This article was downloaded by: [Chongqging University]

On: 15 February 2014, At: 04:52

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals

e Publication details, including instructions for authors and

LEQULN CHVEINLE subscription information:
http://www.tandfonline.com/loi/gmcl20

Enhanced Performance of Organic
Photovoltaic Cells by Incorporation of
a Cyanobiphenyl Compound into Active
Layer

Yoon Soo Han ?

# Department of Advanced Energy Material Science and Engineering ,
Catholic University of Daegu , Gyeongbuk , 712-702 , Korea
Published online: 08 Jan 2014.

To cite this article: Yoon Soo Han (2013) Enhanced Performance of Organic Photovoltaic Cells by
Incorporation of a Cyanobiphenyl Compound into Active Layer, Molecular Crystals and Liquid Crystals,
586:1, 43-52, DOI: 10.1080/15421406.2013.851458

To link to this article: http://dx.doi.org/10.1080/15421406.2013.851458

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,

and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &
Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions



http://www.tandfonline.com/loi/gmcl20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/15421406.2013.851458
http://dx.doi.org/10.1080/15421406.2013.851458
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Chongging University] at 04:52 15 February 2014

Mol. Cryst. Lig. Cryst., Vol. 586: pp. 43-52, 2013 Taylor & Francis
Copyright © Taylor & Francis Group, LLC Taylor & Francis Group

ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421406.2013.851458

Enhanced Performance of Organic Photovoltaic
Cells by Incorporation of a Cyanobiphenyl
Compound into Active Layer

YOON SOO HAN*

Department of Advanced Energy Material Science and Engineering, Catholic
University of Daegu, Gyeongbuk 712-702, Korea

The effect of an additive, 4-cyano-4’-pentylbiphenyl (5CB), on the performance of
organic photovoltaic cells (OPVs) has been demonstrated. The addition of 3wt% SCB to
a P3HT [poly(3-hexylthiophene)] :PCBM [[6,6]-phenyl-C61-butyric acid methyl ester]
blend film resulted in an improvement of both fill factor (FF) and short circuit current
(Jsc), and hence increased the overall power conversion efficiency by over 22% compared
to that of reference cell without SCB. Carrier mobility studies and optical measurements
revealed that the increase in FF in the OPV with 5CB was attributed to more balanced
ratio of hole and electron mobility, resulting from the enhanced crystallization of the
P3HT chains, which can increase hole mobility. This ordering of P3HT also led to an
increase in J.

Keywords Additive; organic photovoltaic cell; P3HT; PCBM; power conversion effi-
ciency

Introduction

In the last decade, interest in solid-state organic photovoltaic cells (OPVs) has grown
remarkably due to their low manufacturing costs, light weight, and flexibility as well as
their potential for large-scale production through roll-to-roll processing such as flexographic
printing, slot die coating, and rotary screen printing [1-6]. Since the vapor-deposited
donor/acceptor bilayer devices [7] with a low power conversion efficiencies (PCEs) of
1% was reported by Tang in 1986 and the first bulk heterojunction (BHJ) OPV [1] based
on conjugated polymer-fullerene blends showed a PCE of 2.9% in 1995, there have been
steady improvements in PCEs of OPVs. However, their low PCEs are still a major obstacle
to their commercial utilization. The main limiting factors for the PCE of OPVs are poor
exciton/charge transport and narrow absorption in the visible range of the solar spectrum in
the active layer. The donor and acceptor materials should form nano-scaled interpenetrating
networks within the whole active layer to ensure efficient exciton dissociation and charge
transport [8]. Therefore, significant studies for improving light harvesting, photocurrent
generation and exciton/charge transport in the active layer have had a morphological basis.
Several interesting methods, including thermal annealing [9,10], solvent annealing [11],
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microwave annealing [12], and processing additives [13] or non-volatile additives into the
active layer [14] have been used to effectively control the morphology and subsequently
improve the performance of OPVs.

In particular, the incorporation of additives into a blend film composed of electron donor
and acceptor materials is regarded to be the best method for improving the morphology
and photovoltaic performance of the OPVs due to its ease of applicability [13,15]. Various
processing additives [13,15-22] have been used in OPVs with [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM; electron acceptor) and poly(3-hexylthiophene) (P3HT; electron
donor).

In this study, a compound with nematic liquid crystal phase near room temperature,
4-cyano-4’-pentylbiphenyl (SCB), was used as an additive in P3BHT:PCBM-based OPVs to
improve device efficiency. OPVs with a configuration of ITO/PEDOT:PSS/P3HT:PCBM
with or without 5CB/LiF/Al were fabricated, and their photovoltaic properties were inves-
tigated.

Experimental Details

Materials

P3HT (98% regioregularity, M, = 6.4 x 10* g/mol) and PCs;BM were purchased
from Rieke Metals and Nano-C, respectively. Poly-3,4-ethyleneoxythiophene:poly-4-
sytrensulfonate (PEDOT:PSS, Baytron P VP Al 4083) was used as received from P. H.
Stark GmbH. Solvents used in this study were all reagent grade and were used as received
unless stated otherwise. SCB was purchased from Tokyo Chemical Industry Co., Ltd., and
used without further purification. The chemical structure of the SCB additive in this study
is shown in Fig. 1.

Device Fabrication

OPVs were fabricated on indium-tin oxide (ITO) glasses (10 €2/J, SUNIC Ltd.) as follows.
ITO glasses were cleaned by sequential ultrasonication in acetone, detergent, de-ionized
water and isopropyl alcohol and then dried in a vacuum oven. Next, O, plasma treatment
of the ITO glasses was conducted for 3 min, and immediately afterwards, PEDOT:PSS was
spin-coated onto the ITO glass. The PEDOT:PSS films were then baked on a hot plate for
15 min at 140 °C to yield a thickness of 30 nm; the film-coated ITO glass was then moved
to a N glove box for the remainder of the fabrication process. Regioregular P3HT and
PCBM at a weight ratio of 1:0.9 were first dissolved in chlorobenzene. Selected amounts
of the 5CB additive, ranging from 2 to 5 wt% based on the P3HT:PCBM, were then added
to the P3BHT:PCBM solution, followed by stirring for 24 h at 50 °C. The solution consist-
ing of P3HT:PCBM blended with or without additives was spin-cast onto the top of the
PEDOT:PSS layer, and the plate was then dried on a hot plate in a covered Petri dish for
40 min at 50 °C to produce an active layer with a thickness of 120 nm. Finally, a cathode

e U Ui

Figure 1. The chemical structure of SCB.
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consisting of LiF (1 nm) and a subsequent Al (100 nm) layer was deposited by thermal evap-
oration under a vacuum of 10~ Torr. Devices with the configuration of ITO/PEDOT:PSS
(30 nm)/P3HT:PCBM:with or without additive (120 nm)/LiF (1 nm)/Al (100 nm) were en-
capsulated with a glass cap to protect them from air and then thermally annealed for 25 min
at 145 °C. The active area of all devices was determined to be 9 mm? using a shadow
mask. Hole-only devices were fabricated with a diode configuration of ITO/PEDOT:PSS
(30 nm)/P3HT:PCBM:with or without additive (120 nm)/Pd (100 nm), where Pd with a
high work function was used as an electrode to prevent the injection of electrons to LUMO
(lowest unoccupied molecular orbital) energy level of PCBM. By replacing PEDOT:PSS
with a Cs,COs layer spin-coated from its solution in 2-ethoxyethanol, electron-only devices
were fabricated with a diode configuration of ITO/Cs,CO3/P3HT:PCBM:with or without
additive (120 nm)/LiF (1 nm)/Al (100 nm) for measuring electron mobility.

Characterization

UV-visible absorption spectra of the fabricated blend films with and without additive were
obtained using a Perkin Elmer Lambda 750 UV/VIS spectrometer. The X-ray diffraction
(XRD) profiles were measured using a BRUKER D8 ADVANCE with Cu K« as the incident
beam. Data were obtained from 3 ° to 50 ° (20) at a scan rate of 0.2 s/step. Photocurrent-
voltage measurements were performed with a Keithley model 2400 Source Meter and a
Newport 91192 solar simulator system equipped with 1-kW xenon arc lamp from Oriel.
The light intensity was adjusted to simulate AM 1.5 radiation at 100 mW cm~2 with a
Radiant Power Energy Meter (model 70260, Oriel). All measurements were carried out
under ambient conditions at room temperature.

Results and Discussion

The devices with the configuration of ITO/PEDOT:PSS (30 nm)/P3HT:PCBM:with or
without SCB (120 nm)/LiF (1 nm)/Al (100 nm) were fabricated and characterized after
thermal annealing treatment for 25 min at 145 °C. The amount of 5CB in the blend solution
was varied from O to 5 wt% to optimize the performance of OPV devices. The photovoltaic
properties of the devices characterized under AM 1.5 conditions as a function of 5CB
amount are presented in Fig. 2. The PCEs of annealed devices with 2—4 wt% 5CB were
considerably enhanced as compared to the control device (OPVO0) without any additive,
and fill factor (FF) and short circuit current (/) values showed sensitivity to variation
in the 5CB amount in the blend films. The annealed device (OPV3) with 3 wt% 5CB
exhibited the best performance due to an enhancement in FF and J, resulting in a PCE
of 4.36% as compared to that (3.56%) of the control device (OPVO0). Because the PCE
exhibited the highest value when the 5CB content was 3 wt%, we focused on this device
with P3BHT:PCBM:5CB (3 wt%) blend film to determine the origin of the enhancement in
efficiency. The photovoltaic properties of the annealed devices with and without SCB are
summarized in Table 1, and the current density (J) versus voltage (V') curves are illustrated
in Fig. 3.

As described above, the improved performance of devices with 3 wt% 5CB resulted
from an increase in both FF' and J,.. The enhanced FF of the annealed device with 3 wt%
5CB had a significant influence (68% contribution) on the PCE, as shown in Table I. It
is generally accepted that the FF is influenced by the balance between hole and electron
mobilities in OPVs because it is limited by the carrier drift length, which is defined as
(carrier mobility) x (carrier recombination lifetime) x (electric field) [23,24]. Space charge
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Figure 2. Performance variations with 5SCB concentration; (a) V,., (b) Jy., (¢) FF and (d) PCE of
annealed OPVs under AM 1.5 irradiation.

limited current (SCLC) measurements have been used to evaluate charge mobility under
steady state currents in organic layers [25,26]. According to SCLC criteria, a half-power
dependence of the photocurrent on the applied voltage is observed, and the FF cannot be
above 40%. However, when the carrier transport is more balanced, the current is not limited
by space-charge effects, and high FF's are possible [11].

Using the SCLC method, the hole mobility of the devices was studied to confirm the
effect of the additive on the fill factor of the annealed devices. The current density in the
SCLC model is given by equation (1).

9 v? [ v
J = gareouhoi exp (0.89 m) (D)

Table 1. Photovoltaic properties of OPVs with and without 5SCB

Annealed Content of
devices additive Voer V Je, mA/cm? FF.% PCE.%
OPVO0 0 wt% 0.62 10.25 55.98 3.56

OPV3 3 wt% 0.62 10.95 64.23 4.36
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Figure 3. J-V characteristics of annealed OPVs with and without SCB.

Here, ¢, is the dielectric constant of the polymer (assumed to be 3, which is a typical value
for conjugated polymers) [27,28], &¢ is the permittivity of free space, wuo (Or pep) is the
zero-field hole (or electron) mobility, L is the film thickness, and E, is the characteristic
field. V =V, — (V. + Vi), where V. is the voltage applied to the device, V, is the voltage
drop due to series resistance across the electrodes and V},; is the built-in voltage. The hole
mobilities of the devices were calculated from equation (1) using the J-V curves of the hole-
only devices [25] with the configuration of ITO/PEDOT:PSS(30 nm)/P3HT:PCBM:with
or without 5CB (120 nm)/Pd(100 nm), which can obstruct the electron injection from the
cathode due to the large mismatch between the LUMO energy level (4.30 eV) of PCBM
[29] and the work function (5.12 eV) of the Pd electrode [30], as illustrated in Fig. 4(a).
The experimental dark current densities of the annealed hole-only devices with or without
5CB are shown in Fig. 5(a). The results are also plotted as the logarithm of JL*/V? versus
the square root of V/L, as shown in the inset of Fig. 5(a). In the inset graph, the intercept
of this line represents the hole mobility. The hole mobility of the device with 3 wt% 5CB
increased from 2.8 x 107 to 3.1 x 10™*cm?/V-s, one order of magnitude higher than that
of the device without SCB.

Meanwhile, electron-only devices with the configurations ITO/Cs,CO3/P3HT:PCBM:
with or without SCB/LiF/Al, in which Cs,COj layer [26] transports electrons from LUMO
energy level of PCBM to ITO and blocks holes from ITO to HOMO (highest occupied
molecular orbital) energy level of P3HT [Fig. 4(b)] were fabricated, and then the electron
mobilities of the electron-only devices were calculated using equation (1) and measured

Table 2. Crystalline and mobility characteristics of P3HT in the annealed devices

Annealed Additive P3HT crystallite  Hole mobility  Electron mobility
devices content (nm) (cm?/V-s) (cm?/V-s) el 1

OPVO 0 wt% 16.0 2.8 x 1073 5.0 x 1073 178
OPV3 3 wt% 21.1 3.1 x 1074 7.5 x 1073 24
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J-V data [Fig. 5(b)]. The electron mobility changed very little from 5.0 x 10~ for the
control device to 7.5 x 1073 cm?/V s for the device with SCB. Based on the calculated hole
and electron mobilities, the ratio (u./w,) of the hole and electron mobility for the devices
with 5CB was determined to be 24 as compared to that (178) of the device without SCB.
Due to an enhanced and balanced charge transport in the device with the SCB additive,
a high FF of about 64.23% was achieved [31]. The photovoltaic performance of devices
with a thicker active layer than the mean carrier drift length of the charge carrier is limited
by the carrier with a lower mean free path (holes in OPVs) [32]. To maintain the electrical
neutrality in the device, the unbalanced transport will result in loss of efficiency due to
increased charge recombination. Significant enhancement of hole mobility by the addition
of 5CB into the active layer yields more balanced transport of holes and electrons, and
hence reduces the accumulation of space charges in films and hole-electron recombination
loss, leading to an enhancement of the FF [33,34].

This enhancement in hole mobility could be attributed to more ordered P3HT chains
in the presence of SCB [35]. To reveal effects of 5CB on the ordering of P3HT in the
P3HT:PCBM blend films, UV-visible absorption spectra of an annealed P3HT:PCBM:5CB
blend film cast from a chlorobenzene solution on a quartz plate were compared with
that of a pristine P3HT:PCBM film (Fig. 6). The annealed blend film with 3 wt% 5CB
exhibited stronger absorption as compared to the pristine P3HT:PCBM blend film. Similar
phenomena in P3HT:PCBM blend systems with various additives have been reported by
several groups [36,37]. These studies revealed that the increased -7 * transition band was
attributed to enhanced crystallization of P3HT chains in devices with a small amount of
additive.

The effect of SCB on the ordered structure of P3HT was further investigated using
X-ray diffraction (XRD) measurements. Figure 7 presents the XRD patterns of thermally
annealed P3HT:PCBM films with and without 3 wt% 5CB on PEDOT:PSS/ITO glasses;
these films exhibited strong P3HT reflections at major d(190y peaks [23,38,39]. The average
crystal size (L) of the P3HT in P3HT:PCBM films was calculated from the full width at
half maximum (FWHM) of the d(100) peaks in the P3HT crystals using Scherrer’s equation
[L = KA/ (B cosf)] [40], where A is the incident X-ray wavelength, B is the FWHM of the
diffraction d(100) peak, 0 is the diffraction angle, and K is Scherrer’s constant. The average

Absorbance, a. u.

—— P3HT:PCEM
P3HT:PCBM:5CB

0.0

T X T T T g T -
400 500 600 700 800
Wavelength, nm

Figure 6. UV-vis absorption spectra of the PBHT:PCBM blend films with and without SCB additive.
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Figure 7. The X-ray diffractograms of annealed P3HT:PCBM blend films with and without SCB.
The peaks at 26 ~ 22° and 31° arise from ITO [23,38], and the peak at 20 = 35° is from PCBM [39].

crystal size of the P3HT in the P3BHT:PCBM:5CB (3 wt%) blend film was calculated to
be 21.1 nm, which is a slight increase of 5.1 nm as compared to that measured for the
P3HT:PCBM film (16.0 nm). The improved ordering of P3HT due to the incorporation of
5CB additive in the blend film is expected to contribute to the enhancement in hole mobility.

As evidences of the enhanced hole mobility, above results such as stronger absorption
and larger crystal size of P3HT chains could also have an direct influence on current level
of the device with P3HT:PCBM: 5CB blend film. It is well known that the better interchain
registry within ordered domains also plays an important role in increasing current density,
i.e.,Jsc of OPVs. Thus, we could conclude that /. enhancement of the device, corresponding
to 32% contribution to improvement in PCE, was due to an increase in light harvesting and
more effective charge transport properties by the ordering of P3HT [41,42].

The open circuit voltage (V,.) maintained the same values 0of 0.62 V, as shown in Table 1.
Because the V. is linearly related to the HOMO gonor-LUMOgecepior €nergy difference [43],
which is directly correlated with acceptor strength, the same V. indicates that the acceptor
strength in the OPVs was not changed by the addition of 5CB to the P3HT:PCBM-blend
film.

Conclusion

In summary, we have investigated the effects of SCB with nematic liquid crystal phase near
room temperature on the photovoltaic properties of PBHT:PCBM-based OPVs. The devices
fabricated using S5CB-incorporated P3HT:PCBM blend film achieved an PCE of 4.36%
due to the improved FF and J, compared to that (3.56%) of reference cell without SCB
additive. This result indicates that the introduction of 5CB induces efficient charge transport
and collection, resulting from the enhanced P3HT crystallization and the correspondingly
higher charge carrier mobility, as evidenced by the UV-vis absorption, XRD and charge
mobility measurements.
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