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Abstract The efficiency of the poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl Cei-butyric acid methyl ester (PCs1BM)
based organic solar cells was enhanced by using 1,2,4-trichlorobenzene (TCB) as a processing additive to control the blend
morphology. The addition of TCB improved the arrangement of P3HT which resulted in good phase separated blend films.
Correspondingly, the optimized solar cells showed a power conversion efficiency (PCE) of 4.17% with a fill factor (FF) of
0.69, which were higher than those of common thermal annealing devices (PCE 3.84%, FF 0.67). The efficiency was further
improved to 4.74% by thermal annealing at 150 °C for 10 min with a higher FF of 0.74.
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INTRODUCTION

Organic solar cells (OSCs) based on polymer-fullerene bulk heterojunction have attracted much attention due to
their potential advantages, such as light-weight, flexibility and low-cost manufacturing!'-*l. The power
conversion efficiency (PCE) of solution processed OSCs has rapidly increased to over 9% for single and 11.5%
for tandem junction devices®!'!1, which was ascribed to the development of novel semiconducting polymers and
the appropriate morphological control methods. Apparently, for the improvement of PCE, it is crucial to design
suitable semiconducting polymers which possess a wide absorption range and appropriate energy levels favoring
for exciton separation and high photovoltage!” '?I. Meanwhile, the optimization of the bulk heterojunction (BHJ)
blend morphology is another important factor for highly efficient solar cells!!> ¥ A bicontinuous
interpenetrating network with suitable phase separation size is important for the exciton separation, charge
carrier transport and collection.

In order to control blend morphologies, many methods have been explored to prepare active layer. Thermal
annealing treatment is the most commonly used method to modulate phase separation in polymer-fullerene blend
films('> 161 In P3HT:PC¢BM blend film, annealing could improve the crystallinity of P3HT, and drive the
separation of P3HT and fullerenes, finally form bicontinuous interpenetrating network. Besides, other methods
are also effective to control morphologies. For example, solvent annealing has been used to control phase
separation in P3HT:PC¢BM blends!!”~'"1; controlling evaporation rate of the residual solvent also generates a
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bicontinuous interpenetrating network. Compared to the above mentioned methods, processing additive is a
relatively simple approach in the pursuit of improved BHJ morphology without conventional annealing
processes.

The pioneering work by Peet et al. showed that introducing 1,8-octanedithiol as a processing additive
improved the morphology of the BHJ layer, leading to an increased efficiency of the OSC™. Later, different
additives have been employed in different polymer:PCsiBM systems. Consistently, higher PCEs for many
systems were obtained by using additive! 2!=24], Theoretically, in this method, the key to success is the selection
of appropriate additive for different systems!?> 26,

P3HT, a typical organic semiconducting material, has been investigated extensively in the field of organic
solar cells. Different additives have been tried in the P3HT:PCsBM system(>’32. The devices based on
P3HT:PCsBM showed good performance without annealing, since the organization of P3HT was improved by
additives during coating.

In this work, highly efficient P3HT:PC¢sBM solar cells were fabricated using chlorobenzene (CB) as the
host solvent and 1,2,4-trichlorobenzene (TCB) as the processing additive. The addition of TCB enhanced the
ordering of P3HT, and a good interpenetrating network was formed without annealing. The devices exhibited a
PCE of 4.17% and a high FF of 0.69, which were higher than those of common thermal annealing devices
without additives (PCE 3.84%, FF 0.67). The PCE was further improved to 4.74% after annealing and the FF
reached up to 0.74.

EXPERIMENTAL

P3HT was purchased from Lumtec and PCs;BM was obtained from American Dye Sources (ADS). Patterned
ITO glass with a sheet resistance of 15 Q per square was obtained from Shenzhen Display (China). All of these
commercially available materials were used as received without further purification.

The solar cells were prepared with the structure ITO/PEDOT:PSS/P3HT:PCsiBM/Ca/Al. Patterned ITO-
coated glass was cleaned with ITO detergent, deionized water, acetone and isopropanol in an ultrasonic bath for
20 min each time, and then exposed to oxygen plasma for 6 min. PEDOT:PSS (Baytron P VP Al 4083) was spin-
coated onto ITO-coated glass substrates, followed by annealing at 160 °C for 30 min. Subsequently, the
substrates were transferred to a glovebox. The active layers were prepared by spin coating (600 r-min!) the
solution of P3HT and PCs;BM onto the ITO coated glass for 1 min. The weight ratio of P3HT:PCs;BM was 1:1,
and the total concentration was 36 mg-mL ! in CB with different ratio TCB. The active layers were annealed at
150 °C for 10 min. Finally, after the samples were transferred to a vacuum chamber, Ca (10 nm) and Al
(100 nm) were deposited via a mask to define the active area of 0.10 cm? in high vacuum.

Atomic force microscopy (AFM) measurements of film morphology were imaged by an Agilent 5400 with
tapping mode. The out-of-plane X-ray diffraction (XRD) patterns were taken from a D8 ADVANCE discovery
thin-film diffractometer. The in-plane GIXD measurements were carried out at shanghai Synchrotron Radiation
Facility (SSRF). TEM images were obtained on a JEOL JEM-1011 transmission electron microscope at an
accelerating voltage of 100 kV.

PCE was calculated from current density-voltage (J-V) curves which were recorded by a Keithley 2420
source meter under illumination of an AM1.5G solar simulator with an intensity of 100 mW-cm 2. The light
intensity was determined by a standard silicon photodiode. EQEs were measured using a Newport 2931-C
coupled with the 300 W Xenon lamp.

RESULTS AND DISCUSSION

The J-V curves of the devices with different ratios of TCB as the additive measured under AM1.5G irradiation at
100 mW-cm™2 are shown in Fig. 1. The common thermal-annealing devices without TCB are also included for
comparison. The parameters of the devices are summarized in Table 1. The control devices without additive and
thermal annealing show poor photovoltaic performances with a low short-circuit current density (Ji) of
2.41 mA-cm? and a FF of 0.51, which may be caused by the poor interpenetrating network in P3HT:PCs;BM
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blend film!*¥. However, when 1% TCB is added, the device shows a J of 6.09 mA-cm 2 and a high FF of 0.66.
Upon further increasing the ratio of TCB from 2% to 4%, all the devices exhibit high FF (over 0.66) and Ji.. The
optimized PCE of 4.17% is obtained with FF = 0.69 and Ji. = 9.91 mA-cm? when adding 3% TCB without
annealing. Meanwhile, the open-circuit voltage (Vo) keeps almost the same (0.61 V) regardless of thermal-
annealing. All the PCEs of the devices with TCB from 2% to 4% are higher than the control device with thermal-
annealing (3.84%). The results indicate that TCB is an effective processing additive for improving PCE.
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Fig. 1 J-V curves of P3HT:PCs1BM solar cells with different  Fig. 2 The absorption spectra of P3HT:PCs1BM films with
TCB ratios different TCB ratios

Table 1 The parameters of the devices based on P3HT:PCs1BM with different ratios of TCB

Ve (V) Jse (mA-cm?) FF PCE (%) PCEuvc* (%)
0% TCB 0.70 2.41 0.51 0.86 0.80
1% TCB 0.63 6.09 0.66 2.53 2.43
2% TCB 0.60 9.76 0.67 3.92 3.85
3% TCB 0.61 9.91 0.69 4.17 4.09
4% TCB 0.60 9.83 0.67 3.95 3.83
0% TCB (Anneal) 0.61 9.40 0.67 3.84 3.76
3% TCB (Anneal) 0.61 10.50 0.74 4.74 4.65

2 The average PCE was obtained from 10 devices.

The absorption spectra of P3HT:PC¢BM films with different ratios of TCB were investigated and are
shown in Fig. 2. The film without additive exhibits a typical absorption spectrum similar to the reported
onest!® 17, On the contrary, the films with additive (> 2%) show wider absorption range and exhibit three
featured absorption peaks. One peak is at ca. 520 nm, which is corresponding to the 77" transition, and the two
vibronic shoulders are at ca. 550 nm and 610 nm, which is an expression of strong interchain-interlayer
interaction or high crystallinity of P3HTU® 729, This result indicates that the addition of TCB in the blend film
enhances the ordering of P3HT phase. Obviously, the independent position of absorption peaks and the gradually
increased absorption intensity with TCB ratio increasing from 2% to 4% also demonstrated that the addition of
TCB could improve the organization of P3HT in the blend films.

To further verify the enhanced organization of P3HT in the blend films with different additives, out-of-
plane X-ray diffraction was carried out on the films. The results are shown in Fig. 3. All the films showed an
evident peak at 5.5° which is assigned to the (100) lattice plane of the P3HT!¢). On the other hand, the films with
TCB additive present relatively stronger peak than the one without an additive, and the intensity of the
diffraction peak increases with the ratio of TCB. The in-plane GIXD images are also shown in Fig. 3. The
appearance of (300) lattice plane of P3HT in films with 3% TCB but not in films without TCB also certify the
improvement of the crystallinity of P3HT. These further indicate that the crystallinity of P3HT was indeed
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improved due to the additive of TCB, consistent well with the absorption spectra.
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Fig. 3 Out-of-plane XRD of P3HT:PC¢:BM films with different TCB ratios and the insets are in-plane GIXD
images of the films with 0% and 3% TCB

Figures 4(a)-4(e) show the atomic force microscopy (AFM) images of the films with different ratios of
additive (0%—4%). The films without additive show smooth surface with a root-mean-square roughness (RMS)
of 1 nm. However, the addition of TCB obviously raises RMS of the films to: 2.3 nm for 1% TCB, 8.2 nm for
2% TCB, 9.5 nm for 3% and 10.2 nm for 4%. Further, the domain sizes also increase by increasing the ratio of
TCB. The rough surface may be caused by improvement of P3HT organization due to the addition of TCBI'1,
Typical TEM images for films without TCB and with 3% TCB are shown in Figs. 4(g) and 4(h). The fibrillar
P3HT crystals, which could be found (Fig. 4h) in the films with 3% TCB, further indicate that the crystallinity
has been improved compared to the films without TCB. The increase of RMS could improve contact area
between the electrode and the active layer, which would be beneficial for the collection of the charge carrier and
thus increase the Ji!'”! .

The external quantum efficiency (EQE) curves of the devices are shown in Fig. 5. The curves are consistent
with the absorption spectra of the films. The device without additive and annealing shows low and narrow light
response, but, with the additive of TCB, light response increases gradually. The highest EQE value obtained is
over 68%. The optimal current density obtained by integrating the EQE curve with the standard solar spectrum
(AM1.5G) was 9.76 mA-cm~2, which is well consistent with the measured value (about 9.91 mA-cm™) with
small error (< 5%).

Effect of thermal annealing on the solar cell with 3% TCB is investigated. The J-V curve is shown in Fig. 1
and the corresponding parameter in Table 1. The device shows higher Ji (10.50 mA-cm™2) and FF (0.74) after
annealing at 150 °C for 10 min and the PCE reaches up to 4.74%. The surface morphology of the films after
thermo-annealing is shown in Fig. 4(f), which is similar to the films without thermo-annealing (Fig. 4d). This
predicts that the structure of the films with 3% TCB may be relatively thermostable, which is very beneficial for
the commercial process. One of the main factors that determine FF is the transport of charge carriers!> 3. The
carrier mobility in the P3HT:PCBM devices before and after annealing with 3% TCB was investigated by
using trap-free space-charge-limited-current (SCLC) model™). The J-V curves of the diodes with the structures
of ITO/PEDOT/P3HT:PCs;BM/Au for hole and ITO/ZnO/P3HT:PCs BM/Ca/Al for electron are shown in Fig. 6
and the calculated hole () and electron (1) mobility are shown in Table 2. The films with and without
annealing show almost the same hole mobility. However, compared with the film without annealing, the
annealing one presents higher electron mobility, which leads to a lower ratio (/) between the hole and
electron mobility (1.44 versus 1.86), indicating a more balanced carrier transport in the annealing films!'7). This
is assumed to be the major reason for the high FF in the devices.
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Fig. 4 AFM images (4 pm x 4 um) of the films with different TCB ratios (a: 0% TCB, b: 1% TCB, c: 2% TCB, d: 3%
TCB, e: 4% TCB, f: 3% TCB after thermo-annealing) and TEM images of the films with (g) 0% TCB and (h) 3% TCB
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Fig. 5 EQE curves of P3HT:PCs1BM solar cells with different TCB ratios
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Fig. 6 J-V curves of ITO/PEDOT/P3HT:PCs1BM/Au diodes for hole and ITO/ZnO/P3HT:PCs1BM/Ca/Al diodes
for electron (The online version is colorful.)

The symbols are experimental data for transport of holes and electrons respectively, and the solid lines are fitted
according to the space-charge-limited-current model.

Table 2 The hole and electron mobility of P3HT:PCs1BM films with 3% TCB before and after annealing

U (cm?>V-1-S§71 Ue (cm?-V~1-§71) i/ Ue
3% TCB 1.60 x 1073 8.59 x 107 1.86
3% TCB (Anneal) 1.70 x 1073 1.18 x 1073 1.44

CONCLUSIONS

In summary, highly efficient solar cells based on P3HT:PCsBM were fabricated by adding the processing
additive TCB into the blend without annealing. The device shows the PCE of 4.17% and FF of 0.69, which are
probably resulted from the high arrangement of P3HT induced by TCB. Besides, the PCE can be further
improved to 4.74% with a Ji. of 10.50 mA-cm™ and FF of 0.74. The high FF originates from the high charge
carrier mobility and the good balanced carrier transport in the P3HT:PCs BM blend films.
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