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Open-circuit voltage shifted by the bending effect for
flexible organic solar cells

Wei-Yang Chou®”, Chia-Te Yen? Fu-Chiao Wu?, Horng-Long Cheng®, Shyh-Jiun
Liu,® and Fu-Ching Tang"

The shift of the open-circuit voltage (V) of flexible organic solar cells (OSCs) under bending
conditions was investigated by fabricating bi-layer heterojunction and polymer-based OSCs on
flexible polyethylene terephthalate (PET) substrates. To realize the performance variations of
flexible solar cells characterized by important parameters, V,. was measured when the
substrate was bent under various curvatures. The V,. was increased and decreased by using
tensile and compressive stresses, respectively. The ratio of increase for V. is larger than the
ratio of reduction, thus indicating that the intermolecular distance of an organic semiconductor
is difficult to change because of the strong electrostatic repulsive force. A quantitative analysis
of energy level by photoluminescence spectrum, UV-visible absorption spectrum, and quantum
chemical calculation at various bending states was used to explain the V,. as a function of
bending curvature. The peak shifts of UV-visible absorption and photoluminescence spectra
provide direct evidence on the variation in energy levels when devices are bent, which causes
Vo shifts. For bended organic semiconductor films, the bending curvature-dependent
intermolecular distance was studied by Raman spectroscopy by analyzing the intermolecular
couple energy. This study shows that the change of V.. cannot be neglected in the application

of flexible OSCs on a flexible loading circuit.

Introduction

Organic solar cell (OSC) devices have been rapidly developed
in the past few years. Both small molecule and polymer organic
materials have significant potential in photovoltaic cell fabrication
because of their broad absorption band, which coincides with the
solar spectrum®™, and simple fabrication technologies, such as spin-

coating, inject printing, thermal evaporation, or roll-to-roll process®®.

Furthermore, the power conversion efficiency (PCE) of OSC devices
has been rapidly improving”®. The plasticity and low fabrication cost
of OSCs are the main factors that give these materials significant
potential in next-generation solar power. The innately bendy
characteristics of organic materials benefit OSCs that are applied on
flexible electronics'® ™, such as OSC formations on polyethylene
terephthalate (PET) substrates, which can bend and stretch without
breaking'® 3. Flexible solar cells have been developed to power
satellites. Flexible solar cells are lightweight, can be rolled for
launch, and are easily deployable. Thus, flexible solar cells are
suitable for various applications. Moreover, flexible solar cells can
also be sewn into backpacks or outerwear. Flexible devices offer
advantages to the development of portable merchandise. Flexible
electronic devices frequently encounter bending. Thus, the influence
of bending on the electronic functionality of flexible devices is an
important issue. Previous studies have shown that the most obvious
bending effect on OSC devices is the change of short-circuit current
density (Jo)**. The Ji; of a flexible device will change when the
device is distorted by an external bending force. However, few
reports have focused on the variation of open-circuit voltage (Vo).

This journal is © The Royal Society of Chemistry 2013

The physical mechanism of V.. when a flexible device is under
bending states is also unclear.

When a flexible device is bent, the microstructure of its organic
films will be altered. Microstructure properties influence charge
dissociation, charge transport, charge collection, and device
performance®™!’. Obvious changes can be observed in many
physical and electronic features while a flexible device is bent, for
example, changes in Js. and V.. This study investigated the physical
mechanisms of V,, variation under bending. The results of this study
will elucidate the issue of the bending effect on flexible OSC devices.
Moreover, V.. is an important parameter for loading devices on a
flexible circuit because the loading process is a decisive factor in the
performance of loading devices.

Pentacene and N,N'-diheptyl-3,4,9,10-perylenetetracarboxylic
diimide (PTCDI-C;Hy5) were used as the donor and acceptor of
active layer materials, respectively, for flexible OSCs fabricated on
flexible PET substrates. Apparent shifts in V.. (i.e. AVy) were
obtained for flexible OSCs bent under tensile and compressive
stresses. The V,. of OSCs increased and decreased when the device
was under tensile bending and compressive bending, respectively.
To illustrate the mechanism of AV, under a bending state and
identify the variations in the energy gap, photoluminescence (PL)
and UV-visible absorption spectra were used to analyze the optical
property variations of organic thin films during bending. During
bending, the microstructure variation of the active layer was
investigated by using Raman spectroscopy. The results of Raman
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and optical measurements support the effect of microstructure
changes on V,. during bending states. Quantum mechanical
calculations were used to verify the relationship between the change
in molecular structure and the variation of V... The analysis results
for the effect of the bending effect on flexible OSCs can be
potentially applied to photovoltaic devices that are used under
winding to determine real power output.

Experimental methods

2.1 Devices Fabrication

A flexible PET film that was previously coated with an Al-
doped ZnO (AZO) layer with a sheet resistance of 25 Q/o was used
as the OSC substrate. The AZO layer served as the anode of OSCs
and was patterned by using hydrochloric etching. The patterned
substrates were cleaned in an ultrasonic bath with de-ionized water,
acetone, and isopropanol for 15 min each. The substrates were then
dried inside an oven at 80 °C. After drying, the substrates were
treated by oxygen plasma for 5 min. Poly (3,4-
ethylenedioxythiophene) (PEDOT:PSS, H.C. Starck) was spin-
coated on PET substrates at 500 rpm/5 s and then spun at 2500
rpm/60 s to form a 30 nm-thick film. All samples were baked at 150
°C for 30 min to remove residual solvent from the film. A 45 nm-
thick pentacene layer, a 45 nm-thick PTCDI-C,H,5 layer, and an 8
nm BCP layer were deposited in sequence at a deposit rate of 0.5 A /s
under a pressure of 5 x 10°® Torr. The top electrode was constructed
by using 10 nm-thick Ag and 60 nm-thick Al films. The top
electrode was used as a cathode and was thermally deposited through
a shadow mask to define the active area. The sizes of the active area
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Fig. 1. Schematic illustration of a flexible organic solar cell which is bent
under various curvature states. The curvature K of the solar cell is defined as
the reciprocal of radius R of the curvature.
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of the small molecule-based OSCs are 0.5 mm x 0.5 mm. To extend
our results, polymer-based OSCs consisted of poly(3-hexylthiophene)
(P3HT) blends with indene-Cgobis-adduct as active materials were
fabricated on the same flexible substrate. The sizes of the active area
of the polymer-based OSCs are 3 mm x 2 mm.

2.2 Measurements and Analysis

Several acrylic holders with different curvatures were used in
all electrical and optical measurements to bend the device into
specific tensile or compressive conditions. Holder curvatures K of 0,
0.33,0.5, and 1 cm™ were used in this study. Holder curvatures were
defined as the reciprocal of the curvature radius. The symbols “+”
and “~” marked in front of the curvature represent that the device
was bent under tensile and compressive states, respectively (Figure
1). The current density—voltage (J-V) characteristics of the devices
were measured in a nitrogen-filled dark glove box. The J-V curves
were obtained by using a Keithely 2400 source meter, which were
controlled via Labview. An Oriel solar simulator was used to
illuminate the devices from the AZO side with a light intensity of
100 mW/cm? in AM 1.5 G condition. To realize the bending effect
on OSCs, PL and Raman measurements (Jobin Yvon LabRAM HR
system) were performed on active OSC layers to obtain the optical
responses under bending states. The organic films were excited by
532 and 632.8 nm lasers for PL and Raman, respectively. The
spectrometer resolution of this measuring system was 0.2 cm . The
UV-visible absorption spectra were measured by using a Cintra
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Fig. 2. (a) Current density—voltage characteristic of a small molecule
photovoltaic cell at the flat state. (b) Curvature dependence of open-circuit
voltage (V) for the flexible solar device. (c) The changing of Js and V. of
unbent device which was under long time operating.
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202 spectrometer with a resolution of 1 nm to determine the
absorption spectrum variation at the bending state.

2.3 Theoretical Calculation

The neutral geometries of a single pentacene molecule and a
single PTCDI molecule were individually optimized by using
density functional theory (DFT) at the B3LYP/6-31G(d) level.
Thereafter, two pentacene molecules constructed as a pentacene
dimer and two PTCDI molecules as a PTCDI dimer were placed
together to construct a two-dimer system. The intermolecular
spacing of the two dimers was set to identical, and the spacing
between the two dimers was 2 A. The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of pentacene and PTCDI in the two-dimer system were
calculated by DFT at the CAM-B3LYP/6-31G(d) level by using the
counterpoise method and considered the dimer-centered basis set.
The difference between the HOMO and LUMO of a molecule was
defined as the band gap, and the difference between the HOMO of
pentacene and the LUMO of PTCDI was denoted as the build-in
energy (Vy;). All computations were performed by using the program
suite of Gaussian 09. 18

Results and discussion

The Js, Vo fill factor (FF), and PCE of an unbent OSC are 2
mA/cm?, 333 mV, 0.4, and 0.294%, respectively [Figure 2(a)]. The
J-V characteristics of devices bent under different curvatures are
shown in Figure 2(b). The V,. value shifts in different trends when
the OSC device underwent tensile or compressive bending. In
organic OSCs, the change of V. is hardly obtained because the S
vallljéa [in Eq. (1)] for organic heterojunctions is small; approximately
0.1%.

Voe = S0 % Voe1 = S1 % Vpy - S % Vpp +C 1)

where C is a constant that describes the interface potential of the
ideal ohmic contact, and the parameters Sy, S;, and S, are the base on
the index of the interface behavior.’ The Ve, Vi, and Vi, in
Equation 1 are the potential difference between accepter LUMO and
donor HOMO, the work function differences of donor/anode and
acceptor/cathode, respectively. The V.. value decreases from 335
mV to 324 mV (a decrease of 2.9%) when the devices were bent
from a flat state to a compressive state. Contrary to the compressive
condition, the V. increases by 3.42% when the flexible OSC was

4 -4
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Ratio of V__shift (%)
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Curvature (cm")

Fig. 3. The chart shows the curvature dependences of ratio of V. shift (left
axis) and ratio of coupling energy shift (right axis) for a flexible organic solar
cell.
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significantly bent to a tensile state with curvature of +1 cm™ (Figure
3). When the bending force applied on the OSC was released, the
electrical characteristic returned to its original state, thus indicating
that the band structure of an organic semiconductor could be affected
by the bending effect. To investigate the effect of incident light
intensity in the V,. of bent devices, Figure 2(c) shows that although
the decay of Js. is observed under a long time interval, V,. remains
constant. Therefore, no apparent correlation between J. and V,. was
observed in our flexible OSC. The active areas of small molecule-
and polymer-based OSCs are 0.25 mm? and 6 mm?, respectively,
which result in corresponding light incident angles of approximately
1.5° and 8.5°, respectively, at a bending curvature of 1 cm™. We
believe that the Jg. will be slightly affected by the effect of incident
light intensity because of a small variation in the light incident angle.
Despite this effect, the change in V,. remains hardly observable;
accordingly, the effect of incident light intensity on the V. shift at
bending states can be ignored.

To realize the behavior of the V. shift induced by the bending
effect, the PL and UV-visible absorption spectroscopy measurements
were performed on organic semiconductor films to study the fine
structural changes under bending states. Figure 4a shows the PL
spectra of a PTCDI-C;H,s/pentacene semiconductor thin film that
was bent to various curvatures. Given that the luminescent signal of
the PTCDI-C;Hy5 film was stronger than the luminescent signal of
the pentacene film, the PL signals are dominated by PTCDI-C;Hys.
The main PL peaks of PTCDI-C;Hy5 film are located between 670
and 700 nm. Significant shifts of the peaks are observed within the
PL spectra when various bending curvatures are conducted on the
organic semiconductor film. A conspicuous blueshift of the PTCDI-
C;Hs peaks appears on the PL spectra at the tensile region. An
opposite redshift phenomenon is observed in the compressive region,
thus indicating that the band gap of PTCDI-C;Hs increases in
tensile bending and decreases in compressive bending. The gray
curvy line in Figure 4a shows the level of the peak shift at different
bending states. Figure 4b shows the UV-visible absorption spectra of
the PTCDI-C;H s/pentacene film at various bending states. The
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Fig. 4. (a) Photoluminescence spectra (excited by laser wavelength of 532
nm) and (b) light absorption spectra of a pentacene/PTCDI-C;H;s film
formed on a flexible PET substrate. (c) Curvature dependence of main
absorption peak shifts for pentacene (right axis) and PTCDI-C;Hs (left axis)
films. All measurements are obtained under various compressive and tensile
curvatures.
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absorption bands of the PTCDI-C;Hy5 and pentacene films range
from 500 nm to 600 nm and 600 nm to 700 nm, respectively® %!, The
peak shift trend of the UV-visible spectra varies with the bending
curvature and is the same as that of the PL spectra. Furthermore, the
absorption peak shift of pentacene follows that of PTCDI-C;H;s5
(Figure 4c). Both optical results indicate that the band gaps of donor
and acceptor materials were reduced when the device was
compressed. The band gap of both active layers increased during the
tensile condition compared with the compressive condition. To
clarify the mechanism of V. shift affected by the bending effect, the
V¢ shift of the bent device and the peak shift of PL are compared in
Figure 5. Interestingly, the variation of V. as a function of bending
curvature closely approaches the behavior of the PL peak shift for
the PTCDI film. This result indicates that the decrease in V. is
caused by the reduction of the band gap for both active films during
compressive states. When both active films are bent at tensile state,
the enlargement of the band gap increases V.. Thus, the V. shift of
OSC can be attributed to the band gap variations of the active layers
at the bending state. Previous researches have reported that band
gaps are strongly dependent on the molecular distance of organic
semiconductors®’. Moreover, the molecular distance within a thin
film may be changed by external compressive or tensile stress.
Therefore, further studies of the relationship between the changes of
band gaps and molecular distance is needed to clarify the mechanism
of V. shift at bending states.

To investigate the relationship between molecular distance
changes and band gap shifts within a bending device, Raman
spectroscopy was used to analyze the bending effect of organic
semiconductor films. Figure 6 shows the normalized Raman spectra
of pentacene with the vibrational band ranging from 1140 cm™ to
1190 cm* is dedicated by the C—H in-plane bending of pentacene®.
Both the 1158 and 1178 cm™ bands are H-atoms with fully
symmetric vibrations located at the end and on both sides of the
pentacene, respectively. The vibrational band at 1155 cm™ (denoted
as v; band) was split from the 1158 cm™ band, which originates
from the different interaction energy between the two adjacent
pentacene molecules in a unit cell and is analogous to Davydov
splitting. Thus, the v; band appears in all spectra when the pentacene
molecules are stacked to form a thin film. Given that the pentacene
film is subjected to the compressive force, the v; band has an
obvious redshift away from the 1158 cm™ band (Figure 6a). By
contrast, the v; band has a blueshift close to the 1158 cm™ band
when the pentacene film is bent at the tensile state (Figure 6b). The
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Fig. 5. Compared with the curvature dependence of V. shift (right axis) for a
OSC, the same trend is observed for curvature dependence of PL peak shift
for the PTCDI-CH;s film. The figure shows curvature dependence of Vo and
PL main peak shift for the OSC, respectively.
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1158 cm* is the vibration signal of a single pentacene molecular;
therefore, no apparent shift can be observed in this vibrational band
under bending states. According to the concept of Davydov splitting,
the coupling energy (w,) of pentacene molecules can be calculated
from the splitting level of the v; and 1158 cm™ bands, thus
indicating that the coupling energy increases when the device is
under compressive bending. In weak coupling, the vibrational
coupling energy w; can be calculated by the following equation:

ol @
2w,

where Aw and w, are the amount of Davydov splitting and internal
molecular band frequency (wo = 1158 cm™ in this case), respectively.
The w, value of unbent pentacene is 11.38 meV. Compared with the
w, value of unbent pentacene, w; increases 0.23 meV, (an increase
of 2.04%) at a compressive bending of curvature —1 and decreases
0.37 meV (a decrease of 3.22%) at a tensile bending of curvature of
+1 (Figure 3), thus indicating that the intermolecular distance of
pentacene is reduced by compressive bending to result in the
increase of coupling energy. The variation of coupling energy and
Vo shift has the same variation behavior as the bending curvature. It
is noted that the vibrational band and V. shifts at tensile bending are
more obvious than those at compressive bending because of the
difficulty in changing the distance of pentacene molecules in a unit

(@) 1154 1371

/1378

1158 \ 1351
FWHM (cm™)

3
8
2
b
2
e
c 1
F ; 3 9
g V= 105 :
£ i A - o T -1/3
o 1
X 3.7 8
10.9 4.1 0
1140 1150 1160 1170 1180 1340 1360 1380 1400
Wavenumbers (cm™)
1154
(b) L 1158 1178 —=2.3.7 1351 81 .-1371
s FWHM (cm™) /1378
/\ 12.1 2.7
e ; . ) ! T
- | 8.0
5 37
3 1
> /\ 10.8/\l.5
K] R— L p i o 1/2
2 T
g ' 3.7 8
- 1
] /f\ 108 4.2
£ LS L ; ! — 13
o

3.7

1140 1150 1160 1170 1180 1340 1360 1380 1400

1
11.8 Wavenumbers (cm”)

©

©

Tensile bending

8 °
5] '
2o uafp o °
o L) 1
ZE |
S 12f !
3 '
O e [ -
I compressive bending
110 | ° |
'
'
BT L T T T S T S S SR TR S TR T SR R
1 12 13 0 -113 -1/2 -1

Curvature (cm™)

Fig. 6. The Raman spectra of a pentacene film measured under (a)
compressive state and (b) tensile state. The Gaussian/Lorentzian function was
used to fit the atomic vibration modes (green lines). (c) Curvature
dependence of the coupling energy of pentacene molecules.

This journal is © The Royal Society of Chemistry 2012

Page 4 of 8



Page 5 of 8

cell. This difficulty is caused by the strong electrostatic repulsive
force between pentacene molecules that are subjected to compressive
force. Thus, the molecular spacing can be easily changed by tensile
force compared with compressive force. Furthermore, the intensity
of the 1178 cm™ band increases and decreases with the increasing
curvatures of tensile bending and compressive bending (raw data not
shown), respectively. This result indicates that the vibrational
freedom degree of the H-atoms at both sides of the pentacene
increases with the increasing molecular spacing in tensile bending.
Thus, molecular spacing is affected by substrate bending, which
leads to changes in electronic coupling energy and band gap.

The C-C aromatic stretching modes of pentacene are located
between 1330 and 1390 cm™ (Figure 6). Three main vibrational
bands at 1351, 1371, and 1379 cm™ can be easily observed in a
Raman spectrum. Among these bands, 1351 and 1378 cm™ bands
are affected by horizontal stress forces easily, 1351 cm™ band
especially. The full width at half maximum (FWHM) of 1351 and
1378 cm ! bands increases with increasing tensile bending curvature.
Nevertheless, FWHM decreases with increasing compressive
bending curvature. This result shows that the degree of C-C
vibration freedom increases when the pentacene film is under a
tensile bending state, thus indicating that the intermolecular spacing
of pentacene in a unit cell increases at tensile bending conditions
again. Both Raman shifts of C-H and C-C aromatic stretching
modes imply that the molecular spacing and energy level of
pentacene film changes by applying compressive or tensile stress. In
conclusion, for the variations of Raman bands, PL, and absorption
characteristic peaks at bending conditions, the band gap and V
decrease with decreasing molecular distance under compressive
bending. By contrast, the molecular distance was enlarged under the
tensile bending to increase the band gap and V. In OSC devices, the
difference between the HOMO of the donor and the LUMO of the
acceptor is considered a built-in potential, which is an important
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parameter of OSC* 2. Earlier studies indicate that the V,, of OSC
devices is generally influenced by the built-in potential®. However,
how the bending curvature affects the HOMO and LUMO of active
layers is still unclear.

To realize the changes of the HOMO and LUMO of PTCDI-
C,His/pentacene films at various bending conditions, a simple face-
to-face structure for a dimer in a unit cell was used to calculate the
HOMO and LUMO at a bending state (Figure 7a). The set distance
of the dimers at a flat state is 4 A, and the two dimers are vertically
separated by a gap of 2 A. The quantum mechanical calculations
display that the HOMO of the pentacene and PTCDI-C;H 5 dimers
increases with increasing dimer distance and that LUMO decreases
with increasing dimer distance (Figures 7b and 7c, respectively).
Figures 7d and 7e show the band gaps of the pentacene and PTCDI-
C;Hi5 dimers as a function of the dimer distance, respectively. The
dimer distance is obtained from the difference between HOMO and
LUMO. The band gaps of pentacene and PTCDI-C;H;5 increase with
increasing dimer distance, thus indicating that the band gap
decreases in the compressive stress performed on organic films and
increases in the tensile case. These simulation results of the band gap
completely coincide with the results obtained from PL and the
absorption measurements in banding states. Figure 7f shows V,; as a
function of the dimer distance that is defined as the difference
between the HOMO of donor and the LUMO of acceptor. The Vy;
also increases with increasing dimer distance; this result corresponds
with the result of the V.. shift at bending states because V. is
proportional to Vy. When the current-voltage curves in the dark
intersect with the curves under illumination, the compensation
voltage V, is obtained in the inset of Figure 827 2. A comparison
between the curvature-dependent V, (Figure 8) and the curvature-
dependent V, (Figure 3) shows that both voltage trends tend toward
coincidence. Moreover, the value of V; is very close to the built-in
potential V2. The trends of the curvature-dependent V, and Vy; are
almost the same; that is, the simulated HOMO and LUMO levels for
the donor and acceptor under bending states are reasonable.

We extended this investigation and showed that the V.. of
polymer-based flexible OSCs can also be shifted by the bending
effect. Polymer-based OSC consists of poly(3-hexylthiophene)
(P3HT) blends with indene-Cggbis-adduct, which was formed on the
same flexible polyethylene terephthalate substrate. The polymer-
based OSC had a power conversion efficiency of 1.82%,
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photovoltaic cell under different curvatures. (b) Curvature dependence of Vo
for the flexible polymer-based solar device.

J,. 0of 5.0 mA/ecm?, and an FF of 46.2%, which are smaller than that
fabricated on a glass substrate with indium tin oxide (ITO)
electrode®. Figure 9a shows the influence of bending effect on the
J-V curve of polymer-based flexible OSC. Figure 9b shows that the
behavior of V, shift under bending state is similar to that of a small
molecule-based OSC, i.e., the increase and decrease of V. at tensile
and compressive states, respectively. Saturation phenomenon was
observed for the V,. at both bending states when the bending
curvature was higher than 0.5 cm™. Hence, the V.. shift effect
induced by bending can be used to analyze bilayer heterojunction
OSCs and polymer-based devices.

Conclusions

In summary, we performed a series of V,. measurements at
different bending curvatures that play important roles in the
performance of flexible OSCs at bending states. By increasing the
bending curvature of the PET substrate, V.. is enhanced at tensile
bending and is reduced at compressive bending. The asymmetry of
the variation ratio for V, at tensile and compressive states indicates
that the intermolecular distance is difficult to change at compressive
conditions because of the strong electrostatic repulsive force
between semiconductor molecules, such as pentacene molecules and
PTCDI-C;H;5 molecules. PL spectroscopy, absorption spectroscopy,
and Raman spectroscopy were used to investigate the intermolecular
distance of organic semiconductor films at bending states. The
intermolecular distance increases in the tensile condition and
decreases in the compressive case, thus resulting in corresponding
variations in the band gap and V,.. We also predicted the HOMO and
LUMO eigenvalues of pentacene and PTCDI-C;H;s dimers by
employing DFT function at various bending conditions to simulate
the variations of band gap and Vy,;. The HOMO level increases with
increasing intermolecular distance. On the contrary, the LUMO level
decreases with increasing intermolecular distance. According to the
proportion of V. to Vy,;, the swing of V. at the bending states can be
explained by quantum mechanical calculations. Thus, these
experimental and quantum mechanical calculation methods can be

6 | J. Name., 2012, 00, 1-3

powerful tools for analyzing molecular electronics and predicting
molecular—orbital eigenvalues, respectively, for flexible devices at

bending states.
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Bending effect induced open-circuit voltage shift in flexible OSCs
plays important roles in driving the loading devices on flexible circuits.
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