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Highlights

The morphology of P3HT/PCBM bulk heterojunction could be tuned by the liquid
crystalline molecules under electric field assisted treatment for enhanced solar cell
performance.

The liquid crystalline molecules are immiscible with P3HT and could induce the
P3HT chains to form edge-on crystals.

The liquid crystalline molecules and PCBM were able to form rod-like complexes,
which could orient to the electric field direction with the diameters of about 30 nm
under electric field of 600 V/mm.

Grazing-incidence small-angle X-ray scattering results indicate that the liquid
crystalline molecules and electric field may induce the aggregation of PCBM into

larger clusters.
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Abstract: We demonstrate that the morphology of poly(3-hexyl thiophene) and
[6,6]-phenyl-C61-butyric acid methyl ester (P3HT/PCBM) bulk heterojunctions (BHJ)
could be tuned by the 4-cyano-4'-pentylterphenyl (5CT) liquid crystalline molecules
under electric field assisted treatment for enhanced solar cell performance. The
miscibility and interactions between the components were carefully studied, showing
that SCT could induce the crystallization of P3HT to form edge-on structure in ternary
blend after electric field assisted treatment as revealed by grazing-incidence
wide-angle X-ray diffraction (GIXRD). The PCBM and 5CT are supposed to form the
rod-like complexes, and the nanorods could orient to the direction of electric field,
accompanied by the homogeneously distribution of nanorods in diameters of about 30
nm under the electric field of 600 V/mm. The sizes of PCBM clusters and complexes
are dependent on the SCT doping ratios and intensity of electric field according to
grazing-incidence small-angle X-ray scattering (GISAXS) analysis. When the active
layers were processed under the atmosphere environment, the power conversion
efficiency (PCE) could reach to 3.5 % at 5CT weight fraction of 6 wt% after treating
by electric field of 600 V/mm, in contrast to the PCE value of 2.4 % for pristine
P3HT/PCBM blend. This work provides an attractive strategy for manipulating the
nanostructure of BHJ layers and also increases insight into morphology evolution

when liquid crystalline molecules are incorporated into BHJs.

: Corresponding author. Tel.: +86 791 83969562; fax: +86 791 83969561. E-mail address: ywchen@ncu.edu.cn (Y.
Chen).
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1. Introduction

Polymeric semiconductor-based solar cells (PSCs) have been emerged as promising
low-cost and flexible large area devices in both academic and industrial fields.'”
Present research showed that the nanoscale morphology of the bulk heterogeneous
junction (BHJ) solar cells played a critical role in the high power conversion
efficiency (PCE) devices, which have come to 10 % for lab-scale devices.*® 1t is
suggested that an conceptually optimal BHJ film morphology should consist of a
bicontinuous interdigitated donor-acceptor network with donor and acceptor
nanodomain within the sizes of the exciton diffusion lengths (10 nm) for efficient
charge generation and t1ransp0rt.7’8 However, the actual morphologies of most BHJ
films have a large disparity due to the uncontrollability of the aggregation and phase
separation by solution processing. Thermal annealing and solvent vapor annealing are
frequently-used strategies to manipulate crystallization and control the morphology of
polymer-fullerene BHJs.”"? These post-processing methods are supposed to not only
induce the crystallization of poly(3-hexyl thiophene) (P3HT), but also control the

phase separation between P3HT and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) aggregates in an optimized size. But a major concern attracts people’s

attention that annealing at a higher temperature made PCBM molecules diffuse into
huge aggregates which create damage to the exciton dissociation and charge carrier
transport. Meanwhile, solvent vapor annealing is not suitable for real roll-to-roll

process for the dangers of solvent Vapor.l‘q"14

Incorporation of an additive forming a ternary solar cell is another efficient method to
provide a simple and promising approach to increase PCE.">* Peet and co-workers
showed an incorporation of high-boiling-point liquid additive octanedithiol (ODT) or
diiodooctane (DIO) into the
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']-dithiophene)-alt-4,7-(2,1
,3-benzothiadiazole)] (PCPDTBT)-based device active solution resulted in a near

doubling increased PCE, from 2.8 % to 5.5 %."® An increased ordering or crystallinity
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of the conjugated polymer and optimized structural organization of the BHJ blend was
achieved by adding solvent additives. Besides, additives containing thiophene rings
usually have a strong chemical affinity toward polymer, which can act as nucleating
agent to improve the conformation of polymer chains and enhance the intra- and
interplane stacking of P3HT chains with a high crystallinity.lg’20 Metal complex

. 2122
additive

is another valid approach by absorbing the solar light at longer
wavelengths so as to enhance the charge mobility of the active layer. Amphiphilic
molecules such as thiophene-C60 derivatives™ could increase the compatibility
between donor and acceptor to obtain a micro-phase separation, leading to a
thermodynamically stable nanoscale morphology. Besides, P3HT diblock

#2335 interfacial compatibilizers could improve the PCE for inducing

copolymers
favorable active layer morphology with interpenetrating nanoscale domains, and the
enhanced P3HT crystallinity and orientation facilitated the hole transport within the

active layer.

Recently, liquid crystalline molecules (LCs) seemed to be especially interesting
additives in PSCs for the unique plroperties.%’30 In our previous studies, we have
intramolecularly incorporated the mesogenic cyano-biphenyl to the fluorene unit in
the D-A copolymer poly[fluorene-alt-5,5-(4',7'-di-2-thienyl-2',1,3'-benzothiadiazole)]
(PFDTBT) that enhanced the orientation degree of the polymer and cyanobiphenyl
fine-tune the energy levels.>' Jeong and co-workers®’ found that the devices fabricated
using P3HT/PCBM layer blended with 3 wt% of
2,3,6,7,10,11-hexaacetoxytriphenylene discotic liquid crystals (DLCs) achieved an
average PCE of 3.97 %, compared to the reference cells with PCE of 3.03 %. It’s
attributed to the improved crystallization and ordering of P3HT chains with an aid of
DLCs after thermal annealing. Meanwhile, the nematic liquid crystals (NLCs) as
nucleating agents induced polymer crystallization or tuned phase separation in the

¥ However, the role of polymer rearrangement is at least partly

active layer.
understood in the ternary blend devices, yet there are many conflicting explanations
for the effect that additives have on PCBM crystallites and aggregation, which are
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also critical to the device performance. It is of great significance to experimentally
examine the effect of LCs on the crystalline structure of P3HT chains, and the
aggregation behavior of PCBM in the P3HT/PCBM/LCs ternary blends by using
multi-scale characterization techniques to spatially correlate device performance with

morphology.

Due to the anisotropic property, the liquid crystalline molecules could be aligned
under electric field and magnetic field treatment. The oriented molecules or crystals
are believed to induce polymer aggregates with short range order in the casting
solution, and then act as nuclei for the polymer crystallization during the film
formation.””™* The electric field is believed to be able to induce the orientation of the
liquid crystalline molecules, serving as the template to induce the crystallization of
P3HT and aggregation of PCBM. Similar research work has not been reported
previously based on our knowledge. It’s of great importance to study the mechanism
behind these morphological changes induced by LCs in ternary blend system under
external electric fields, such as the structural and dynamical processes involving
polymer, fullerene and LC molecules (crystallization, molecular motions,
phase-separation, etc), to gain deeper insight into the working principles of ternary

organic solar cells.

In this contribution, a small percentage 4-cyano-4'-pentylterphenyl (5CT) was
incorporated into P3BHT/PCBM system via the solution blending method. The ternary
blend solution was then spin-coated onto an indium tin oxides (ITO) glass, followed
by treating with an electric field during the solvent evaporation process in air
atmosphere environment. The absorption behavior and morphology of the ternary
blend films, as well as the interactions and miscibility between the components were
studied in detail. The grazing-incidence X-ray diffraction (GIXRD) and
grazing-incidence small-angle X-ray scattering (GISAXS) techniques were applied to
explore the crystalline structure of P3HT crystallites, and the aggregation behavior of
PCBM clusters.”*® The performance of solar cell device and the hole and electron

6
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mobilities®”*' were found to be determined by the 5CT content and electric field
intensity. The result obtained in this article are very helpful for designing a potential
annealing method and characterizing the morphology of ternary blend films at

different length scales.
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2. Results and Discussion

2.1 Interactions of SCT with P3HT and PCBM
The structure of the electric field equipment, and the schematic GISAXS

27-29 the

configuration are illustrated in Figure 1. As revealed by many researchers,
liquid crystalline molecules were able to improve the crystallization of P3HT chains,
even though the ordering of P3HT chains was hampered in the presence of PCBM
aggregates. However, the effect of LCs on the crystalline structure of P3HT and the
aggregation behavior of PCBM has not been deeply investigated. To explore the
influence of 5CT on the crystallization of P3HT and PCBM, the corresponding
P3HT/5CT and PCBM/5CT blends were prepared via the solution blending method.
After the evaporation of chloroform solvents and drying in the vacuum oven at 40 °C
for 6 h, the specimens were used for the differential scanning calorimetry (DSC)
analysis. Although the specimens obtained by the solution blending method are
different from the ultra-thin films using for the solar cell devices, the corresponding

DSC heating and cooling curves could still give some information about the

interactions such as miscibility between the different components.

As shown in Figure 2a, it is observed that the 5SCT molecules exhibit three phase
transitions on the heating curve below 190 °C. The SCT molecules transforms from
the solid state to liquid crystalline state at 79.6 °C. The other two exothermic peaks at
102.8 °C and 127.3 °C should be related with the transitions in smectic phases.42'43 For
the pristine P3HT, only one melting peak at 231.3 °C is noticed. It is clear that the
distinct crystalline P3HT-rich and SCT-rich phases are present upon the incorporation
of 5CT. In addition, with increasing of 5SCT weight fraction, the melting and
crystallization point depression is associated with the P3HT phase. For example, the
melting behavior of P3HT is not seriously affected upon incorporation of 3 wt% 5CT.
By further increasing of the 5CT doping amount to 10 wt%, the melting peak of P3HT
becomes broader and shifts to lower temperature of 220.3 °C. It is generally accepted

that the melting temperature of a crystalline polymer is mainly related with the
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lamellar thickness of the crystals, the existence of impurities in the lamellar regions
may obviously reduce the melting temperature.44 Melting point depression of the
semi-crystalline P3HT phase is expected and can result from reduced P3HT crystallite
sizes upon increasing the weight fraction of SCT or from changes in molecular
interaction due to the SCT molecules. Thus, it is believed that some of the 5CT
molecules may be trapped in the lamellar regions of P3HT crystallites. The phase
transitions of 5CT in the blends are similar to those of pristine SCT even at 5CT
weight fraction of 3 wt%, indicating that the crystallization of 5CT is not disturbed in
the presence of large amount of P3HT. The 5CT molecules are believed to be
immiscible with P3HT and could segregate to form separated regions. Based on the
transmission electron microscopy (TEM) images as shown in Figure 2¢ and Figure
2d, the phase-separated morphology could be discerned in P3HT/5CT blend. The
P3HT chains tended to form the nano-fibrils across the whole image where the bright
regions contribute to the liquid crystalline phases. The existence of LCs seems to
induce crystallization of P3HT to form more obvious nano-fibrils. The microphase
separated LCs regions are supposed to show of liquid crystalline transitions during

heating process as revealed by DSC analysis.

In contrast to P3HT/SCT system, the PCBM/5CT blends exhibit different phase
transition behaviors and morphology. Based on the DSC heating curves (Figure 2b),
three obvious melting peaks at 253.0 °C, 279.0 °C and 283 °C could be observed for
pristine PCBM. By the introduction of 3 wt% S5CT into the PCBM, only a tiny
melting peak at 283.0 °C contributing to PCBM could be discerned. At SCT content of
6 wt% and 10 wt%, the melting peak of PCBM becomes less obvious, showing that
the crystallization of PCBM is significantly restricted in the presence of 5CT.
Similarly, the liquid crystalline phase transitions of SCT in the PCBM/5CT blends are
also seriously affected by the PCBM, and no sharp phase transition peaks of SCT
could be discerned, exhibiting of one broad exothermic peak. The shape and
temperature of the exothermic peaks is found to be totally different from that of
pristine SCT. The enthalpy corresponding to SCT exothermic peaks is calculated to be

9
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487.0, 242.0 and 154.3 J/g for the blends containing 3 wt%, 6 wt% and 10 wt% 5CT,
respectively. The enthalpy of 5CT exothermic peaks in blends is very high, even at
5CT content of 3 wt%, showing of strong interactions between SCT and PCBM. Due
to the existence of phenyl ring in both of SCT and PCBM, the similarity in chemical
structure between the two molecules may eventually leads to the formation of some
ordered complexes composing of SCT and PCBM via the 7-m interactions.
Consequently, the strong 7-7 interactions between the two components restrict the
crystallization of both PCBM and 5CT. The morphology of PCBM and PCBM/5CT
(1:0.06) blend was further analyzed by the TEM. The pristine PCBM shows of some
black spheres in the diameter of about 500 nm, attributing to the PCBM clusters
(Figure 2e). By the incorporation of SCT molecules, the diameter of the spheres
grows bigger. In addition, the other dots in the diameter less than 100 nm could also
be discerned in the image (Figure 2f). The existence of SCT molecules is believed to
induce the PCBM molecules to aggregate and form bigger clusters. Based on the
above analysis, it is concluded that the SCT is immiscible with P3HT and could
segregate to form separated regions. However, the strong interactions between 5CT
and PCBM molecules lead to the formation of complexes, restricting the

crystallization of each other.

Furthermore, the effect of 5CT on the crystallization behaviors of P3HT and PCBM as
cooling from the melting state was also investigated, as shown in Figure S1. The
crystallization temperature (T.) of P3HT shifts to lower temperatures as the 5CT
content increasing, showing that the presence of SCT restricts the crystallization of
P3HT from the melting state. Similarly, the crystallization of PCBM is also seriously
restricted in the presence of SCT. In P3HT/PCBM/5CT ternary blends (Figure S1),
only a tiny melting peak ascribed to P3HT is observed on the DSC heating curves.
Additionally, no obvious crystallization peak could be discerned based on the DSC
cooling curves. It is believed that the crystallization of P3HT and PCBM from melting

state was restricted by SCT.

10
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2.2 Absorption and photovoltaic properties of PSHT/PCBM/5CT blends

Figure 3a displays the UV-vis absorption spectrum of P3HT upon the incorporation
of 5CT. The pristine P3HT film shows a peak at 511 nm associated with the n-m*
transition, while two additional absorption peaks at 555 and 605 nm are contributed to
the n-m stacking of P3HT chains.® By increasing of SCT weight fraction from 3 wt%
to 6 wt%, the intensity of low energy absorption bands at 555 and 605 nm increases,
indicating that SCT could induce the crystallization of P3HT chains. However, the
intensity of absorption bands for the specimen containing 10 wt% 5CT is even lower
than that of pristine P3HT, which could be due to the relatively low content of P3HT
in the blend. In the P3HT/PCBM/5CT ternary solid films, the intensity of absorption
bands is also found to be dependent on the SCT weight fraction (Figure 3b). The
intensity of absorption bands reaches to the highest for the specimen containing 6
wt% S5CT, illustrating of ordered state of P3HT due to interchain interaction involved
in aggregation and crystallization in the presence of SCT. It is therefore suggested that
an appropriate amount of 5CT facilitates the crystallization of P3HT in both of binary

and ternary blending systems.

Detailed analysis of UV-vis absorption spectra provides further insights relating to
polymer conjugation length (intermolecular ordering). Examination of the P3HT
absorption spectrum reveals bands associated with two phases, comprising of the
crystalline and amorphous regions.*® According to Spano’s model,”*® the crystalline
regions are supposed to be composed of weakly interacting H-aggregates, and the
vibronic bands in the absorption spectrum are originated from the interchain coupling.
Furthermore, the vibronic bands can be related with the free exciton bandwidth (W)
which correlates with the conjugation length or intrachain ordering of an individual
polymer chain. The decrease of W value indicates an increase in both average
conjugation length and chain order.”® The W values could be calculated by the

following equation:
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I, (1-024W/E, Y
I, \1+0.073W/E,

(1)
where Ipo and Iy, are the intensities of (0-0) and (0-1) transitions, and E, is the
vibrational energy of the symmetric vinyl stretch. As shown in Figure 3¢, the W value
first decreases and then increases as the SCT content increasing in both P3HT/5CT
and P3HT/PCBMY/5CT blends. The P3HT chains are believed to have the highest
conjugation length and chain order at SCT content of 6 wt%. In addition, the W values
in the ternary blends are higher than those of the binary blends, showing that the
P3HT adopt a lower conjugation length and chain order in the presence of PCBM.
Furthermore, the 5CT and PCBM molecules are able to form the anisotropic

complexes in contrast to the isotropic image of P3BHT/PCBM film as observed from

polarized optical microscope (POM) as shown in Figure S2.

Then, the performance of the solar cell based on P3HT/PCBM/5CT system was
measured, and the corresponding current/voltage (J/V) characteristics of the devices
are illustrated in Figure 4a, and Table 1 summarizes the parameters of devices. The
device fabricated using P3BHT/PCBM/5CT layer containing 6 wt% 5CT achieves the
highest PCE value of 2.8 %, in contrast to that of 2.4 % for pristine P3BHT/PCBM
device. The improvement of the device performance is mainly ascribed to the
enhancement in both short-circuit current density (Js.) and open-circuit voltage (V).
It is well known that the J,. strongly depends on the absorption intensity derived from
the crystallinity of P3HT and the charge transport properties of networks in
photovoltaic blend films.”® As demonstrated by the space-charge-limited-current
(SCLC) hole and electron mobility measurement shown in Figure S3 and Table 1, an
appropriate amount of SCT (6 wt%) facilitates the improvement of the carrier mobility.
On the other hand, the maximal photovoltage is considered to be limited by the
energy gap between the highest occupied molecular orbital (HOMO) level of a donor
polymer and the lowest unoccupied molecular orbital (LUMO) level of an acceptor
fullerene. The HOMO and LUMO energy levels of P3HT, PCBM and 5CT were
estimated by cyclic voltammogram (Figure S4) and shown in Figure 4b. Based on

12
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the electrochemical data, the HOMO and LUMO levels of 5CT are -5.50 and -3.36 €V,
respectively. The 5CT possesses intermediate energy band edges between P3HT and
PCBM, which is able to avoid the charge trapping in the ternary system. A
cascade-energy alignment among P3HT/PCBM/S5CT is established with the
incorporation of 5CT, and 5CT exhibits a lower lying HOMO level as compared to
P3HT as seen from Figure 4b. The larger energy difference in Egomo (D)-ErLumo (A)
at the contact of SCT to PCBM may contribute to the increased V,.. The LUMO level
of the accepter should be at least 0.3 eV lower than that of the donor to drive charge
separation after exciton formation. Therefore, the excitons generated by P3HT will
not be able to dissociate at the interface of P3HT and 5CT junction while the excitons
generated by 5CT could dissociate at the PCBM/5CT interface as revealed by the
time-resolved photoluminescence spectra in Figure S5. However, the fill factor (FF)
of the solar cells is relatively low. The SCT molecules lack the viscosity necessary for
film casting, resulting in well mixed morphologies lacking the percolation pathways

required to transport the photogenerated electrons and holes.

2.3 Morphology under electric field assisted treatment

Based on POM images and PCE values, the incorporation of 6 wt% 5CT into the
P3HT/PCBM blend is supposed to maintain the optimized morphology as well as the
best photovoltaic performance. We thus choose the P3HT/PCBM/5CT (1:1:0.06)
system for solvent drying in the presence of a constant electric field across active
layer film solution, to induce the orientation of liquid crystalline molecules and
improve the performance of the solar cell devices. In order to confirm the influence of
electric field on the orientation of SCT molecules, the POM images of SCT films
without or with electric field assisted treatment are shown in Figure S6. The
specimen without electric field assisted treatment tends to form needle-like crystals,
showing of strong anisotropy. By the electric field assisted treatment, bright dots
distributing homogeneously in the visual field could be observed. It is suggested that
the SCT molecules should orient to the electric field direction during the solvent
evaporation process. In Figure 5, the morphology of the P3BHT/PCBM/5CT films

13
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displays strong dependence on the electric field strength. At E = 0 V/mm, the
anisotropic bundles comprising of SCT and PCBM could be observed (Figure Sa).
The orientation of the bundles is random, indicative of bundles parallel and vertical to
the surface of the films. At electric field strength of 300 V/mm, more dark dots could
be observed, suggesting that more bundles orient vertically to the film surface (Figure
5b). At electric field of 600 V/mm, smaller dark dots are observed in the whole visual
field (Figure 5c). Moreover, the bright dots in larger diameter are detected at the
electric field strength of 1200 V/mm (Figure 5d). The corresponding TEM images of
the P3BHT/PCBMY/5CT films are presented on the right corner of the POM images. In
Figure 5a, the calamitic (rod-like) molecules parallel to the substrate demonstrate that
the SCT and PCBM molecules aggregate to form the rod-like structure. The length
distribution of nanofibrils is centered around 1.6 pm, while the width distribution is
centered around 0.15 pm. In addition, many dots in the diameter of about 0.17 pm
could also be discerned in the TEM image, showing that the dots are nanorods vertical
to the substrate. It is suggested that some of the nanorods tend to orient along the
direction of solvent evaporation in contrast to those parallel to the substrates. After the
electric field assisted treatment, most of the nanorods tend to align to the direction of
electric field. At electric field of 300 V/mm (Figure S5b), the black dots in the
diameter of 40-70 nm dominate the whole image. The nanofibrils in the length of
about 1 pm and diameter of about 40 nm could also be noticed in the image, implying
that most of the nanorods orient vertically to the substrate after the electric field
assisted treatment. At electric field of 600 V/mm, the black dots attributing to 5CT
and PCBM complexes in the diameter of about 30 nm distribute homogeneously in
the matrix, in contrast to those at 300 V/mm (Figure 5c¢). At electric field of 1200
V/mm, the dark dots in larger diameter of about 100 nm could be observed (Figure
5d). It is suggested that the appropriate intensity of electric field facilitates the
aggregation of SCT and PCBM molecules to form nanorods in smaller diameter. At
lower or higher intensity of electric field, some of the SCT and PCBM molecules tend
to aggregate together to form nanofibrils in larger diameters. The schematic
illustration of morphology of the PCBM/5CT complexes after electric field assisted

14
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treatment is also shown in Figure 5. In the TEM observation of the conjugated
polymer/fullerene blends, the domains of aggregated fullerene clusters were greater
than 100 nm, due to the low electron density contrast between the conjugated
polymer-rich and fullerene-rich domains.”® In this article, the 5CT and PCBM
complexes are easier to be discerned, attributing to the large difference in the electron
scattering densities between complexes and P3HT. The relatively homogeneous phase

structure should benefit the exciton separation and charge transportation.

Meso-scale film morphology in the lateral direction of P3HT/PCBM/5CT layers
before and after electric field (600 V/mm) assisted treatment was further analyzed
using atomic force microscopy (AFM) in tapping mode as shown in Figure 6. It is
found that the surface topology of the electric field treated film is smoother than the
un-annealed film. The root mean square (RMS) surface roughness of the active layer
is 2.03 nm for the electric field treated film, and 4.95 nm for the un-annealed film. For
the specimen without electric field assisted treatment, some aggregates in diameter of
about 400 nm could be observed, showing that the complexes based on 5CT and
PCBM could remain on the surface of the films. By the electric field assisted
treatment, a homogenous morphology could be obtained. The AFM images in larger
scale are shown in Figure S7, which further confirms that the aggregates composed of
5CT and PCBM tend to migrate to the surface of films during the solvent evaporation
process. After the electric field assisted treatment, the aggregates composing of SCT
and PCBM tend to align to the direction of electric field, showing of smaller size in
diameter. It is believed that the surface of the films is mainly composed of
PCBM/5CT complexes, which is beneficial to the electron transport to the
corresponding electrode. Thus, a vertically separated morphology could be achieved
during the solvent evaporation process in the presence of electric field. The optimized
morphology of the film after electric field assisted treatment may facilitate the
interfacial contact between the electrode and active layer, resulting in an improvement

of the solar cell performance.
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It is revealed that an optimized morphology for the P3HT/PCBM/5CT film could be
obtained at electric field of 600 V/mm. Whether the oriented nanorods composing of
PCBM and 5CT could serve as the template to induce the orientation of P3HT chains?
Figure 7 shows the reflection spectra of P3HT/PCBM/5CT blend films in the
out-of-plane and in-plane patterns after electric field assisted treatment at different
intensities. Depending on the chain orientation of P3HT, diffraction peaks from the
lamellar structure repeating along the alkyl chain direction and the n-m stacking
should be visible in either the out-of-plane or in-plane measurements. In the
out-of-plane pattern, the peaks at 5.6 © and 10.8 © are assigned to the (100) and (200)
diffractions of P3HT crystallites. The position of the reflection peaks remains almost
the same independent on the intensity of electric field, and the lamellar spacing of
P3HT crystalline domain is calculated to be about 1.58 nm. In the in-plane pattern, the
minor peaks at 22.9 © are attributed to the (010) diffraction of P3HT crystallites, and
the distance of n-n stacking is calculated to be 0.39 nm. The diffraction patterns of the
films can be attributed to the edge-on orientation, which is usually observed for P3AT
thin films because of the hydrophobic interactions between the alkyl chains and the
substrate.”> The lower surface energy of the alkyl side chains may also induce the
edge-on orientation at the surface during spin-coating.”® As revealed by Su,”* the
interfacial interactions between P3HT and the substrates determined the crystalline
structure of P3HT. For example, the edge-on orientation was dominated by the
electron-withdrawing ability of the surface functional groups while the face-on
orientation was induced by the strong charge transfer interaction between the highly
oriented pyrolytic graphite surface and the thiophene rings. In this article, the
substrate is the PEDOT:PSS layer, and the interfacial interactions between P3HT and
substrate should be stronger than those between P3HT and the oriented templates
composing of 5CT and PCBM. Moreover, the SCT and PCBM complexes are found
to be immiscible and phase-separated with P3HT based on TEM and POM
observation. Under the electric field assisted treatment, the oriented templates
composing of SCT and PCBM should have no significant effect on the orientation of
P3HT chains. Thus, only edge-on crystalline structure could be noticed in

16
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P3HT/PCBMY/5CT system, which is independent on the intensity of electric field and
the oriented template. It is further found that the reflection peaks arising from 5CT or
PCBM could not be discerned from the GIXRD spectra, revealing that the
crystallization of SCT and PCBM was restricted by each other in the P3HT matrix.
Although the anisotropic structure composing of SCT and PCBM could be observed
in the POM images, 5CT and PCBM are unable to form the crystalline structure as

detected by GIXRD analysis.

Furthermore, GISAXS can give interpretations for structures across different lengths
in the form of fractal sizes and provide more details on the hierarchical structures that
cannot well be distinguished by TEM. We used the FitGISAXS and IGOR Pro
software to obtain the 2D and 1D profiles from GISAXS data,” as shown in Figure 8
and Figure 9 for the as-spun and electric field assisted treating P3HT/PCBM/5CT
films. Extracting quantitative information from GISAXS profiles requires fitting
experimental data to a model, however, modeling a BHJ OPV blends is extremely
challenging given the irregularly shaped, polydisperse, interconnected and randomly
distributed domains characteristic of a BHJ morphology. Due to the complexities,
there exists no widely accepted GISAXS model for BHJ OPV blends. Su et al. have
successfully used the Debye-Anderson-Brumberger (DAB) model and the
polydisperse hard sphere model to describe the cluster size and distribution of PCBM
domains.’® However, the combination of DAB and polydisperse hard sphere model is
unable to fit the profiles in the ternary system. We elect to interpret the data
qualitatively based on the analysis of the intensity variation of the profiles. The
as-cast P3BHT/PCBM and P3HT/PCBM/5CT (1:1:0.03) thin film exhibit a power-law
dependence of 2 and do not show obvious Guinier regime, both indicating that the
domains are poorly phase segregated (i.e., highly intermixed) with no well-defined
domain sizes within the length scales probed, which is also consistent with the result
in POM observation. By increasing of SCT content to 10 wt%, a discernible shoulder
at about 0.25 nm™' is noticed, and the power-law exponent increases to about 3. These
features indicate that phase-segregation has taken place during solvent evaporation
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process for the P3BHT/PCBM blend at SCT content above 6 wt%. The SCT molecules
are supposed to induce the aggregation of PCBM molecules into larger clusters. By
increase of the intensity of electric field, the shoulder at about 0.25 nm’ becomes
more obvious and seems to shift to lower q values. Therefore, it is believed that the
5CT and electric field could induce the aggregation of PCBM molecules into larger

clusters.

3.4 Photovoltaic performance under electric field assisted treatment

The influence of electric field on the photovoltaic properties of the corresponding
solar cell devices containing 6 wt% S5CT was also investigated. The J/V curves are
shown in Figure 10, and the corresponding photovoltaic performance parameters are
summarized in Table 1. The device based on P3HT/PCBM/5CT exhibits an improved
performance with a Jy. of 8.68 mA cm'z, a Vo of 0.608 V, and a FF of 52.5%, resulting
in a PCE of 2.8 %, which is comparable with the previous values in the literature. As
the intensity of electric field increases to 600 V/mm, a systematic enhancement in
photovoltaic performance can be observed, giving the best power conversion
efficiency of 3.5 % with the J, Voo and FF values of 9.87 mA/cm? , 0.621 V and
56.6 %, respectively. The absorption bands of the films after electric field assisted
treatment are similar to those without electric field treatment (Figure S8). Thus, the

enhancement of the J,. value is mainly contributing to the increase of carrier mobility,

especially for the electron mobility reaching to the highest value of 7.61x10™* cm?*/V-s.

The improvement of the electron mobility may be related with the formation of
ordered transport way by the rod-like PCBM/5CT complexes induced by the electric
field. Further increase of the intensity of electric field results in a decline in the
photovoltaic performance of the devices. The relationship between the parameters of
Jses Voo, FF and PCE and the 5CT content at different electric field intensities is shown
in Figure S9. It is noted that both of the Ji. and V. values increase after the electric
field assisted treatment, showing of a better interfacial contact between P3HT and
PCBM. Based on the above result, the structure and morphology evolution in the
pristine P3HT/PCBM blend and P3HT/PCBM/5CT blend after electric field assisted
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treatment could be described as shown in Figure 11. The PCBM and 5CT are
believed to form the complexes which may orient to the direction of electric field. The
oriented nanorods could provide more pathways for the charge transport to the
electrodes. It should be noted that the electric field assisted treatment was performed
under the air environment, providing a novel annealing method to fabricate the active

layer.
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3. Conclusions

The mechanism of morphology evolution in P3HT/PCBM films after blending with
S5CT under electric field assisted treatment has been deeply investigated. The
structural characteristics are well correlated to the device performance and
photovoltaic properties. The SCT was immiscible with P3HT and the crystallization of
5CT was not disturbed in the presence of large amount of P3HT. Additionally, the
crystallization, the conjugation length and chain order of P3HT could be improved by
the 5CT molecules as revealed by TEM and UV-vis results. The crystallization of
PCBM and 5CT was restricted by each other, showing of a minor melting peak of
PCBM and broad liquid crystalline transition peak of SCT as revealed by the DSC
analysis. The existence of 5CT was found to induce the aggregation of PCBM
molecules to form larger clusters in diameter. Furthermore, in the P3HT/PCBM/5CT
ternary system, the PCBM and 5CT was able to form rod-like complexes, which
could orient to the direction of electric field as shown in POM and TEM images. The
oriented nanorods in the diameters of about 30 nm distributing homogeneously in the
matrix could be observed in TEM images at the SCT weight fraction of 6 wt% and
electric field of 600 V/mm. In addition, only the edge-on structure could be discerned
for P3HT as confirmed by the GIXRD, independent on the SCT weight fraction and
intensity of electric field. The SCT and electric field could induce the aggregation of
PCBM molecules into larger clusters as revealed by GISAXS. After processing under
the atmosphere environment, the PCE of the solar cell devices reached to the highest
value of 3.5 % at 5CT weight fraction of 6 wt% and electric field of 600 V/mm, in
contrast to the PCE value of 2.4 % for pristine P3HT/PCBM blend. The results allow
new insights into the role of molecular dopants in affecting the morphology evolution

in active layer and provide a novel annealing method to fabricate BHJs.

Supporting information available

Text giving the experimental details, instrumentation, and characterization.
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Figure 1. (a) Schematic of the apparatus used for applying electric field across the
polymer layer during solvent drying process. The gap between the two ITO glasses
was about 0.5 mm. A film of the active layer solution on the substrate was kept in
different intensities of electric field of 300, 600 and 1200 V/mm. (b) Schematic of
GISAXS configuration illustrating the in-plane scattering (Qy) direction, the
out-of-plane scattering (Q,) direction, and the 2D scattering pattern with incident
angle o;, in-plane scattering angle 0, and out-of-plane scattering angle oy of X-rays,
respectively. In the center of the CCD detector, the X-ray signal was shielded with a

rod-like beamstop.
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Figure 2. DSC heating curves of (a) P3HT/SCT and (b) PCBM/5CT blends at
different SCT weight fraction, and TEM images of (c) pristine P3HT, (d) P3HT/5CT
blend at SCT weight fraction of 6 wt%, (e) pristine PCBM and (f) PCBM/5CT blend

at SCT weight fraction of 6 wt%.
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Figure 3. UV-vis spectra of the (a) P3HT/SCT binary blend films and (b)
P3HT/PCBMY/5CT ternary blend films at different weight fraction of 5CT, and (c) the
evolution of exciton bandwidth W of ordered aggregates in the P3HT/5CT and
P3HT/PCBMY/5CT blend films as a function of SCT content.
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Figure 4. (a) J/V characteristics of P3HT/PCBM/5CT blend with different weight
fraction of SCT prepared by the solvent slow drying method without electric field

assisted treatment. (b) The energy level diagram for P3HT, SCT and PCBM.
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Figure 5. Dark-field POM images and the corresponding TEM images of
P3HT/PCBM/5CT(1:1:0.06) films spin-cast onto an ITO substrate covered by a
PEDOT:PSS layer prepared under different electric field-assisted annealing conditions:
(a) solvent only, (b) E=300 V/mm, (c) E=600 V/mm and (d) E=1200 V/mm. The
scheme below illustrates the morphology of the PCBM/5CT complexes after different

intensities of electric field assisted treatment.
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Figure 6. AFM images of P3HT/PCBM/5CT (1:1:0.06) blend films on the ITO

substrate covered by a PEDOT:PSS layer at different conditions: (a) solvent slow
drying and (b) in the presence of electric field E=600 V/mm. The aggregates

contribute to the complexes composing of PCBM and 5CT.
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Figure 7. (a) Out-of-plane and (b) in-plane GIXRD profiles for
P3HT/PCBM/5CT(1:1:0.06) films spin-cast onto an ITO substrate covered by a
PEDOT:PSS layer prepared under electric field assisted treatment at different
intensities of 0, 300, 600 and 1200 V/mm. (c¢) Schematic representation of the P3HT

chains adopting an edge-on orientation.

34



Page 35 of 39

Physical Chemistry Chemical Physics

0.6

% B
0.4 (d) | %
|

1

uy ldeg)

ay (deg)
w tdeg)

0.8

0.6

0.4

0.2

o (deg)
o (deg)
wy (deg)

0.0

g (deg)

0o

-0.2

-0.4

-0.6

2¢; (deg) 28 {deg)

Figure 8. Two-dimensional GISAXS images of the P3HT/PCBM/5CT films at
different weight fraction (a) 0 wt%, (b) 3 wt%, (c) 6 wt% and (d) 10 wt% of 5CT, and
the P3BHT/PCBM/5CT films containing 6 wt% SCT after treating by electric field of
different intensities of (e) 0, (f) 300, (g) 600 and (h) 1200 V/mm, respectively.
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Figure 9. Selected GISAXS profiles measured for the P3HT/PCBM/5CT films at

different weight fraction of SCT and the films at 5CT content of 6 wt% after treating
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Figure 10. J/V characteristics of P3HT/PCBM/5CT (1:1:0.06) blend after treating by

electric field of different intensities.
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* PCBM
V' P3HT chain
] 5CT

Figure 11. Schematic illustration of the morphology of P3HT/PCBM films before and

after the incorporation of 5CT molecules under the electric field assisted treatment.
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Table 1. Photovoltaic properties of BHJ PSCs based on P3BHT/PCBM/5CT blend

films without or with electric field assisted treatment at different intensities, and the

corresponding hole and electron mobilities determined by SCLC model.

E o V, FF pcg lole  Electron

P3HT/PCBM/5CT Vimm @A) V%) (%) (g;)zljl\l;‘tz)b (2;2131\1;2/)(:

10 0 7.68 0581 528 24 1.17x10*  2.39x10™
600 789  0.569 549 2.5 - -

111:0.03 0 826 0578 555 2.7 1.66x10"  4.02x10™
600 847 059 622 3.1 - -

0 8.68  0.608 525 2.8 251x10" 4.63x10™

110,06 300 9.48  0.614 53.8 3.1 2.64x10" 5.35x10™

600 9.87  0.621 56.6 3.5 291x10* 7.61x10™

1200 798  0.604 524 25 1.66x10" 1.54x10™

. 7.40 0584 498 22 3.43x10°  1.26x10”
600 8.59  0.605 464 24 - -

* The intensity of electric field

® The ITO/PEDOT:PSS/P3HT:PCBM:5CT/MoO5/Ag

mobility measurement

device configuration using for the hole

¢ The ITO/ZnO/P3HT:PCBM:5CT/LiF/Al device configuration using for the electron mobility

measurement
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