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Abstract—The performance of bi-layer organic solar cells with the structure ITO/PEDOT:PSS/CuPc/C,/BCP/Al was
optimized. Prior to cell deposition, an optimal indium tin oxide (ITO) surface treatment technique was determined,
with N, plasma treatment providing the highest solar cell efficiency. Parametric studies were performed to identify opti-
mal fabrication conditions and deposition thicknesses for each layer by using solar cell efficiency as the primary per-

formance measure.
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INTRODUCTION

Recently, organic semiconductor devices have increasingly pen-
etrated markets traditionally held by inorganic semiconductor de-
vices in fields such as light emitting diodes, field effect transistors,
photodetectors and solar cells. It is well known that some organic
materials demonstrate a strong photoelectric effect, making them
suitable materials for solar cells. The first organic thin film solar
cells, which were constructed in 1958, suffered from short lifetimes
and low efficiencies compared to inorganic cells being developed.
Despite these challenges, organic photovoltaics have grown into a
broad research field. This is primarily due to their key advantages
such as flexibility, light weight, and low production costs [1,2].

With the ongoing worldwide push toward renewable energy, or-
ganic solar cells continue to show strong promise as sources of sig-
nificant energy production in the near future [3,4]. The develop-
ment of crystalline organic materials with high doping levels, as well
as advances in cell structures such as donor-acceptor hetero-junc-
tions, blended junctions, and exciton blocking layers have driven a
continuous increase in organic cell efficiencies [5].

This manuscript is focused on optimization of the fabrication pro-
cess for organic bi-layer solar cells. Cell efficiency has reached 3.6%
in these cells, but further increases have been limited by low elec-
tron mobility [6]. This study attempts to improve organic bi-layer
solar cell performance through two methods. The first method is
the development of an optimal surface treatment technique for the
indium tin oxide (ITO) anode. ITO surface treatment has previously
demonstrated improvements in organic light-emitting diode (OLED)
performance. In case of an OLED, an increase in anode work func-
tion following treatment by O, plasma improved carrier injection
into the organic layers [7]. On the other hand, the solar cell anode
should be shifted to a lower work function because the goal is charge
extraction rather than charge injection. The second performance
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enhancement technique is the layer-by-layer optimization of the cell
structure to optimize the balance between photon absorption and
charge transport. To quantify the effect of these studies, organic bi-
layer solar cells with the basic structure of contact electrode/hole
transporter/light absorber/electron transporter/exciton blocker/contact
electrode were fabricated and the device performance measured.

EXPERIMENTAL

Organic bi-layer solar cells were built on glass substrates with
a 1,800 A ITO film and a sheet resistance of approximately 7 Q/
sq. The commercially available substrates were cleaned by using a
three-step process of sequential ultrasonification in trichloroethyl-
ene, acetone, and methanol, and were then dried under nitrogen.
Some ITO surfaces were then subjected to one of three treatment
procedures: exposure to nitrogen plasma, exposure to oxygen plasma,
or exposure to an electron beam under a nitrogen atmosphere. The
anode surface was characterized with x-ray photoelectron spectros-
copy (XPS), atomic force microscopy (AFM), and a video contact
angle system (VCAS) to determine the effect of the treatments.

For cell fabrication, a hole-transport layer (HTL) of poly-cthylene
di-oxythiophene:poly-styrenesulfonate (PEDOT : PSS) was depos-
ited through spin-coating and dried in a vacuum oven. The active
layer of copper phthalocyanine (CuPc), electron transport layer (ETL)
of Cy, exciton blocking layer (EBL) of bathrocuproine (BCP), and
back aluminum contact were deposited at room temperature in a
thermal evaporator with a base pressure of 1.2x107 Torr. The solar
cell efficiency was measured in the dark and under illumination from
a solar simulator set to produce an AM 1.5 100 mW/cm’ light.

RESULTS AND DISCUSSION

ITO surface treatment was performed by exposing the sample
to N, plasma, O, plasma, or electron beam. After treatment, the sur-
face energy, surface roughness, and work function were measured.
Fig. 1 shows a test of the ITO surface energy by using a VCAS. In
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As-received : 64 °

E-beam treated : 50 °

Plasma treated < 10 °

Fig. 1. Contact angle of a water droplet on bare and treated ITO surfaces recorded by a video contact angle system. A lower contact

angle corresponds to higher surface energy.

this experiment, a small drop of water is placed on the film surface
and the contact angle between the drop edge and the film is meas-
ured, with a smaller contact angle signifying higher film energy. Since
the PEDOT : PSS solution used as the HTL for these cells uses water
as a solvent, this test can be used to directly compare the wetting
nature and therefore predict the quality of films deposited on these
ITO substrates. As shown in Fig. 1, treatment with either N, or O,
plasma resulted in a contact angle of less than 10 degrees. It is ob-
vious from the test that O, and N, plasma treatments provide a
much more energetic surface, which results in a very low contact
angle and the potential to deposit high-quality films.

The surface roughness of ITO films was studied with AFM be-
fore and after surface treatment. As shown in Fig. 2, the ITO films
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Fig. 2. RMS surface roughness of bare and treated ITO surfaces
measured by AFM: (a) As-received: 1.049 nm, (b) E-beam:
0.774 nm, (c) O, plasma: 0.823 nm, (d) N, plasma: 0.614 nm.

Table 1. Chemical composition of ITO films measured by XPS

show a much smoother surface after N, plasma treatment com-
pared to surfaces after O, plasma or e-beam treatment. ITO surface
roughness impacts the roughness of subsequent cell layers, which
effects charge mobility in the cell and therefore impacts the cell effi-
ciency.

XPS was used to study the change in the surface composition of
the ITO films after exposure to a treatment. From the results shown
in Table 1, E-beam treatment does not significantly alter the ITO
surface composition, so its impact on device performance is antici-
pated to be minimal. On the contrary, after N, plasma treatment the
In/Sn ratio of the film surface decreased and the number of elec-
trons at the ITO surface increased [8,9]. The Fermi energy of N,
plasma treated ITO increased, and the film work function decreased
[10]. This results from the formation of InN from the reaction of
nitrogen radicals and surface indium atoms, with this new material
subsequently being removed from the film.

Organic bi-layer solar cells were fabricated on substrates sub-
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Fig. 3. J-V curves of solar cells deposited on treated ITO substrates.

Atomic composition Atomic ratio

Condition

(0] Sn In N O/In In/Sn
No treatment 0.5675 0.0265 0.406 - 1.397 15.32
After N, plasma treatment (50 W, 1 Torr, 10 min) 0.5549 0.0267 0.4049 0.0135 1.37 15.16
After e-beam treatment (2 KGy) 0.5667 0.0238 0.3876 0.0219 1.462 16.28
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jected to these treatment techniques. Fig. 3 shows that O, plasma
and e-beam treated substrates showed lower device efficiency than
untreated substrates, while N, plasma treated substrates showed in-
creased efficiency. The smoother surface, improved chemical sta-
bility, and reduced work function after N, plasma treatment com-
bine to grant this performance increase [8,9].

Using N, plasma exposure for anode treatment, bi-layer solar
cell optimization was performed by systematically varying the thick-
ness of each layer to maximize cell efficiency. CuPc was chosen as
the p-type active layer material in the bi-layer solar cell and was
deposited by thermal evaporation. The deposition occurred at a con-
stant rate, with film thickness controlled by varying the deposition
time. The C,, ETL thickness was fixed at 10 nm for these studies.
As seen in Fig. 4, the optimal film thickness was 26 nm. At slightly
larger thicknesses, the efficiency is only slightly improved due to a
low built-in electric field from the relatively thin Cy, electron accep-
tor layer. Slightly smaller thicknesses, however, result in a signifi-
cant efficiency drop due to limitations to photon absorption.
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Fig. 4. Optimization of CuPc thickness: C, thickness was fixed at
10 nm.
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Fig. 5. Optimization of Cj, thickness: CuPc thickness was fixed at
26 nm.
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Fig. 6. Optimization of CuPc thickness: C, thickness was fixed at
25 nm.

After the CuPc thickness was fixed at 26 nm, the Cy, thickness
was varied from 0 to 30 nm to optimize charge separation and trans-
port. As shown in Fig. 5, the device efficiency was very low when
no Cg, was present in the cell. This is because excitons generated
in the CuPc film did not have an active interface to allow dissocia-
tion, so they simply recombined. As the Cy, layer thickness increased,
device efficiency improved, because as the thickness of the elec-
tron acceptor increased, the excitons were more easily separated
into free carriers. This improvement continued up to 25 nm. After
that point, the device efficiency dropped due to increased series re-
sistance.

With the electron acceptor thickness now set at the optimal value
of 25 nm, the electron donor thickness was varied around the pre-
vious setpoint of 26 nm. Fig. 6 shows that as the CuPc thickness
increased up to 66 nm, cell efficiency improved. Since CuPc is the
primary absorbing material, an increase in the CuPc thickness results
in more light absorbed in the cell, generating more excitons. In com-
bination with the optimized Cy, layer, this increased the amount of
free carriers that could be generated in the cell. Further thickness
increases of this layer resulted in a strong drop in current through
the devices. This is attributed to a limitation in the exciton diffu-
sion length. As the CuPc thickness increases, a larger percentage
of the excitons are unable to reach the interface before recombin-
ing, resulting in a loss of current in the cells. The HTL thickness of
less than 20 nm showed significant drop in the cell efficiency pri-
marily due to the current leakage paths developed by pin-holes.

PEDOT : PSS was chosen as the hole-transport layer (HTL). This
film was deposited by spin-coating, and the thickness was varied
by changing the spin-coating speed. Cell efficiency was found to
improve as this layer was reduced to 20 nm, as illustrated in Fig. 7.
The primary purposes of the HTL are to smooth the ITO surface
and to provide an energy level for hole transport in the energy band
diagram. This can be achieved with a thin layer, and any additional
thickness only serves to increase series resistance to the current flow.

Finally, the exciton blocking layer (EBL) of BCP was included,
which helps to prevent exciton recombination at the Al electrode.
Because of the transparency of this film, it was difficult to accu-
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Fig. 7. Optimization of PEDOT : PSS thickness: CuPc thickness
was fixed at 28 nm and C,, thickness was fixed at 25 nm.
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Fig. 8. Optimization of BCP thickness by controlling deposition
time: Fixed layer thicknesses were 20 nm for PEDOT : PSS,
66 nm for CuPc, and 25 nm for Cg,.

rately measure the film thickness, so it was estimated by accurately
controlling the deposition time at a constant evaporation rate. BCP
is a wide band-gap material whose purpose is to prevent holes and
excitons from reaching the aluminum electrode, where they can
impede the current flow. Fig. 8 demonstrates that thinner layers of
BCP resulted in improved device efficiency due to reduced series
resistance in the cell. Solar cell efficiency was improved until the
BCP deposition time was decreased to 10 sec. After that point, how-
ever, the device efficiency dropped due to increased exciton recom-
bination.

SUMMARY

Investigations have been performed to optimize the performance
of ITO/PEDOT : PSS/CuPc/C4/BCP/Al bi-layer solar cells. Due to
improved cell performance, decreased surface roughness, enhanced
surface energy due to incorporation of nitrogen into the ITO, and a
decrease in the ITO work function, it was determined that N, plas-
ma treatment is superior to O, plasma and electron beam treat-
ment. Using this treatment technique under optimized conditions,
the thickness of each layer was systematically varied to optimize
the overall cell performance. The thickness of the absorber layer
and ETL were increased to allow more complete absorption and
increase the strength of the built-in field for charge collection, while
the HTL and EBL films were thinned to reduce series resistance in
the cells. The final optimized cell structure was ITO/PEDOT : PSS
(20 nm)/CuPc (66 nm)/Cy, (25 nm)/BCP/Al. The optimal deposition
time for the BCP layer was 10 sec.
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