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ABSTRACT Effective cell design variables having a large impact on the fill factor (FF) of organic photovoltaic cells (OPVCs) were
systematically identified using a general device structure of ITO/PEDOT:PSS/P3HT + PCBM/LIF/Al. The results show that the
characteristic properties of the organic layer, such as morphology and thickness, the regioregularity of the conjugated polymer, and
the two interfaces between the electrodes and the blend layer have a large influence on the FF by affecting the series resistance (R,)
and the shunt resistance (Rqy). The systematic investigation described in this contribution provides a comprehensive understanding
of the correlation between the device variables and Rs and Rs, and a way to control FF, which is critically important to achieving a

high-performance OPVC.
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INTRODUCTION
rganic photovoltaic cells (OPVCs) have attracted

much interest as ecofriendly energy-converting

devices. The power conversion efficiency (PCE) of
OPVC has been improved rapidly and is currently in the
range of 3.5—6.5% (1 —>5). The best PCE of a single-cell OPVC
is about 5%, which was achieved from the cells composed
of poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric
acid methyl ester (PCBM) even though a tandem cell having
6.5% PCE was recently reported (1). Considering that a
minimum of 10% PCE is required for the practical applica-
tion of photovoltaic technology, much more progress is
demanded. Among the crucial limiting factors of the PCE of
OPVC are the limited light absorption efficiency, the short
exciton diffusion length, and the low hole mobility (~107>
cm?/V-s) in the semiconducting organic layer (6, 7). To
overcome these limits, much effort has been made including
tandem cell design, new material development, control of
the molecular packing and morphology of the semiconduct-
ing layer, and the design of nanostructures (1, 8—10).

A thorough understanding of the parameters that affect
the short-circuit current density (Js), open-circuit voltage
(Voo), and fill factor (FF) is critically important to optimizing
the PCE of OPVC. FF is defined as JmaxVmax!//scVoc and shown
in Figure 1a. Gupta et al. investigated the concave down-
shaped or S-like JV curve that causes a drastically small FF
(11). In their investigation, the concave down-shaped JV
curve was explained to be formed by charge accumulation
at the interface between the electrode and the organic
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semiconducting layer. To verify that hypothesis, the authors
prepared two types of OPVCs. The first one was indium—tin
oxide (ITO)/poly(3,4-ethylenedioxythiophene) with poly(sty-
renesulfonate) (PEDOT:PSS)/P3HT + PCBM/AI, and the other
was ITO/PEDOT:PSS/P3HT + PCBM/Ca/Al. The former de-
vice showed the concave down-shaped IV curve, and the
obtained FF was only 0.12. In the latter device, the additional
thin calcium layer at the interface between the aluminum
cathode and the organic layer facilitates charge collection
because of the ohmic contact, and the resulting FF was
improved by up to 0.37. Instead of calcium, Brabec et al.
added a lithium fluoride (LiF) layer between the aluminum
cathode and the semiconducting blend layer and observed
an enhanced FF from 0.5 to 0.6 (12). In this case, the authors
attributed the enhanced FF to the dipole formation induced
by LiF rather than the ohmic contact formation.

In this contribution, we report our investigation on the
relationships between the FF and various cell design param-
eters. The general device structure was ITO/PEDOT:PSS/
P3HT + PCBM/LiF/Al. We used the island-type electrode
geometry to prevent the additional charge collection ob-
served from the crossbar-type device configuration (14). We
systematically investigated the effects of the characteristic
properties of the organic layer to the FF, such as morphology
and thickness, the regioregularity of the conjugated polymer,
and the two interfaces between the electrodes and the blend
layer.

EXPERIMENTAL SECTION

Materials. In this investigation, two isomeric conjugated
polymers were used; the regiorandom poly(3-hexylthiophene)
(P3HT) was polymerized by using FeCls, and the regioregular
P3HT was purchased from Rieke Metals. Phenyl-C61-butyric
acid methyl ester (PCBM) was purchased from American Dye
source.

Device Fabrication and Characterization. ITO-coated glasses
were cleaned with acetone and isopropyl alcohol. After the
substrates were dried with air, they were treated with UV ozone
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FIGURE 1. (a) Definition of FF. J,.x = current density at the maximum of JV in the fourth quadrant, and V,x = bias at the maximum of JV in
the fourth quadrant. (b) Circuit model of a photovoltaic device. R; = series resistance, and Ry, = shunt resistance. (c) Impact of the variation
of the series resistance (R;) on the FF. The indicated inverse slope represents R;. (d) Impact of the variation of the shunt resistance (Rsy) on

the FF. The indicated inverse slope represents Rg, (13).
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FIGURE 2. Annealing effect on the FF of OPVCs: (a) effect of thermal annealing on the absorption property; (b) XRD data showing the effect
of thermal annealing on the crystallinity of P3HT; (c and d) Effect of thermal annealing on the J—V curve at different scales.

for 5 min. PEDOT:PSS (Baytron PH 500) was spin-cast on the
cleaned ITO as received and baked at 130 °C for 15 min. To
vary the conductivity of PEDOT:PSS, 5wt % dimethyl sulfoxide
(DMS) was added in a PEDOT:PSS solution. The blend solutions
of the conjugated polymers and PCBM (1:1 wt %, 20 mg/mLin
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chlorobenzene) were prepared by stirring of the solution for
24 h in a glovebox and spin-cast at 1000 rpm for 30 s. The
samples were then annealed at 130 °C. Layers of 1 nm of LiF
and 100 nm of Al were deposited sequentially at 5 x 1077 Torr.
When only Al was deposited without LiF, the devices were
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Table 1. Performances of P3HT and PCBM Blend
Photovoltaic Devices under Various Annealing
Conditions

annealing

time (Min) ~ Jsc(mA/cm?) Voe(V) PCE (%) Ry(Q cm?) FF
0 1.54 0.8 0.44 6.99 0.36
1 2.43 0.67 0.99 6.19 0.61
15 5.36 0.6 2.10 3.65 0.65

Table 2. Device Performances of the Photovoltaic
Cells Having Regioregular P3HT/PCBM and
Regiorandom P3HT/PCBM

Jsc Rs Rsh
(mA/cm?) Vo (V) PCE (%) FF (Qcm?) (R cm?)

regiorandom 0.65 0.59 0.12 031 13 900
P3HT + PCBM

regioregular 5.40 0.60 2.12 0.65 3.6 1205
P3HT + PCBM

annealed after Al deposition. All devices were characterized
under ambient conditions, and the typical illumination intensity
was 100 mW/cm? (AM 1.5G Oriel solar simulator). For investi-
gation of the illumination intensity effect on FF, the illumination
intensity was controlled from 10 to 1000 mW/cm?. The J—V
plots were recorded using a HP semiconductor analyzer. The
Rs and Rg, values were calculated from the inverse slope of the
J—V curve in the fourth quadrant, as illustrated in Figure 1c,d
(15).

X-ray diffraction (XRD). The P3HT:PCBM blend solution was
spin-cast onto a glass substrate at 1000 rpm for 30 s. Three spin-
cast samples were annealed for 0, 1, and 10 min, respectively.
XRD patterns were collected on a Rigaku diffractometer by
using Cu KR radiation from a Rigaku 12 kW rotating-anode
X-ray generator.

RESULTS AND DISCUSSION
FF is determined by the series resistance (Rs) and the

shunt resistance (Rgp) of the device, as illustrated in Figure
1c,d (13, 15). The series resistance, Rs, can be calculated
from the inverse slope of the J—V curve in the first quadrant
(Figure 1¢) and is closely related with the intrinsic resistance,
morphology, and thickness of the semiconductor layer. On
the other hand, the shunt resistance Ry is correlated with
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FIGURE 3. Effect of the regioregularity of conjugated polymers on
FF.
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the amount and character of the impurities and defects in
the active organic semiconductor layer because impurities
and defects cause charge recombination and leakage cur-
rent. Rg, determines the inverse slope of the J—V curve in
the fourth quadrant, as shown in Figure 1d.

We first investigated the effect of the blend morphology
of the organic semiconducting layer that is composed of
regioregular P3HT and PCBM. Regioregular P3HT can form
crystalline domains because of the regioregularity. The
crystallinity can be controlled by tuning the molecular
packing of the polymer through thermal annealing (4). When
the blend layer was thermally annealed at 130 °C for 1—15
min, the blend film showed a bathochromic shift to a dark-
purple color. As shown in Figure 2a, the bathochromic shift
is evident by the gradual shift of the absorption Ama.y from
500 to 520 nm along with the annealing time. The overall
absorption efficiency also increased because of the forma-
tion of the ground-state aggregation and the backbone
planarization (16—18). The regular molecular packing in the
crystalline domains induced by thermal annealing was
confirmed by XRD (Figure 2b). The sharp peak at 5.4°
corresponds to a 16 A spacing that is close to the length of
the fully extended hexyl side chain of 13 A. Therefore, this
peak can be assigned to the distance between the regioregu-
lar P3HT backbones when the hexyl side chains of the
regioregular P3HT are interdigitated in the crystal (4). As the
sample was annealed, the peak at 5.4° grew, indicating that
thermal annealing induced better molecular packing. The
broad peak at 25° (3.8 A spacing) originates from the
distance between the cofacially arranged thiophene rings in
the crystal.

The molecular packing of the conjugated polymer turns
out to be an important parameter affecting Rs of the OPVC
(Figure 2c and Table 1). As the device was annealed, R
decreased from 6.99 to 3.65 Q cm? because thermally
induced enhanced intermolecular packing and crystallization
allow more efficient intra- and intermolecular charge trans-
port through the conjugated polymer in the blend layer (19).
Kinks and torsional disorder along the conjugated polymer
backbone can be considered defects that increase the
resistivity of the conjugated polymer as a conducting conduit
(20). Because the conjugated polymers pack densely through
thermal annealing, kinks and torsional disorder should be
reduced to some extent. Furthermore, densely packed
conjugated polymer backbones will provide more efficient
intermolecular charge hopping as well.

The detailed device performances are summarized in
Table 1. As the active layer was annealed, the PCE increased
from 0.44% to 2.10% mainly because of the increased Js
and FF. The increase in FF from 0.36 to 0.65 originates from
the reduced R, by thermal annealing. However, Ry, did not
change with thermal annealing. The /—V curves in Figure 2d
show essentially the same R values. The enhanced J,. can
be attributed to not only the increased absorption efficiency
but also the reduced resistivity of the blend layer.

As a supporting experiment for the molecular packing
consideration, we built photovoltaic cells with regiorandom
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FIGURE 4. Thickness effect on FF.

Table 3. Device Performance Depending on the
Blend Layer Thickness Effect

P3HT/PCBM Jee Rs Ren
layer thickness (nm) (mA/cm?) V. (V) PCE (%) (2 cm?) (Q cm?) FF
150 5.36 0.60 2.10 3.7 909 0.65
320 5.47 0.58 1.62 6.0 319 0.51
800 4.31 0.55 0.91 52.0 229 0.38

P3HT and examined the effect of the regioregularity on FF.
All other fabrication conditions were kept the same. Even
after the same thermal annealing, the cells having regioran-
dom P3HT did not show any color change, unlike the
regioregular P3HT, because of the lack of molecular regular-
ity required for crystallization. As we can clearly see from
Figure 3, the performance of the cells composed of the
regioregular P3HT was much better than that of the cells with
the regiorandom P3HT. R of the regioregular P3HT cells was
1 order of magnitude smaller than that of the regiorandom
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FIGURE 5. Effect of the interface between the cathode and the blend
layer. (Inset) J—V curves from 0.8 to 1.3 V showing R..

Table 4. Effects of the Interface between the
Cathode and the Blend Layer on the FF

]sc Rsh

(MA/cm?) Ve (V) PCE (%) FF (Qcm?d
not annealed 5.06 0.42 0.92 0.43 149
annealed for 10 min 4.50 0.52 1.37 0.59 533
annealed for 20 min 5.40 0.56 1.81 0.60 676
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P3HT cells, while Ji of the regioregular P3HT cells was 1
order of magnitude larger than that of the regiorandom
P3HT cells. The regioregularity has a minor effect on Rgn. As
one can see from the slopes of the J/—V curves in the fourth
quadrant, there is no large change in Rq,. Because of the
smaller Rs, the FF of the regioregular P3HT cells was much
larger (0.65) than that of the regiorandom cells (0.31). These
data clearly support that the morphology and molecular
packing of the blend layer are determinant of FF.

Another important variable in the blend layer having an
impact on FF is the film thickness of the organic semicon-
ducting layer. We varied the thickness of the P3HT/PCBM
layer from 150 to 800 nm and found increased Rs and
decreased Rg, as the device thickness was increased. The
obtained j—V curves shown in Figure 4a,b and Table 3
clearly demonstrate the relationship between the device
thickness and Rs and Ry,. As the device thickness was
increased, R, increased from 3.7 to 52 Q cm?, indicating that
the blend layer became more resistive and Ry, decreased
from 909 to 229 Q cm?, implying that there are more charge
recombination and leakage current. As a result, FF gradually
decreased from 0.65 for the 150-nm-thick cells to 0.38 for
the 800-nm-thick cells (16). An interesting phenomenon was
observed in Figure 4b. Even though the thickness of the
blend layer increased largely from 150 to 320 to 800 nm,
Jse minimally increased from the 150 nm cell to the 320 nm
cell and even decreased when the thickness was increased
further to 800 nm. As the thickness of the energy-harvesting
blend layer is increased, more photons should be absorbed
into the solar cells. However, the reduced Js. implies that
there is more charge recombination in the thicker cells
because of the longer travel distance the charges should
make to reach the electrodes.

In the previous sections, we showed how the blend layer
morphology, regioregularity, and thickness have a significant
impact on FF. We further investigated the effects of the two
interfaces between the electrodes and the blend layer on FF.
First, after Al electrode deposition, the effect of the interface
between the cathode and the blend layer was examined
before and after thermal annealing. The device structure for
this study was ITO/PEDOT:PSS/P3HT + PCBM/AI without
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FIGURE 6. (a) Effect of the anode conductivity on FF. (b) Effect of the illumination intensity on FF.

Table 5. Device Performances Depending on the
Anode Conductivity

Je (MAICM?) Voo (V) FF
PEDOT:PSS (100 S/cm) 0.02 059 0.16
PEDOT:PSS (5 wt % DMS) (300 S/cm) 0.08 057 020
ITO/PEDOT:PSS (10°—10° S/cm) 5.36 0.60  0.64

Table 6. Performances of the PEDOT:PSS/5 wt %
DMS/P3HT + PCBM/LiF/Al Cell Depending on the
Illumination Intensity

intensity (sun) Jse (MA/cm?) Vee (V) FF
0.01 0.01 0.35 0.30
1 0.08 0.57 0.20
10 0.53 0.59 0.17

Table 7. Device Performance of the P3HT/PCBM
Photovoltaic Cells under Various Illumination
Intensities

intensity (sun)  Je(mA/cm?)  Vo(V)  PCE FF Rgn (Q cm?)
0.2 1.64 0.57 2.84 0.61 1825
1 5.83 0.61 2.00 0.56 444
2 11.5 0.64 1.76  0.48 228
3 18.2 0.66 1.63 0.41 136
5 35.5 0.68 1.62 034 33

LiF. In order to exclude any morphological effects of the
P3HT:PCBM blend layer, before Al electrode deposition, the
blend layer was preannealed. Overall, as the device was
thermally annealed, all important parameters, Js, Vo and
FF, changed greatly: Jc = 4.5—5.4 mA/cm?, Vo = 0.42—0.56
V, and FF = 0.43—0.60 (Figure 5 and Table 4). As the device
was annealed for up to 20 min, FF changed from 0.43 to
0.60, which can be explained not by Rs but by Rgn. The inset
of Figure 5 shows a consistent Ry value regardless of the
annealing condition. However, Rq, increased significantly
from 149 to 676 Q cm? when the device was annealed for
20 min. This indicates that annealing reduces charge recom-
bination and leakage current. We believe that thermal
annealing induced better Al contact with the blend layer and
facilitated charge collection. This is also supported by the
improved J (4).

The effect of the other interface between the anode and
the blend layer was investigated by means of altering the
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FIGURE 7. J—V curves of the P3BHT/PCBM photovoltaic cells under
various illumination intensities.

conductivity of the anode from o = 100 S/cm (PEDOT:PSS,
Baytron PH 500) to 300 S/cm (PEDOT:PSS, Baytron PH 500
+ 5wt % DMS) to 10°=10° S/cm (PEDOT:PSS, Baytron PH
500 on ITO). The device structure was anode/P3HT + PCBM/
LiF/Al. As we can see in Figure 6a and Table 5, as the anode
conductivity was decreased, /s and FF decreased, implying
that the efficiency of the charge extraction through the anode
material decreases as the conductivity of the anode de-
creases (21). To support this hypothesis, we conducted two
additional experiments. In the first supporting experiment,
the amount of photogenerated charges was controlled by
varying the illumination intensity on the cells having PEDOT:
PSS + 5wt % DMS/P3HT + PCBM/LIF/Al (Figure 6b). As the
light intensity was decreased from 1 to 0.01 sun intensity,
FF increased from 0.20 to 0.30 even though Ji. decreased
(Figure 6b and Table 6), while when the illumination inten-
sity was increased to 10 sun, FF dropped to 0.17 even
though /s increased. These results support our hypothesis
very well.

As another supporting experiment, the device having
ITO/PEDOT:PSS/P3HT + PCBM/LiF/Al was illuminated with
0.2—5 sun intensity. The resulting /s increased along with
the illumination intensity, while Ry, decreased gradually. As
the illumination intensity increases, the amount of absorbed
photon to the photovoltaic cell will also increase. Therefore,
a larger number of photoinduced charges will be generated
and result in the increased Js.. However, as the amount of
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photoinduced charges increases in the blend layer, the
chance of charge recombination can be reasonably expected
to increase as well because of the limited charge collection
efficiency at the interface between the blend layer and the
anode. Therefore, more leakage current will be produced
and cause a decrease in Rg,. While the illumination intensity
largely influences on R, it does not affect Rs much, as we
can see from Figure 7 and Table 7. Therefore, the inverse
correlation between FF and the illumination intensity does
not come from Rg but from Rgp.

CONCLUSIONS
In summary, in this investigation the effective variables

having a large impact on FF of P3HT/PCBM-based OPVC
were systematically identified. The results show that the
variables in the blend layer component, the blend morphol-
ogy, the regioregularity of the conjugated polymer, and the
thickness of the blend layer have a large influence on FF by
affecting Rs and Rq,. When the crystallinity of the blend layer
was increased by thermal annealing, Rs decreased. When
the regioregular P3HT was used, R, was also reduced by 1
order of magnitude. The higher crystallinity induced by
thermal annealing and regioregularity enhances the ef-
ficiency of the inter- and intramolecular charge transport.
On the contrary, as the thickness of the blend layer was
increased, R; increased and Ry, decreased because of the
increased distance the charges should travel until they reach
the electrodes. This will increase the resistivity and the
charge recombination possibility. The quality of the two
interfaces between the blend layer and the electrodes was
revealed to play a significant role in determining FF as well.
When a less conducting cathode was used, FF decreased
because of more charge recombination and leakage current
that was evidenced by the decrease in Rq,. By controlling the
amount of the photoinduced charges in the blend layer
through various illumination conditions, we could prove that
Rsn and the resulting FF are largely influenced by the
efficiency of the charge extraction through the cathode. As
the illumination intensity increased, Rq, and FF gradually
decreased, indicating that there is more charge recombina-
tion in the blend layer. The nature of the interface between
the Al anode and the blend layer turns out to be determinant
to FF as well. Because the photovoltaic cells were thermally
annealed after Al deposition, FF and R, increased, indicating
that the interface became more favorable for charge extrac-
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tion. It is likely because a better contact is formed between
Al and the blend layer by thermal annealing. The systematic
investigation described in this contribution provides a com-
prehensive understanding of the correlation between the
device variables and Rs and Rq, and the way to control FF,
which is critically important to achieving a high-performance
OPVC.
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