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Muhammet Erkan Kose!

Abstract

Spin and spray deposition techniques have been used sequentially to examine the effect of the
composition of top blend layer on the photovoltaic properties of organic solar cells using well-
known poly(3-hexylthiophene):[6,6]-Phenyl C61 butyric acid methyl ester (P3HT:PCBM)
blend. Devices were prepared by spraying an extra layer of P3HT or PCBM (~15 nm) onto spin
coated (1:1) blend film. P3HT-rich top phase slightly perturbs photovoltaic activity whereas
PCBM-rich top phase drastically changes the power conversion efficiencies with a marked
decrease in fill factors. While the annealed devices with P3HT-rich top phases display an
average of 2.3% power conversion efficiencies, the same number drops to 1.5% in devices with
PCBM-rich top phases in the active layer. Carrier mobilities were only marginally affected by
the presence of spray coated top layers. However, series resistance of top phase P3HT-rich
blends (~6 Q/cm?) remained the same with respect to spin coated sample whereas top phase
PCBM-rich blends exhibit relatively higher series resistances for both annealed and non-
annealed samples (~11 Q/cm?). Based on the presented results, one might speculate that
electron injection to cathode with P3HT is almost as efficient as with PCBM for active layers
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utilizing P3HT:PCBM blend.
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1. INTRODUCTION

Organic photovoltaics (OPV) holds great promise
to meet the demands for low cost photovoltaic
technology due to solution processability and
relatively cheaper organic materials utilized in the
devices [1]. The major focus of OPV research is
to increase the efficiency of devices by using
novel materials with better photovoltaic activity.
In a laboratory setting, spin-coating is the most
common technique to deposit active layers during
solar cell fabrication. However, it is clear that

other types of coating techniques need to be used
for large-area solar cells. In this regard, screen
printing [2], doctor blading [3], and spray coating
techniques [4] have been studied. Among these
approaches, spray coating has been exploited by
many research groups due to fast and economic
deposition of organic-based layers [5, 6].

The power conversion efficiencies (PCEs)
obtained with spray coating techniques are quite
promising. For instance, Susanna et al. reported a
device efficiency of 4.1% from a poly(3-
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hexylthiophene):[6,6]-Phenyl C61 butyric acid
methyl ester (P3HT:PCBM) blend via airbrush
coating [7]. Ultrasonic spray deposition has
allowed much more uniform films with a PCE of
3.5% for the same blend [8]. In addition to the
active layer, the hole transport layer poly (3,4-
ethylenedioxythiophene):poly(styrene sulfonate
(PEDOT:PSS) can be spray coated with device
performances better or comparable to those of
spin-coated devices [9, 10]. In general, the spray
coated films display high surface roughness and
less defined morphology, yet, fully spray coated
devices operate as well as spin coated
counterparts with long term device stability [9].

One salient feature of organic solar cells is the
dependence of photovoltaic activity on blend
morphology [11]. Controlling the bulk
heterojunction (BHJ) morphology of active layer
can lead to devices with improved photovoltaic
properties. Spin coating technique helps little in
control of morphological aspects of the blend
layer. On the other hand, spray coating permits the
deposition of layers by varying the blend
composition of spray solution.

In general, it is believed that the inter-digitated
donor and acceptor components with an acceptor-
rich top phase and donor-rich bottom phase
(Figure 1) are needed to achieve optimum
photovoltaic activity in bulk heterojunction
devices [1]. Here, we scrutinize this assumption
by preparing and studying devices with varying
vertical composition in the active layer. Our
results show quite a different picture from what is
assumed in this field in regards to ideal BHJ
morphology of organic solar cells.

2. EXPERIMENTAL

Organic solar cells were fabricated on patterned
indium tin oxide (ITO) glasses with a sheet
resistance of 10-12 €Q/sq. The ITO glass was
cleaned by sequential ultrasonic treatment in
detergent, deionized water, acetone, and
isopropanol, and then treated in a bench-top
cleaner, The Plasma Etch, Inc., USA) for 2 min.
PEDOT:PSS (Clevious P VP A14083 H. C.
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Figure 1. Vertical composition of BHJ devices
studied in this work.

Stark, Germany) solution was filtered through a
0.45 pum filter and then spin coated at 4000 rpm
for 60 s on the ITO electrode. Subsequently, the
PEDOT:PSS layer was baked at 120 °C for 40
min in the air to remove any moisture that might
be present in the film. The PEDOT:PSS coated
substrates were transferred to a Nz filled
glovebox.

A blend solution of P3HT (Rieke Metals, Inc.,
MW = 17 kDa) and PCBM (Nano-C) in ortho-
dichlorobenzene (1:1, w/w, 20 mg/mL) was
filtered and then spin coated on top of
PEDOT:PSS layer at 600 rpm for 30-60 s. After
an hour of aging of the wet P3HT:PCBM blend
films, the substrates were taken out of the glove
box for spray deposition of the second layer. This
extra layer was deposited by spray deposition
using an airbrush at 20 psi N2 gas pressure with 5
mg/mL P3HT or PCBM solutions prepared in
chlorobenzene. Spray coated devices were then
transferred to a nitrogen filled glove box. All of
the device active layers were annealed once
(unless otherwise noted) at 150 °C for 5 min on
the hot plate in inert atmosphere. Then, the
cathode consisting of LiF (~1 nm) capped with Al
(~100 nm) was thermally evaporated on the active
layer under a shadow mask in a base pressure of 2
x 10" mbar or better. The photovoltaic cells were
encapsulated in the glove box with a UV-curable
epoxy under glass sheets and then taken out for
current density-voltage (J-V) measurements. The
device active area was ~7.9 mm? for all the solar
cells discussed in this work.

The J-V measurement of the devices was
conducted on a computer controlled Keithley
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2400 source meter. The J-V measurement system
uses a solar simulator with a Class-A match to the
AMI1.5 Global Reference Spectrum. It is
calibrated with KG5-filtered silicon reference cell
with calibration traceable to NREL and NIST.
Series resistances (Rs) of devices were estimated
by using inverse of the slope at 1 V on J-V data
under dark.

Optical micrograph and atomic force microscopy
(AFM) images of the samples were recorded on a
Veeco DI - 3100 atomic force micrometer. Film
thicknesses of the blend films were measured with
a Veeco (Dektak) step profiler. Scanning electron
microscope (SEM) images were collected with
JEOL JSM-6490LV system.

3. RESULTS AND DISCUSSION

Before discussing the results presented in this
work, it is important to note that reported device
performance parameters are the average of at least
18 devices (in some cases 24 devices). The
spraying time as well as the distance between the
airbrush and the sample was kept the same for all
devices. Experimental procedure is strictly
followed to maintain consistency among the
device data. We first compare photovoltaic
performance of fully spin coated and fully spray
coated blends. Devices prepared by spin coating
(ST) had higher device efficiencies compared to
those prepared by spray coating (S2). In general,
spray coated devices exhibited lower fill factor
(FF) than those of spin coated analogues,
indicating non-optimal blend morphology (Table
1). However, both open-circuit voltage (Voc) and
short-circuit density (Jsc) of spray coated devices
are comparable to those of spin coated solar cells
(Figure 2a). Figure 2b and 2c show the optical
micrographs of spin coated and spray coated
samples, respectively. The surface roughness of
spray coated device is quite high whereas a
smooth surface is obtained through spin coating,
as expected [12]. However, AFM phase images
show similar BHJ morphology on the surface
(Figures 2d and 2¢) of both films.
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Figure 2. (a) J-V characteristics of the bulk-
heterojunction P3HT:PCBM solar cells prepared by
spin and spray coating techniques. Optical
micrograph images of spin (b) and spray (c) coated
films. AFM phase images of spin (d) and spray (e)
coated samples.

In the next set of experiments, we sprayed an extra
layer of P3HT or PCBM on a spin coated (1:1)
blend film. In order to compare device parameters
among different films, we kept the total film
thickness around 140 £ 10 nm. Film thicknesses
were monitored by a combination of step profiler
and UV-vis spectroscopy  measurements
conducted on the films. The sprayed layer
thickness was kept low around 15 £ 5 nm to
ensure that 1:1 ratio of donor and acceptor
components does not vary much from one device
active layer to another. The reported exciton
diffusion lengths of P3HT vary between 8 and 27
nm [13-15]. Therefore, the chosen extra layer is
within the range where excitons created in such a
layer have the opportunity to reach an acceptor
molecule within their lifetime. To our knowledge,
exciton diffusion length of PCBM is not reported,
but parent acceptor, Ceo, is known to have an
exciton diffusion length of 30 - 35 nm [16]. Thus,
the excitons formed in the sprayed layer should,
in principle, contribute photocurrent generation.
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Figure 3. J-V characteristics of the bulk-
heterojunction P3HT:PCBM solar cells with P3HT-
rich and PCBM-rich top phases prepared by spray-

coating at ambient conditions.

Figure 3 displays the J-V characteristics of top
phase P3HT- or PCBM-rich solar cells under
standard global AM1.5G solar conditions, and the
corresponding photovoltaic data are listed in
Table 1. We have examined both annealed and
non-annealed devices after deposition of second
layer with spray coating. The devices with P3HT-
rich top phase exhibit similar solar cell
characteristics to those of fully spray coated
devices with a slight decrease in Jsc. However,
annealed P3HT-rich device (S3) has a larger PCE
than that of non-annealed (S4) analogue. In
contrast, devices with PCBM-rich top phases
display poor photovoltaic properties. Especially,
non-annealed sample (S6) has significant
decrease in Jsc and FF compared to the other
device structures studied in this work.

The J-V diagram of S6 shows an inflection point
(kink) [17]. Such behavior has been attributed to
slow charge transfer at the electrical contact of
absorber layer [18]. The fact that S3 and S4
devices do not exhibit such a behavior hints the
high transport capability of holes and electrons for
P3HT polymer at the active layer-electrode
interfaces. FFs are considerably lower when
cathode side of the blend layer is acceptor rich
based on these results. Clearly, P3HT-rich top
phase has slight effect on photovoltaic activity
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whereas PCBM-rich top phase drastically
decreases the performance of solar cells.

Table 1. Average photovoltaic performance
parameters of at least eighteen devices under
simulated AM1.5G illumination at 100 mW / cm?.

Sample Jse
X ) Voe FF  PCE
(thickness)| P3BHT:PCBM V) /(mz? (%) (%)
cm?)
S1 spin coated 0.58 8.4 58.4 2.9
(135 nm) (1:1) +0.01 £02 +22  +0.1
S2 spray coated 0.60 8.2 50.0 24
(150 nm) (1:1) £0.01 +03 +25 +0.1
S3 (1:1) spin + 0.53 7.7 443 23
(150 nm) | ~15nm P3HT | £0.01 +0.8 +49 +0.3
spray
(annealed)
S4 (1:1) spin + 0.57 6.0 57.0 2.0
(140 nm) | ~15nm P3HT | £0.02 £0.7 +2.3 +0.2
spray (w/o
annealing)
S5 )
(130 nm) (1:1) spin +
~10 nm 0.45 6.5 40.4 1.5
PCBMspray | £0.07 +09 +£11.0 0.6
(annealed)
S6 (1:1) spin +
(138 nm) PCI%llfdnrrlra 054 47 360 09
SPEY 12005 09 +125 £05
(w/o
annealing)

To further reveal the effect of spray coated films
on device photovoltaic responses; we have
measured the series resistance and the carrier
mobilities of each sample (Table 2). Space-charge
limited current (SCLC) method has been used to
measure carrier mobilities [19, 20]. For hole-only
devices Al/active layer/Al device architecture and
for electron-only devices
ITO/PEDOT:PSS/active layer/MoOs/Al device
configuration have been used. P3HT has higher
hole mobility (4.4 x 10% cm?/V-s) than its
electron mobility (1.6 x 10* cm?/V-s) with this
setup, in accordance with previous experimental
observations [21]. Carrier mobilities for the
P3HT:PCBM active layer in S1 and S2 are on the
order of 10* cm?/V-s, though latter has higher
electron mobility than its hole mobility. Despite
the fact that S2 has been prepared by spray
coating method, the magnitude of its carrier
mobilities are very similar to those of S1 sample,
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which have been deposited using traditional spin
coating. All the other samples have also carrier
mobilities on the order of 10* cm?*V-s. The
carrier mobility ratio, pun / W, 1s relatively larger
for holes P3HT rich top layer (S3 and S4) devices
whereas the same ratio is smaller for PCBM rich
top layer devices (S5 and S6). This is expected
considering the vertical composition of each
active layer. One striking feature is that whether
the device has P3HT rich top phase or PCBM rich
phase, the carrier mobilities are not severely
affected by the top layer composition. This
manifests itself as rather decent device
efficiencies obtained for S3-6 samples.

Table 2. Series resistance (R;), hole (un) and electron
(pe) mobilities of the devices studied in this work.

Sample | (emiV's)  (cm®V's) ! R
ample | (cm?V-s cm?/V's)  pn/ pe 2
/10 /10 (Vem?)
P3AT 44 16 28 -
only
Si 2.7 18 15 6.8
2 23 33 0.7 14.0
S3 40 22 18 6.6
s4 43 0.8 5.4 5.0
S5 49 3.0 1.6 11.0
s6 3.6 28 13 115

The series resistances of S3 and S4 are very
similar to that of spin coated sample (S1). That
means the presence of extra amount of P3HT on
top does not increase the series resistance.
However, PCBM rich top layer devices exhibit
rather large series resistance, which partially
explains the relatively lower device efficiencies
recorded for S5 and S6 samples. It looks like
annealing has no influence on series resistance
(compare S3 vs. S4 or S5 vs. S6). This
observation suggest unchanging morphologies
and poor mixing of spin coated and spray coated
layers when extra P3HT or PCBM is introduced
on top of spin coated film, as will be further
supported by the imaging results below. One
notable difference between Rs of S1 and S2 is that
series resistance of S2 is quite large. Such
difference can be attributed to non-optimal blend
morphology for spray coated devices. It is well-
known that large series resistance causes drops in
FF, which is also the case for S2.
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Figure 4. Optical micrograph images of the films for
S3, S4, S5, and S6 samples.

Optical micrographs collected on S3, S4, S5, and
S6 samples show the existence of little droplets on
spin coated bottom layer (Figure 4). Annealed
films (S4 and S6) have hazy images due to
probably  slightly  better  mixing  and
reorganization of droplets with the bottom spin
coated layer. Earlier reports suggest formation of
P3HT:PCBM BHJ structure within a few seconds
of annealing at 150 °C [22]. However, the droplets
still maintain their structural features after the
annealing process. To further understand the
interface between the spin coated bottom layer
and spray coated top layer, SEM images were
collected on a sample substrate. A representative
image for heavily P3HT sprayed top layer (with a
thickness of 140 nm) has been given in Figure 5.
SEM image clearly shows distinct two different
phases even after annealing the sample at 150 °C
for 5 min. That is, general structural features of
both top layer and bottom layer are preserved
whether annealing has been performed or not for
the active layer in question. However, this is valid
only for a thick spray coated layer sitting on a spin
coated film. A very thin layer of (~15 nm) P3HT
and PCBM spray coated layer can mix with the
bottom layer well. Our efforts to visualize such
small thicknesses in S3-6 samples did not allow
unambiguous identification of each layer,
possibly due to the limitations in the clarity of the
images.
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To further test the effect of top layer composition
on device performances, we sprayed a large
amount of P3HT onto spin coated blend,
achieving a total blend layer thickness of ~600
nm. J-V measurements on annealed samples of
such a thick film gave a PCE =1.91%, Jsc = 6.05
mA/ecm®, Voc = 0.56 V, and FF = 56%. In
contrast, when an extra ~100 nm PCBM is
sprayed onto spin coated film, device efficiencies
drop as low as 0.25% with poor fill factors around
30 percent. Evidently, a large amount of donor
P3HT material on top of spin coated film does not
change photovoltaic activity in contrast to
common expectations. However, accumulation of
large amount of PCBM on the cathode side clearly
has severe consequences on device operation.

Spray Coated Layer

— lpm  NDSU_EM 4/24/2013
X 15,000 5.0kV LABE  SEM WD 4.5mm  10:48:59

Figure 5. SEM cross-sectional image of spin and
spray coated layers on a sample ITO coated glass
substrate. Note that a large amount of P3HT has been
sprayed on top of spin coated film to better visualize
each layer.

These results suggest that the ‘ideal’ BHIJ
morphology for P3HT:PCBM based solar cells
does not necessarily require a vertical active layer
composition as depicted in Figure 1. The recorded
device parameters also indicate P3HT has
significant role in electron injection to cathode
and PCBM is not absolutely required for efficient
charge injection at the active layer-cathode
interface. The existence of a thin-layer of
electron-rich P3HT next to the cathode may alter
the work function of the cathode via affecting
surface dipoles [23]. Such surface dipoles could
decrease the electron injection barrier height, and

Sakarya University Journal of Science 24(1), 257-264, 2020

thereby facilitate efficient electron extraction,
which in turn influence solar cell device
performance [24]. It is important to note that well-
known band diagram of above mentioned devices
justify the conclusion above, though this may be
only valid for solar cells using P3HT:PCBM
blend as active layer. Other blends may exhibit
different photovoltaic properties based on active
layer morphology and the vertical composition of
donor and acceptor materials within the film.

4. CONCLUSIONS

In summary, spray coating techniques allow
deposition of active layers with possible control
on vertical composition of blend layer in organic
solar cells. However, acceptor-rich top phase is
detrimental to photocurrent generation in
P3HT:PCBM BHJ solar cells. Jsc and, in
particular, FFs adversely affected from such a
distribution of blend components. Series
resistances of devices increase substantially in
active layers with PCBM rich top phase.
Therefore, it is of the utmost importance not to use
PCBM rich top phases in the blend of the active
layer which in turn can limit the photovoltaic
activity in organic solar cells. The presented
results also emphasize the need to re-evaluate the
‘ideal’ bulk heterojunction morphology accepted
by many scientists in organic solar cell research,
at least for devices exploiting P3HT:PCBM blend
in the active layer.
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