PEDOT:PSS
T T T T T T 0 T T T T T T 0
200 300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength [nm] Wavelength [nm]

Figure 6. Left: Reflection of PEDOT:PSS/10 wt% Nafion (black squares) and PEDOT:PSS (red circles).
Right: Transmission of PEDOT:PSS/10 wt% Nafion (black squares) and PEDOT:PSS (red circles).
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4.2 Solar Cells

The fabricated solar cells will be described in the form of four examples, two flat and two bulk heterojunction
solar cells on glass and on PET foil, respectively. The structures are summarized in Table 1.

Table 1. Overview of presented solar cell configurations. In all cases, 7 nm BPhen (EBL) and 100 nm Al (back
contact) were used.

Designation | Substrate HTL Absorber thickness in nm
a) flat glass glass 100 nm TNATA:NDP2 (30:1) ZnPc(10)/Cg0(40)
b) flat PET PET 100 nm TNATA:NDP2 (30:1) ZnPc(10)/Cg0(40)

c) bulk glass glass 60 nm TNATA:NDP2 (16:1) | ZnPc(11)/ZnPc:Cgo(10,1:1)/Cgo(50)
d) bulk PET | PET | 60 nm TNATA:NDP2 (11:1) | ZnPc(12)/ZnPe:Coo(25,1:1)/Cgo(40)

The flat heterojunction solar cells are shown in fig. 7a. It is obvious that the solar cells both on glass and
on PET suffer from low fill factor (FF) and high series resistance, limiting efficiencies to 0.43% and 0.18%
for glass and PET, respectively. The HTLs have a high thickness of 100 nm since it was at first not clear
if the structuring methods lead to high steps (height differences) from substrate to anode. In this case, the
TNATA layers would have served as smoothing layers.

After this successful proof of principle, the HTL layer was reduced in thickness to decrease the length
of the pathway for holes between donor/acceptor interface and anode; at the same time, the doping ratio
TNATA:NDP2 was increased. To improve absorption while at the same time maintaining good exciton
dissociation, a large interface in the form of a blend layer of ZnPc and Cgg was introduced, supported by
optical simulations to improve the distribution of the internal optical field within the solar cell stack.
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Figure 7. J(V) curves of solar cells with PEDOT:PSS as hole contact.
a) left: flat heterojunction cells on glass (black squares) and PET (red circles).
b) right: bulk heterojunction cells on glass (black squares) and PET foil (red circles).

In Fig. 7b it is obvious that these changes strongly influenced the FF, roughly doubling it from 28% to
53% on glass and from 24% to 46% on PET foil. The short-circuit current Jsc remained almost constant
on the glass samples, but more than doubled on PET foils from 2.3 mA/cm? to 5.1 mA/cm?. We attribute
this mainly to the higher thickness of the heterojunction absorber layer (solar cell ¢):10 nm blend; solar cell
d): 25 nm blend). the maxima of the optical field within the stack should be close to the ZnPc/ZnPc:Cgq
interface for both cases. The thicker blend layer of d) provides a higher dissociation interface while being
in closer proximity to the electron collecting back contact, and at the same time increases the number of
photogenerated excitons, thus leading to the highest Jg¢.
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The deviations of the open-circuit voltage Voo cannot be explained at the moment. One would expect
a correlation of Voo and the heterojunction type; for ZnPc/Cgg junctions, flat or bulk, voltages of well over
0.6 V were achieved in our group when using ITO substrates (without PEDOT:PSS modifications). The
solar cells shown in this paper exhibit no clear systematics, especially with cell b having extremely poor
performance and a voltage of only 0.34 V. Possible factors for low performance may be degradation induced
by residual water in the PEDOT:PSS layer or oxygen contamination before measurement. In the case of
PET foil as substrate, it is noteworthy that the foil is not sealed against water or oxygen from air, and UV
light may penetrate through the foil into the organic layers. More studies are desirable to investigate the
influence of HTL thickness and doping ratio, absorber stack and PEDOT:PSS treatment on the solar cell
performance.

5. CONCLUSION AND OUTLOOK

In the current work, the first small-molecule organic solar cells on glass and PET foil are shown where ITO
was successfully replaced with a stand-alone all-organic anode, PEDOT:PSS. The challenge of creating and
structuring these anodes is explained; it is described how the PEDOT:PSS is structured on glass (with a
polystyrene-containing solution as passivation layer) and plastic (by utilizing laser printer toner to selectively
remove excess PEDOT:PSS) substrates.

Going one step further, the structured hole contacts are characterized by AFM, XPS/UPS, and spec-
trometer (100 nm thick, rms roughness < 3 nm, 70%-80% transmission in the visible range, work function of
5.05 - 5.44 eV, depending on additional modifications) and then used for the fabrication of prototype solar
cells. First operational solar cells on both different substrates were fabricated, with efficiencies close to 1%,
having fill factors of over 50%, short-circuit currents of over 5 mA /cm?, and open-circuit voltages of up to
0.48 V (depending on the solar cell stack and substrate type).

It is encouraging that PEDOT:PSS is feasible as transparent electrode material, but many open ques-
tions remain. The final potential of PEDOT:PSS for SM-OSOLs remains to be tested in further studies.
Approaches for optimization may include
- spincoating and outgassing in nitrogen atmosphere (glovebox) to exclude water contamination,

- structuring without involving toluene; possibly printing,
- finding the optimal stack, taking the field distribution into consideration.

Furthermore, far beyond the scope of the current work, SM-OSOLs may profit greatly from new, high-
performance transporting?! or absorber?? materials or novel heterojunction morphology,?? providing exciting
challenges for further research.
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