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properties are observed using UV–vis spectrosco-
py and photoluminescence. Then, the degree of
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diffraction analysis. In addition, changes in the
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atomic force microscopy and transmission elec-
tron microscopy.
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1. Introduction

p-Conjugated polymer-based polymer solar cells (PSCs)

offer the advantage of easy fabrication of light-weight

deviceswith superiormechanical properties.[1–3] Therefore,

if spin-coating, ink-jet printing, roll-to-roll printing, brush

painting, or stamping techniques are applied to the flexible

substrate, light-weight, and flexible, large-area photovol-

taic devices can be fabricated inexpensively.[4–9]

More than a decade of development has improved the

maximum power conversion efficiency (PCE) of PSCs to

about 7–8%.[10–12] Therefore, many studies have been

conducted on the design of new low band-gap polymer
mat

understanding of bulk heterojunction (BHJ) device phys-

ics[15] and develop novel device fabrication methods and

structures.[16–18]

BHJ PSCs are applied to the photoactive layer after

blending an electron-donatingmaterial (p-type conjugated

polymers) with an electron-accepting material (n-type

fullerene derivatives). To improve the PCE of BHJ PSCs,

continuous pathways must be formed to allow excited

electrons and holes to be transferred to the external circuit

without recombiningwith each other. The typical BHJ PSCs

comprise a system of poly (3-hexylthiophene-2,5-diyl)

(P3HT) as an electron donor and [6,6]-phenyl-C61-butyric

acid methyl ester (PCBM) as an electron acceptor. In this
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system, PCBM is dispersed among the P3HT chains and

preventsP3HTfrombeingcrystallized. Therefore,untreated

BHJ PSCs have lowPCE under 1%.[19] In order to improve the

PCE of P3HT/PCBM BHJ PSCs, therefore, P3HT and PCBM

should exist in an interpenetrating network form and

should be very well phase-separated. In several groups, the

efficiencyhasbeen improvedby thermally annealing of the

BHJ films to form a well-defined bicontinuous inter-

penetrating network between P3HT and PCBM.[20] Van-

laeke et al.[19] and Padinger et al.[21] achieved a PCE of 2–3%

by using thermal annealing to improve the morphology of

the BHJ film. Ma et al.[22] also improved PCE up to ca. 5.1%

through post-thermal annealing at 150 8C. When the post-

thermal annealing temperature is not appropriately

controlled, however, thermal annealing at high tempera-

tureafterdepositionof thecathodecancausedamage to the

morphologyof theBHJfilms.Also, thisadditional annealing

process consumes a lot of time for fabrication of PSCs.

Moreover, the flexible plastic substrates for PSCs are not

capable of withstanding the high annealing temperature

because they have low glass transition temperatures (Tg)
(PET; Tg¼ 78 8C and PEN; Tg¼ 121 8C).

To increase the device performances at low device

fabrication temperature, many groups were introduced a

solvent treatment method for controlling the physical

behavior of the polymer blend. Li et al. improved PCE by

controlling the solvent evaporation rate and film growth

rate. This solvent annealing method improved the ordered

structure formation of P3HT in the film by offering more

time to help the P3HT chains to continue their self-

organization process before the P3HT/PCBM solution was

turned into a solid film.[23] In addition, Zhang et al.[24]

introduced a ‘‘solvent mixing method’’ which blended two

organic solvents with different boiling point. Even though

the P3HT chain was reorganized by introducing a solvent

mixture towhicha small amount of chlorobenzene (CB; b.p.

132 8C) had been added to the host solvent chloroform (b.p.

61 8C), a low PCE of 2.3% was observed. Studies have also

been reported on BHJ PSCs with performance enhanced by

adding a few volume percent of processing additives (e.g.,

1,8-diiodooctane, 1,8-octanedithiol, and 1-bromonaphtha-

lene) to the host solvent in a similar method.[20,25,26] These

processingadditives can improve thedegree of crystallinity

of the polymer by nanoscale phase-separation of the

polymer and PCBM. However, most known processing

additives have been applied to the cases in which a low

band-gap polymer has been used as an electron donor

material. In the P3HT/PCBM system, alkanethiols such as

1,8-octanedithiol have been used to decrease the degree of

crystallinity of P3HT because they have an impact on the

nanoscale phase separation of P3HT/PCBM by aggregating

P3HT.

In general, liquid crystals (LCs) such as discotic columnar,

smectic, and nematic LCs have the potential to become an
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important class of charge mobility materials.[27] Among

them, smetic liquid crystals (SLCs) and nematic liquid

crystals (NLCs)havemanyadvantages includespontaneous

self-assembly, relatively high charge mobility (1� 10�3

cm2V�1 s�1) and easy film formation by spin coating, slot-

die coating, or ink-jet printing.[28]

In this study, therefore, NLCs such as 40-(pentyloxy)-4-
biphenylcarbonitrile (5OCB), 40-(hexyloxy)-4-biphenylcarbo-
nitrile (6OCB), and 40-(heptyloxy)-4-biphenylcarbonitrile
(7OCB) were introduced to P3HT:PCBM-based BHJ PSCs

as processing additives for low temperature process and

increase the PCE of PSCs by increasing of short circuit

current density (JSC) via improving the degree of crystal-

linity and photon absorption property of the BHJ film. The

mechanism of this improvement in the properties of

BHJ PSCs is determined by observing the optical, electrical,

and structural properties of the BHJ film after adding

the processing additives. Using UV/photoluminescence

(PL) spectroscopy, the absorption of photons and

the quenching properties of the excited electrons were

observed. The structural properties of P3HT crystallite

were analyzed through X-ray diffraction (XRD) pattern

analysis. The phase segregation of the P3HT/PCBM film

and the increase of crystallinity in P3HT were observed

by atomic force microscopy (AFM) and transmission

electron microscopy (TEM) analysis.
2. Experimental Section

2.1. Materials

The indium tin oxide (ITO) glass that was used as the transparent

electrode is a Samsung Corning product (ITO: 170nm, 10V sq�1).

Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)

(PEDOT:PSS, AI 4083)was purchased fromClevios and P3HT,which

was used as a donor material in the photoactive layer, was

purchased from Rieke metal. PCBM, the acceptor material, was

purchased from Nano C. 1,2-dichlorobenzene (ODCB), which was

usedas ahost solvent, and5OCB, 6OCB, and7OCB,whichwereused

asprocessingadditives,werepurchasedfromAldrich.Thechemical

structure of P3HT, PCBM are shown in Figure 1a and b. In addition,

the chemical structure and phase transition temperature of NLCs

are show in Figure 1c.
2.2. Measurements

All of the thin films were fabricated using a GMC2 spin coater

(Gensys), and their thicknessesweremeasured using an alpha step

500 surface profiler (KLA-Tencor). The photon absorption property

and quenching property of the excited electrons in the BHJ film

weremeasuredwithUV–vis spectroscopy (HPAgilent 8453) and PL

spectroscopy (Perkin Elmer LS 55 luminescence spectrometer),

respectively. The XRD patterns were observed using a Rigaku D/

MAX 2200 diffractometer with Cu Ka radiation to confirm the

crystalline size of P3HT. The morphology of the BHJ films was
014, 299, 353–360
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Figure 1. The chemical structure of a) P3HT, b) PCBM. The
chemical structure and phase transition temperatures of c)
nematic liquid crystals (NLCs).
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observed through AFM (PSIA XE-100) and FE-TEM (FEI Tecnai G2

F30), respectively.Thesurfaceenergywasmeasuredwithacontact-

angle meter (KRUSS K6). The current density–voltage (J–V)
characteristics of the PSCs were measured using a Keithley 2400

sourcemeasureunit.Thedeviceswereevaluatedat298Kbyusinga

Class A Oriel solar simulator (Oriel 96000 150W solar simulator)

having an xenon lamp that simulates AM 1.5G irradiation

(100mwcm�2) from 400 to 1 100nm. The instrument was

calibrated with a monocrystalline Si diode fitted with a KG5 filter

to bring the spectral mismatch to unity. The calibration standard

was calibrated by the National Renewable Energy Laboratory

(NREL). The incident photon to current efficiency (IPCE) was

evaluated using Mc Science IPCE measurement system.
Figure 2. a) J–V characteristics and b) external quantumefficiency
(EQE) characteristics of P3HT:PCBM¼ 1:0.6 composite films with
various NLCs.
2.3. Cleaning of Patterned ITO Glass

Tocleanthepatterned ITOglass, itwassonicated for20min. ineach

of detergent (Alconox in deionized water, 10%), acetone, isopropyl

alcoholanddeionizedwater inorder. Themoisturewas removedby

blowing thoroughlywithN2 gas. To ensure complete removal of all

of the remainingwater, the patterned ITO glasswas baked on a hot

plate for 10min at 100 8C. For hydrophilic treatment of the

patterned ITO glass, it was cleaned for 10min in a UVO cleaner.
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2.4. Fabrication of PSCs

PEDOT:PSSwasspincoated fromaqueoussolutionto forma40-nm-

thick film on the patterned ITO glass. The substrate was dried for

20min at 120 8C in air and then transferred into a glovebox to spin

coat the active layer. A solution containing a mixture of P3HT/

PCBM (1:0.6) in ODCB with or without various concentrations of

NLCs (5OCB, 6OCB, and 7OCB) was then spin coated on top of the

PEDOT:PSS layer to give a 130-nm-thick photoactive layer that

was then thermal annealingat 50–80 8C for 10–60min. To form the

cathode, BaF2 (0.1A
�
s�1, 2 nm), Ba (0.2A

�
s�1, 2 nm) and Al (5A

�
s�1,

100nm) were thermally deposited in order in a high-vacuum

chamber. Finally, PSCswithanactiveareaof 4mm2 (2mm�2mm)

were fabricated through encapsulation.
3. Results and Discussion

Figure 2 shows the J–V curve and external quantum

efficiency (EQE) when NLCs were added as processing
2014, 299, 353–360
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Table 1. Photovoltaic performances of BHJ PSCs composed P3HT:PCBM fabricated with various NLCs.

Processing additive JSC [mA cm�2] VOC [V] FF [%] PCE [%] RS [V cm�2] RSH [V cm�2]

None 8.1 0.616 44.9 2.3 23.38 245

5OCB 9.4 0.616 54.6 3.2 13.31 460

6OCB 10.3 0.616 63.0 4.0 9.23 980

7OCB 8.7 0.616 46.3 2.5 18.61 280

ITO(170nm)/PEDOT:PSS(40nm)/P3HT:PCBM:NLCs(130nm)/BaF2(2 nm)/Ba(2nm)/Al(100nm).

Figure 3. UV–vis absorption spectra of a) P3HT filmswith/without
NLSc, b) P3HT:PCBM blending films with/without NLCs.
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additives, and the results are summarized in Table 1. The

optimized concentration of the NLCs, annealing tempera-

ture, and annealing time were 3wt%, 70 8C, and 40min,

respectively (see Supporting Information).When 6OCBwas

added as the processing additive, the open circuit voltage

(VOC), short circuit current density (JSC), and fill factor (FF)

were 0.616V, 10.3mAcm�2 and 63.0%, respectively. The

calculated PCE of 4.0% was increased by 74% compared to

the pristine P3HT based device. Here, the EQE maximum

valuewas 64% at 550nm. In addition, the PCE of the device

with 5OCB was 3.2%, which was increased by 39%.

However, the PCE of the device with 7OCBwas 2.5%, which

wasslightlymoreefficient thanthereference. In thedevices

with an improved efficiency due to the addition of a

processing additive, both JSC and FF improved, compared to

the reference, but VOC remained unchanged. To investigate

the causes of these results, the series resistance (RS) and
shunt resistance (RSH) were measured in each device

(Table 1). When 6OCB was added, RS was 9.23V cm�2,

which was decreased by about 2.5-fold compared to the

reference (23.38V cm�2). In addition, RSH was 980V cm�2,

whichwas increased by fourfold compared to the reference

(245V cm�2). Therefore, the addition of 6OCB increased

both JSC and FF.[9] These patterns were also observed in the

devices towhich 5OCB and 7OCBwere added because these

three different processing additives which were added to

the photoactive layer changed its photon absorption,

bicontinuous interpenetrating network, and surface

morphology.

Figure 3 shows the photon absorption properties with

the addition of NLCs, which were observed using UV–vis

spectroscopy. Figure3a is theUV–vis spectrumof thedevice

in which 5OCB, 6OCB, and 7OCB (3wt%) were added to the

P3HT film as processing additives. When 5OCB, 6OCB, and

7OCBwereaddedtoP3HT, thephotonabsorptionproperties

were increased compared to the pristine P3HT film.

Moreover, maximum absorption peak (lmax) values were

red-shifted from 505 to 521nm because of the p–p�

transition among the P3HT molecules.[29] This suggested

that the crystallinitywas improved compared to that of the

pristine P3HT:PCBM film. Figure 3b shows the UV–vis
Macromol. Mater. Eng. 2
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spectrum of the device in which 5OCB, 6OCB, and 7OCB

(3wt%) were added to the P3HT:PCBM blended film as

processing additives. When 6OCB was added, in particular,

an increase in absorbance over the wavelength range from

450 to 600nm because of p–p transition among P3HT

moleculeswas observed.[20,30] It contributes to the increase

in the PCE compared to the pristine device.
014, 299, 353–360
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Figure 4. X-ray diffraction pattern of P3HT:PCBM blend films with
and without NLCs.
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To investigate the ordering of the P3HT chain induced by

the addition of the NLCs, the XRD pattern is shown in

Figure 4. The intensity of the (100) diffraction peak was

increased at 2u¼ 4.88 in the film to which 5OCB, 6OCB, and

7OCB were added, compared to the P3HT:PCBM blended

film. The peaks at 2u¼ 228, 318, and 358 arises from ITO. An

ordered lamellar structure with an interlayer spacing

originating from the interdigitated alkyl chains of P3HT

was observed in the annealed films.[19] Moreover, the

increased intensity indicated an increased crystallinity in

P3HT, and hence that the NLCs affected the bicontinuous

interpenetrating network of P3HT and PCBM. As a result,

the crystallinity of P3HT increased. The crystalline size of

P3HT was calculated by using the following Scherrer’s

equation: (L¼Kll/Bcosu),where L is theaveragecrystalline
size of P3HT (100), B the full width at half maximum

(FWHM) of (100) peak, l the wavelength of the incident X-

rays (0.154nm), u the angle of refraction, and K Scherrer’s

constant (0.9). Based on Scherrer’s equation, the crystalline

size of each P3HT is stated in Table 2. In P3HT, to which no

NLC had been added, the crystalline size was about 16nm.
Table 2. Crystalline size of P3HT.

Processing

additives

Crystalline size

of P3HT [nm]

None 16

5OCB 23

6OCB 29

7OCB 21
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However, it gradually increased when 6OCB were added.

The addition of 6OCB increased the size up to 29nm. This

increase of P3HT crystalline size was attributed to the

improved carrier mobility that was created in the photo-

active layer.Consequently, JSCandFFofPSCswere improved

and, therefore, calculated PCE was also improved.

After fabricating a hole-only device for a chargemobility

study, the hole mobilities were calculated using the

SCLC.[31] The configuration of hole-only devices was ITO/

PEDOT:PSS/photo active layer/MoO3/Al. The reference

device exhibited a hole mobility of 5.60� 10�4 cm2 �V�1

s�1. Thedevice inwhich6OCBwasdoped to thephotoactive

layerhadaholemobility of 3.14� 10�3 cm2 �V�1 s�1,which

indicated that 6OCB improved carrier mobility. This result

confirmed that processing additives doping improved the

photon-harvesting properties in the photoactive layers and

also enhanced the hole mobility. Furthermore, processing

additives were able to send the generated holes to the

external circuit quickly without recombination.

Figure 5 shows the PL quenching in order to determine

whether the excitons that were generated on the photo-

active layer were efficiently dissociated. The difference

between the areas of the graph inwhich the acceptor PCBM

was and was not included represents a quenched electron

hole. As the quenched amount increases, the efficiency of

electron–hole dissociation improves. As shown in Table 3,

67% of the quenching ratiowas observed in P3HT, inwhich

no processing additives had been added to the photoactive

layer. Incomparison, 93, 88, and82%ofquenched ratiowere

detected when 6OCB, 5OCB, and 7OCB were added,

respectively, indicating a maximum increase of 38% for

6OCB. These quenched ratios were all greater than that of

P3HT. Therefore, the addition of NLCs improved the
Figure 5. PL quenching data of P3HT films with/without NLCs and
P3HT:PCBM blend films with/without NLCs.

2014, 299, 353–360
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Table 3. Calculated PL quenching area.

Processing

additive

Quenching

area [%]

None 67

5OCB 88

6OCB 93

7OCB 82
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absorption properties by causing p–p� transition among

the P3HT molecules and promoted carrier mobility by

increasing crystallinity in P3HT. Therefore, the ability to

absorbmore photonswithout the NLCs allowed them to be

quickly transferred to theexternal circuitwithouthaving to

prevent them from being recombined. To investigate the
Figure 6. AFM image of films cast from P3HT:PCBM with/without N

Macromol. Mater. Eng. 2
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effect of the processing additives on the structural

properties of the BHJ-structured photoactive layer, they

were analyzed through AFM and TEM. Figure 6 shows the

changes as observed through AFM in the surface morphol-

ogy induced bywith/without NLC and its type in the P3HT:

PCBM films. The root mean square (RMS) roughness of the

device to which 6OCB had been added (0.54nm) was lower

than that of the device without any NLCs (0.64nm). This

confirmed that the addition of 6OCB improved the P3HT–

PCBM phase separation, leading to the formation of a

nanoscale domain. In addition, because the NLCs such as

6OCB have a spontaneous self-assembly property, can be

reorganization of P3HT chains to improve the carrier

mobility. The addition of NLCs allowed the nanoscale

domain to provide a pathway through which holes and

electrons that had been separated after forming an

interpenetrating network could be transferred to the
LCs. a) P3HT:PCBM, b) 5OCB, c) 6OCB, and d) 7OCB.

014, 299, 353–360
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Figure 7. TEM image of films cast from P3HT:PCBM a) without NLCs (inset: SAED pattern) and b) with 6OCB (inset: SAED pattern).
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cathode, increase JSC, and prevent them from being

recombined while the carrier is on the move. Therefore,

RSdecreasedwhileRSH increased in thedevices towhichany

NLCs had been added. As a result, both JSC and FF were

improved.

Figure 7 shows TEM images of a thin film inwhich 3wt%

of 6OCB had been added to P3HT:PCBMand P3HT:PCBM. As

shown in Figure 7b, fingerprint texture was observed. This

confirmed that P3HT was reorganized by added 6OCB in

P3HT:PCBM blend because the NLC has a self-assembling

property.[29] Therefore, from the selected area electron

diffraction (SAED) pattern shown in Figure 7b inset, the

addition of 6OCB improved the crystallinity in P3HT. It was

concluded that a nanoscale domain can be formed through

the addition of NLCs, and that the separated holes and

electrons can be effectively dissociated through large-scale

phase separation. Furthermore, the carriers were shown to

be quickly transferred because of the polymer crystallinity

at low processing temperature.
4. Conclusion

In summary, we dramatically improved the efficiency of

fabricated P3HT:PCBM-based PSCs by adding NLCs as

processing additives at low processing temperature. The

addition of these NLCs improved the degree of crystallinity

of P3HT. In addition, the formation of a nanoscale domain

and interpenetrating network enabled hasmade it possible

for a carrier to move quickly to the external circuit, and the

absorbance was improved by the resulting increase in

photon harvesting properties. As a result, RS decreased

while RSH increased. Finally, PCEwas improved by 74% due

to the increase in JSC and FF.
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