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ABSTRACT

The authors investigate the influence of molecular orientation of p-type molecules of

alpha-sexithiophene (a-6T) and n-type molecules of 3,4,9,10-perylene tetracarboxylic

bisbenzimidazole (PTCBI) on organic solar cell (OSC) performance. Deposition of

o-6T and subsequently PTCBI on an o-6T buffer surface rubbed with a nylon cloth

allows their horizontal orientations to be formed in separate layers. Power conversion

efficiency and operation stability of a rubbed OSC are markedly improved when

compared with an unrubbed OSC. The improved OSC performance is confirmed to be



due to increases in light absorption, exciton diffusion length, energy difference between

the p-type and n-type layers, and carrier collection by electrodes, which are caused by

the rubbing-induced double horizontal orientations.
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Highlights

» Influence of molecular orientation on organic solar cell performance is investigated.
» A rubbing technique induces double horizontal orientations of a-6T and PTCBI.
» The horizontal orientations enhance efficiency and operation stability of the cell.

» The improved cell performance is discussed in terms of molecular orientation.
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1. Introduction

Performance of organic (opto)electronic devices, such as organic light-emitting

diodes (OLED), organic solar cells (OSC), and organic thin-film transistors (OTFT), has

rapidly progressed through synthesis of new organic materials, exploration of new

device architectures, and elucidation of device working mechanisms. In addition,

considerable effort has recently been devoted to control molecular orientation to achieve

higher device performance. It is known that for OTFTs a vertical orientation of

molecules with their molecular axes stacked parallel to each other on a substrate surface

enhances carrier mobility in the stacking direction due to enhanced 7 coupling between

neighboring molecules [1,2]. For standard OLEDs and OSCs where a current flow takes

place normal to the substrate plane, a horizontal orientation of molecules with respect to

the substrate plane is more desirable for a current flow than the vertical orientation [3,4].

The horizontal orientation increases light out-coupling efficiency of OLEDs [5] and

light-harvesting efficiency of OSCs [6] due to alignment of molecular electronic

transition moments parallel to the substrate plane. Moreover it is known that ionization

potential energy (IP) and electron affinity (EA) of organic films are dependent by

several hundred meV upon molecular orientation [7-10], indicating that a charge

injection barrier at metal/organic and organic/organic heterojunction interfaces as well



as an energy difference between a highest occupied molecular orbital (HOMO) level of

a p-type material and a lowest unoccupied molecular orbital (LUMO) level of an n-type

material, which is correlated to open-circuit voltage of OSCs [11], are controllable by

molecular orientation. We have recently demonstrated that a rubbing-induced horizontal

orientation of alpha-sexithiophene (o-6T) markedly reduces a driving voltage of

OLEDs due to a reduced hole injection barrier [10,12]. Thus, the appropriately

controlled molecular orientation is very advantageous to improve device performance.

Deposition of an organic film on a specific surface (e.g., a KCI single-crystal

surface [3], a copper iodide (Cul)-coated substrate surface [13], an oriented molecular

surface [4], and a periodic groove surface [14]) has been used to control molecular

orientation. Besides, quasi-homoepitaxial growth of organic molecules on a surface,

where the same or different kind of molecule is pre-oriented by a rubbing technique, is

also possible to obtain a horizontal orientation of organic molecules [6,15-17]. Unique

OLED and OSC characteristics have been realized by using the oriented molecular films.

For examples, Videlot et al. fabricated Schottky cells based on octithiophene (8T) and

showed a substantial increase in photocurrent by aligning 8T molecules horizontally and

parallel to each other on a substrate by means of a rubbing technique [6]. Era et al. used



quasi-homoepitaxial growth of p-sexiphenyl (6P) on a rubbed 6P surface to obtain an

uniaxially and horizontally oriented 6P film, resulting in polarized electroluminescence

observed from the oriented 6P film although performance of a rubbed OLED was the

same as that of an unrubbed OLED [16]. Yanagi et al. constructed OLEDs by depositing

6P and additional layers on a KCI (001) surface and transferring the multilayer structure

to an indium tin oxide (ITO)-coated substrate [3]. A horizontal orientation of 6P,

deposited at a lower temperature, resulted in a lower drive voltage than a vertical

orientation. Tanaka et al. obtained uniaxially and horizontally oriented PTCBI by

depositing PTCBI on a rubbed PTCBI surface. They used the oriented PTCBI film to

fabricate an image sensor that works under polarized light irradiation by utilizing a

difference in photocurrent [17]. Chen et al. found that copper phthalocianine (CuPc)

molecules were horizontally oriented on a Cul surface although CuPc molecules were

vertically oriented on a bare glass substrate [13]. OSC performance was higher when

using the horizontally oriented CuPc than the vertically oriented CuPc. Moreover

Yokoyama et al. demonstrated that planar-shaped long organic molecules in

vacuum-deposited amorphous films were horizontally oriented by themselves without

any influence of substrate surfaces [18], enabling higher-performance OSCs to be

realized [19]. However in the above-mentioned reports, horizontally oriented molecules



were formed in a single organic layer, so that the enhancing effect of the single

horizontal orientation on the device performance is limiting. If both p-type and n-type

molecules can be horizontally oriented in each layer of a multilayer structure

simultaneously, OSC performance will be further enhanced because the enhancing

effect caused by two kinds of horizontal orientation in the separate p-type and n-type

layers becomes doubled when compared with the case of the single horizontal

orientation.

In this study we show results of OSCs where both p-type molecules of a-6T and

n-type molecules of 3,4,9,10-perylene tetracarboxylic bisbenzimidazole (PTCBI) are

horizontally oriented in separate layers by growing o-6T quasi-homoepitaxially and

subsequently PTCBI quasi-heteroepitaxially on an o-6T buffer layer that is

mechanically rubbed with a nylon cloth. We obtain about three times improvement of

power conversion efficiency (7) by using the rubbing technique. To investigate reasons

for the improved 7, we analyze the o-6T and PTCBI films with ultraviolet/visible

(UV-VIS) absorption spectroscopy, atomic force microscopy (AFM), a

photoluminescence (PL)-quenching technique [20,21], and photoelectron yield

spectroscopy (PYS) and fabricate hole-only o-6T devices and electron-only PTCBI



devices. As the results of the analyses, we find that the improved 7 arises from increases

in absorbance, exciton diffusion length, HOMO-LUMO energy difference, and hole and

electron collection by respective electrodes, which are caused by the double horizontal

orientations of a-6T and PTCBI on the rubbed surface. We believe that the results

obtained in this study are very useful for opening a way to design higher-performance

OSCs and for clarifying working mechanisms of OSCs as well as basic optical,

electronic and electrical characteristics of oriented molecular films.

2. Experimental

2.1. Materials

Figure 1 shows the molecular structures of a-6T and PTCBI, which were used as

model materials for fabrication of OSCs to investigate how their molecular orientations

affect OSC performance. A strong intermolecular interaction between these sorts of flat

molecule lead to efficient quasi-epitaxial growth [6,17]. a-6T (Aldrich) and PTCBI

(Luminescence Technology) were purchased and purified twice with a

temperature-gradient vacuum train sublimation technique prior to deposition. Other

materials of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (Nippon Steel

Chemical), CuPc (Nippon Steel Chemical), MoO3 (Mitsuwa Chemical), Ag (Nilaco),



and Al (Nilaco) were used as purchased because they were already refined grades.

2.2. Substrate cleaning

Fused silica substrates and glass substrates coated with a 150 nm ITO layer
having a sheet resistance of 10 ohms per square (Sanyo Vacuum Industries) were
cleaned by ultrasonication in acetone, followed by ultrasonication in detergent, pure
water, and isopropanol (for 10 min each). The substrates were further cleaned with
UV-ozone treatment (PL21-200, SEN LIGHT) for 30 min. After the treatment, the
cleaned substrates were immediately transferred into a vacuum chamber (E-200, ALS
technology) to thermally deposit organic films on the cleaned substrates under a base

pressure of 10 Pa.

2.3. Vacuum deposition of organic films on rubbed surfaces

The sample preparation scheme is illustrated in (1)-(8) of Fig. 1. The three-step
technique was used to control molecular orientation [6,16,17]. In the first step, a 15 nm
o-6T film was vacuum-deposited on the cleaned fused silica substrate at a deposition
rate of 0.1 nm s™ (see (1) in Fig. 1). After the deposition, the a-6T film was directly

transferred from the vacuum chamber to an adjacent nitrogen-filled glove box



(KK-011-EXTRA, KIYON) (O and H,0 levels were below 1 ppm). In the second step,
the o-6T film was 16 times rubbed in a given direction (uniaxial rubbing) with a 3.5
cm-diameter cylindrical vial wound with a dust-less nylon cloth ((2) and (4) in Fig. 1).
This rubbing number was the optimized value that allowed the most horizontally
oriented a-6T film to be obtained (this result will be published elsewhere). Besides the
above-mentioned standard uniaxial rubbing, the multiaxial rubbing was tested ((3) and
(4) in Fig. 1), i.e., the pre-deposited o-6T film was rubbed 16 times in various directions
in the numerical order shown in (3) of Fig. 1. The angle between the neighboring
multiaxial rubbing directions was 11.25°. The films were uniaxially and multiaxially
rubbed by hand, so that the rubbing condition was not controlled precisely but the
transfer speed and the weight of the vial on the film were roughly 25 cm s and 500 g,
respectively. The rubbed a-6T films were returned to the vacuum chamber. In the third
step, a 50 nm a-6T film was quasi-homoepitaxially grown on the bare fused silica
surface and the uniaxially and multiaxially rubbed o-6T surfaces at a deposition rate of
0.01 nm s' ((5) and (6) in Fig. 1). Then a 30 nm PTCBI film was
quasi-heteroepitaxially grown on top of the above-mentioned 50 nm o-6T films at a
deposition rate of 0.01 nm s™ ((7) and (8) in Fig. 1). The deposition rates and the film

thickness were controlled with a carefully calibrated quartz crystal microbalance. The



substrate temperature during the organic deposition was not controlled (room
temperature) and measured at nearly 14 °C before the organic deposition but this
temperature does not increase significantly under our deposition condition [22]. The
films thus prepared were characterized with UV-VIS absorption spectroscopy (V670,

JASCO) in air.

2.4. Fabrication of solar cells

The stack of a 50 nm a-6T p-type layer and a 30 nm PTCBI n-type layer was
prepared on the bare ITO surface and the ITO surfaces covered with the uniaxially and
multiaxially rubbed a-6T buffer layers with the same preparation condition. Then, a 10
nm BCP exciton-blocking layer [23] and a 100 nm Ag electrode layer were
vacuum-deposited on top of the PTCBI layers to complete the OSCs, whose structures
are shown in (9) and (10) of Fig. 1. The deposition rates were set at 0.1 nm s™* for BCP
and 0.3 nm s™ for Ag. The active device area was 2.125 mm™. The fabricated OSCs
were encapsulated with a glass cap and an UV curing epoxy resin together with a
dessicant sheet to avoid OSC degradation in air. Current density-voltage (J-V)
characteristics of the unrubbed and rubbed OSCs were measured with a

computer-controlled sourcemeter (2400, Keithley) under AML.5 solar illumination at
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100 mW cm? (one sun) from a solar simulator (LHX-500E3, Koken Kogyo).
Monochrome light from a Xe lamp equipped with a monochrometer (SM-25S-1,
Bunkoukeiki) was irradiated to the OSCs to calculate incident photon-to-collected
electron efficiency (IPCE) at various wavelengths from a generated photocurrent and a
monochrome light power measured with a power meter (FieldMaxII-TO and OP-2 UV,

Coherent Inc.).

2.5. Sample preparation for measuring exction diffusion length

The exciton diffusion length L of o-6T and PTCBI was measured with the
PL-quenching technique [20,21]. Films of o-6T and PTCBI with different thickness d
were prepared on the bare fused silica and rubbed surfaces (see the sample structures
(11)-(14) in Fig. 1). The rubbed PTCBI used to prepare these samples was obtained by
depositing a 15 nm PTCBI film on the fused silica substrate at a deposition rate of 0.1
nm s and uniaxially or multiaxialy rubbing this PTCBI film 16 times with the nylon
cloth in the manners similar to (2) and (3) of Fig. 1. Films of PTCBI and CuPc with the
thickness of 5 nm were deposited on top of the above-mentioned a-6T and PTCBI films,
respectively. They were used as exciton-quenching layers because efficient

charge-transfer dissociation occurs at the quenching interfaces of o-6T/PTCBI and
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PTCBI/CuPc as a result of good positional relations of their HOMO and LUMO levels

(see Refs [20,21] and energy-level diagrams shown in Fig. 7). Since radii (Ry) of

Forster-type energy transfer from o-6T to PTCBI and from PTCBI to CuPc are

relatively small (Ro calculation is discussed in Sec. 2.3), the charge-transfer dissociation

of excitons that diffuse and reach the quenching interfaces is much more dominant than

the exciton quenching by long-distance energy transfer. Excitation light of 365 nm

wavelength from an UV LED (ZUV-C30H and ZUV-H20MB, OMRON) was irradiated

to the samples from the substrate side to measure PL spectra of o-6T and PTCBI in the

presence and absence of the quenching layers with a photo-detector (C7473,

Hamamatsu). Details of the PL-quenching technique will be explained later.

2.6. Sample preparation for measuring ionization potential energy and AFM images

The films of a-6T (50 nm) and PTCBI (30 nm) were deposited on the bare ITO

surface and the ITO surfaces covered with the rubbed o-6T buffer films (see (15)-(16)

in Fig. 1). These samples were used to estimate IP of a-6T and PTCBI simultaneously

with PYS (AC-2 Riken Keiki). During the PYS measurement, ITO was grounded to

reduce electrical charging of the organic surfaces. Surface morphology of the 50 nm

o-6T films in the absence of PTCBI was evaluated with AFM (VN-8000, KEYENCE).
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2.7. Fabrication of hole-only and electron-only devices

The hole-only «-6T devices and the electron-only PTCBI devices were
constructed with the same preparation condition described before (the device structures
are shown in (17)-(20) of Fig. 1). The deposition rates were 0.05 nm s™ for MoOj3 and
0.3 nm s for Al. The active device area was 2.125 mm™. To investigate the electrical
characteristics of the oriented a-6T and PTCBI films, dark J-V characteristics of the
devices were measured with the Keithley 2400 sourcemeter after the device

encapsulation.

3. Results and discussion
3.1.Molecular orientation

We already reported the molecular orientation characteristics of the unrubbed and
rubbed a-6T films alone [12,24]. Namely, although as-deposited a-6T molecules are
vertically oriented on the substrate [25,26], we found that the uniaxial rubbing resulted
in a change from vertical to horizontal orientations of o-6T and alignment of its long
molecular axes along the rubbing direction while average o-6T thickness markedly

reduced from 15 to 2-3 nm after the rubbing. Deposition of additional o-6T on the
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uniaxially rubbed a-6T surface is expected to allow horizontally and uniaxially oriented

o-6T molecules to be formed in the overlying film due to a quasi-homoepitaxial growth

effect [6,15-17]. However the horizontally and uniaxially oriented o-6T film does not

effectively absorb light of an electric field vector perpendicular to the a-6T alignment

direction, giving rise to a problem of reduced photon absorption in the direction. To

overcome this problem, we tried to use the multiaxial rubbing to obtain the film where

o-6T is horizontally oriented and orientation directions of each a-6T crystallite are

random in the film plane. It is expected that in-plane randomly oriented o-6T molecules

are obtained in the overlying a-6T film deposited on the multiaxially rubbed surface. To

verify such molecular orientation characteristics, the UV-vis absorption spectra of o-6T

deposited on the unrubbed and rubbed surfaces were measured under unpolarized and

polarized light incidence normal to the substrate plane.

The UV-vis absorption spectra (unpolarization) of the 50 nm a-6T films deposited

on the bare fused silica surface and the uniaxially and multiaxially rubbed o-6T surfaces

(samples (5) and (6) in Fig. 1) are shown in Fig. 2(a). The absorption in this wavelength

range originates from z-7* transition of a-6T having an electronic transition moment

along its long molecular axis [25]. The relatively strong absorption peak at ~360 nm and

14



the weak vibronic side in the 400-600 nm wavelength range can be assigned to

aggregated and unaggregated o-6T molecules, respectively [24,26]. One famous

example for appearance of such a short-wavelength peak is formation of H-aggregates.

The absorbance was increased about twice in the whole wavelength range by depositing

o-6T on the uniaxially and multiaxially rubbed surfaces, indicating that vertically

oriented a-6T is converted into horizontally oriented o-6T to some extent by the

rubbing technique, i.e., the number of horizontally oriented o-6T molecules deposited

on the rubbed surfaces is doubled. Since absorbance of the uniaxially and multiaxially

rubbed a-6T films alone was lower by =1/30 than that of the overlying 50 nm a-6T

films deposited on the rubbed surfaces, the spectra shown in Fig 2(a) reflect the light

absorption by the overlying films more dominantly than by the underlying rubbed films.

Figure 2(b) shows the substrate angle dependence of absorbance of the a-6T

films at 360 nm, which was measured by rotating the substrate under normal incidence

of polarized light. The 0-180° direction shown in this figure corresponds to the uniaxial

rubbing direction and the first rubbing direction of the multiaxial rubbing. The

absorbance of the a-6T film deposited on the bare fused silica surface (sample (5))

showed a completely isotropic angular distribution, indicating that a-6T molecules are

15



completely in-plane random while the vertical orientation is dominant. The absorbance

parallel to the rubbing direction was much larger than that perpendicular in the o-6T

film deposited on the uniaxially rubbed surface (sample (6)), indicating that most of

horizontally oriented a-6T molecules are aligned along the rubbing direction. On the

other hand, since the less angular dependence of the absorbance was observed from the

o-6T film deposited on the multiaxially rubbed surface (sample (6)), a-6T molecules of

this film look almost like in-plane random. The areas of the angle dependence of the

uniaxially and multiaxially rubbed samples were larger than that of the angle

dependence of the unrubbed sample. This observation again suggests that the

quasi-homoepitaxial growth of a-6T on the uniaxially and multiaxially rubbed o-6T

surfaces enables the number of horizontally oriented molecules to be increased.

The PTCBI film (30 nm) was vacuum-deposited on the horizontally oriented

a-6T films to investigate whether the quasi-heteroepitaxial growth of PTCBI molecules

is possible or not. The UV-vis absorption spectra and the substrate angle dependence of

absorbance of the PTCBI samples (7) and (8) (Fig. 1) at 670 nm are shown in Fig. 2(c)

and 2(d), respectively. PTCBI has an electronic transition moment along its long

molecular axis [17]. In the short-wavelength region below 600 nm, a-6T absorption and

16



PTCBI absorption are largely overlapped. There is PTCBI absorption only in the

long-wavelength region over 600 nm. In this region, the absorbance of PTCBI was

increased ~1.5 times by depositing PTCBI on the horizontally oriented a-6T films,

indicating that the horizontal orientation of PTCBI is enhanced due to the

quasi-heteroepitaxial growth effect. The total increase in the absorbance of both a-6T

and PTCBI at 400 nm of the short-wavelength region was a factor of =2, which is

similar to the value obtained from the a-6T films alone because PTCBI absorption is

very weak at 400 nm. The angle dependence of the absorbance at 670 nm, where PTCBI

absorption only is present, showed the characteristics similar to those observed in Fig.

2(b). In other words, PTCBI molecules are in-plane randomly oriented in the unrubbed

sample and the multiaxially rubbed sample, but PTCBI molecules are mostly aligned

along the rubbing direction in the uniaxially rubbed sample. The observed horizontal

orientations of the films of a-6T and PTCBI lead to efficient light absorption, resulting

in an increase in short-circuit current density (Jsc) of OSCs.

It has been reported that the horizontally oriented molecules gradually reduce in a

large thickness region distant from the substrate surface [6]. Also it is probable that our

unitiaxially and multiaxially rubbed samples do not have homogeneous crystallites

17



containing horizontally oriented molecules only, but have heterogeneous crystallites
where the horizontal and vertical orientations still coexist [24]. We would like to
mention that the molecular orientation characteristics discussed in the present study are
the averaged characteristics of the films containing such orientational gradient and

heterogeneous crystallites.

2.2. OSC characteristics

The J-V characteristics of the unrubbed and rubbed OSCs (the OSC structures (9)
and (10) shown in Fig. 1) under the AM1.5 solar irradiation of 100 mW cm are shown
Fig. 3(a). The Voc, Jsc, fill factor (FF), n, series resistance (Rs), and shunt resistance
(Rsy) of the OSCs are summarized in Table 1. The Rs and Rsy are respectively estimated
from the J-V slopes near the Voc and Jsc points. Unrubbed OSCs of various a-6T and
PTCBI thickness were fabricated (glass substrate/ITO (150 nm)/a-6T (20-70
nm)/PTCBI (10-50 nm)/BCP (10 nm)/Ag (100 nm)). As the results, the highest 7 was
obtained when using 50 nm «-6T and 30 nm PTCBI. We thereby chose the optimized

thickness for the OSC fabrication.

We obtained about three times improvement of 7 from ~0.4% to =1.2% in the

18



uniaxially and multiaxially rubbed OSCs when compared with the unrubbed OSC. The
Voc, Jsc, and FF were increased from =0.38 to =0.68 V by =79%, from =1.70 to =2.77
mA cm by ~63%, and from ~0.61 to ~0.65 by ~7%, respectively, by using the uniaxial
and multiaxial rubbing. One of the reasons for the increase in Jsc is the increase in
absorbance of a-6T and PTCBI as discussed before. The other reasons will be discussed
later. Leakage current seems not to increase in the rubbed OSCs because the Rsy is

almost unchanged among all OSCs.

The Jsc of the OSCs was measured by rotating the substrate under polarized solar
light incidence normal to the substrate plane (Fig. 3(b)). After passing the solar light
through a polarizer, the total optical power density of the solar light was reduced to ~1/3
of the initial value (33 mW cm™) and a shape of the solar light spectrum was slightly
shaved below 400 nm due to absorption of the polarizer itself. The substrate angle
dependence of Jsc was consistent with the molecular orientation characteristics after the
rubbing (see Fig. 2(b) and 2(d)), meaning that Jsc measured under the polarized solar
light is strongly dependent upon the molecular orientation. The dichroic ratio of Jsc
measured from the uniaxially rubbed OSC is 2.4, which is an intermediate value

between the absorbance dichroic ratios of the uniaxially rubbed o-6T and PTCBI
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samples (4.3 and 2.2, respectively) but is closer to the latter value because photons

absorbed in PTCBI mainly contribute to photocurrent (see Fig. 3(d)).

It is difficult to allow light of an electric field vector perpendicular to a molecular

alignment axis to be absorbed effectively by an in-plane uniaxially aligned molecular

film. Therefore, we attempted to do the multiaxial rubbing to obtain an in-plane

randomly oriented molecular film that can effectively absorb light in every direction.

This attempt is successful as can be seen from the results shown in Fig. 2. However, the

performances of the uniaxially and multiaxially rubbed OSCs were almost similar

(Table 1), which contradicts our initial expectation. Since our a-6T and PTCBI films

have low absorbance, most of incident photons pass through the films without

absorption. In this case, the increase in light absorption of the 0-180° direction cancels

out the decrease in light absorption of the 90-270° direction in the in-plane uniaxially

aligned molecular films (see Fig. 2(b) and 2(d)). Therefore the reason for the similar

OSC performances is probably that a total light absorption extent by the in-plane

uniaxially aligned molecular films is similar to that by the in-plane randomly oriented

molecular films. We suggest that the in-plane random orientation caused by the

multiaxial rubbing we proposed here will be more useful to enhance future OSC

20



performance than the in-plane uniaxial orientation if in-plane randomly oriented

molecular films, whose thickness is large or absorption coefficient is high enough to

absorb most of incident photons, can be used in OSCs.

The plots of IPCE and Jsc at various wavelengths are shown in Fig. 3(c) and 3(d),

respectively. The Jsc in Fig. 3(d) was calculated from the IPCE and an unpolarized

AML1.5 solar spectrum. The IPCE and Jsc were increased in the whole wavelength

region by the rubbing, in part due to the increase in absorbance of a-6T and PTCBI. The

IPCE in the short-wavelength region was much higher than that in the long-wavelength

region because exciton diffusion length of a-6T is much longer than that of PTCBI (see

Sec 2.3). Despite the higher IPCE in the short-wavelength region, the Jsc in the

long-wavelength region became higher, indicating that photon absorption in PTCBI

contributes to Jsc more predominantly than o-6T because solar light intensity is

stronger at long wavelengths. Moreover we confirmed that the total Jsc estimated from

the integral of Fig. 3(d) almost agreed with Jsc estimated from the J-V curves of Fig.

3(a).

Our OSCs discussed in this study were fabricated using the dust-less nylon cloth
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in the clean nitrogen-filled glove box without exposing them to air. However when the
multiaxially rubbing was done in air, the 7 significantly reduced by ~41% (see Table 1),
probably due to contamination of the films by dusts, oxygen, or water. Thus the rubbing
of the films in the clean condition is a key to improve OSC performance by the rubbing

technique.

The unpolarized AM 1.5 solar light of 100 mW cm™ was continuously irradiated
to the OSCs at an initial optimum operation point to evaluate their time stability of Voc,
Jsc, FF and 7 (Fig. 4(a), 4(b), 4(c) and 4(d), respectively). The continuous solar light
irradiation resulted in a gradual reduction in FF and 7n while Voc and Jsc were not
changed significantly. It is noteworthy that the degradation speeds of the uniaxially and
multiaxially rubbed OSCs are lower than that of the unrubbed OSC, demonstrating the
effectiveness of the rubbing technique for the practical OSC application. The deposition
of a-6T and PTCBI on the rubbed surfaces significantly change not only absorbance but
also various characteristics of the bulk films (see Sec 2.3, 2.5, and 2.6). Although we
still do not know a detailed reason for the improved OSC stability, the changes in the
bulk characteristics is probably related to the OSC stability. We need further

investigation to clarify why the OSC stability is improved by the rubbing technique.
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2.3. Exciton diffusion length

The exciton diffusion length L of organic films can be measured with the
PL-quenching technique [20]. When assuming that an organic film of thickness d has
one quenching interface, at which charge-transfer dissociation of excitons occurs, and

the other is completely non-quenching, the L is expressed by the equation,

PL L[1—exp(-2d /L)] 1)
PL, dil+exp(-2d/L)]’

where PL; and PL, are PL intensity in the presence and absence of a quenching

interface, respectively. The PL;/PL; ratio is measured as a function of d. Then, by fitting

a PL1/PL; vs d plot with the equation, one can estimate L.

The PL-quenching characteristics of the unrubbed and rubbed a-6T samples (11)

and (12) (Fig. 1) were evaluated to estimate their L. The o-6T films show three PL

peaks at ~550, ~590, and ~640 nm, where a PL peak from PTCBI is not present. The PL

intensity of a-6T was reduced by depositing the PTCBI exciton quencher on the o-6T

films. The PL intensity in the presence of PTCBI (PL;) was divided by that in the

absence of PTCBI (PL;) to calculate the PL;/PL; ratios at various a-6T thickness d (Fig.

5(a)). The smaller PL1/PL, ratios observed from the rubbed samples than the unrubbed
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sample indicates that excitons generated in horizontally oriented a-6T is more strongly

quenched by PTCBI than in vertically oriented a-6T due to longer L normal to the

substrate. Fitting the experimental PL3/PL,-d plots (symbols) with the equation (1)

(solid curves) yields L=13.9+0.7 nm for the unrubbed sample, L=18.8+2.0 nm for the

multiaxially rubbed film, and L=20.1+1.7 nm for the multiaxially rubbed sample.

The L of PTCBI was also measured with the same PL-quenching technique ((13)

and (14) in Fig. 1). In this case, CuPc deposited on PTCBI was used as an exciton

quencher. The PL peak of PTCBI was located at ~840 nm. The substrate-normal L is

estimated to be L=2.8+0.3 nm for the unrubbed sample, L=5.5+0.5 nm for the uniaxially

rubbed film, and L=5.3+0.9 nm for the multiaxially rubbed film by the fitting Fig. 5(b)

with the equation. The L estimated from the unrubbed PTCBI sample is consistent with

the previous reports (=3 nm) [20,21]. Note that our PTCBI is a mixture of cis and trans

isomers, which are known to have different crystalline structures, exciton diffusion

length, and OSC characteristics [21].

From the aforementioned PL-quenching results, it is clear that the L of o-6T is

much higher than that of PTCBI, resulting in the higher IPCE in the short-wavelength
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region. Moreover, the substrate-normal L is found to increase ~1.4 times for a-6T and
~1.9 times for PTCBI by the uniaxial and multiaxial rubbing due to the enhanced =
coupling between horizontally oriented molecules. This result indicates that excitons of
horizontaly oriented a-6T and PTCBI effectively reach the donor/acceptor interface,

leading to the increase in Jsc as well.

The equation (1) is valid when excitons that diffuse and reach the donor/acceptor
interfaces are quenched. However, exciton quenching by long-distance energy transfer
from donor to acceptor molecules is also possible to explain the variation of the PL3/PL,
ratios. The Ry of Forster-type energy transfer from a donor molecule to an acceptor
molecule is given by the equation [27],

~9000(In10)x2¢

RG
°  128z°n’N,

[, foe2dz, (@

where «* is the dipole orientation factor that varies between 0 and 4, ¢ is the PL
quantum vyield of a donor, n is the refractive index of a medium, Na is Avogadro's
number, fp(A) is the normalized donor emission spectrum, ga(A) is the acceptor molar
extinction coefficient, and A is the light wavelength. When both donor and acceptor
molecules are horizontally oriented relative to a substrate surface as observed in this

study, the Ry becomes high because the x* and &a increase. Therefore, there is a
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possibility that the smaller PL;/PL, ratios observed from the rubbed samples (Fig. 5(a)
and 5(b)) are not caused by the increase in L but the increase in Ro. To verify this point
we calculated the Ry to be 1.5 nm for the a-6T donor—PTCBI acceptor Forster energy
transfer and 0.9 nm for the PTCBI donor—CuPc acceptor Forster energy transfer when
using x*=4 (a parallel dipole orientation of donor and acceptor molecules), ¢=0.025%
(a-6T donor) and 0.003% (PTCBI donor) [28], n=1.7 (a standard value for organic
films) [29,30], and £,=32690 M cm™ at An»=550 nm (PTCBI acceptor) and 25780
M™ em™ at An=620 nm (CuPc acceptor) [31]. Since the &a used here was estimated
from absorption spectra of the PTCBI and CuPc acceptor films deposited on fused silica
substrates, actual s of the PTCBI and CuPc acceptors deposited on the horizontally
oriented o-6T and PTCBI donor surfaces must be higher than the above-mentioned
values because horizontal orientations of the PTCBI and CuPc acceptor molecules are
induced by the underlying o-6T and PTCBI donor layers. When assuming that the &a of
the PTCBI and CuPc acceptors increases twice due to their horizontal orientations, the
Ro slightly increases from 1.5 to 1.6 nm (a-6T donor—PTCBI acceptor Forster energy
transfer) and from 0.9 to 1.0 nm (PTCBI donor—CuPc acceptor Forster energy transfer).
The ¢a no longer affect the Ry significantly because Eq. (2) includes the sixth-root

expression. In either case, the estimated R, values are overestimated due to the highest
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k% we used here, but are relatively small in comparison with the d variation in Fig. 5(a)
and 5(b), indicating that the Forster-type energy transfer between the donor and acceptor
molecules is not so big problem for the present L calculation using the PL quenching

technique

2.4. Surface morphology

Results of AFM exhibited that grooves were formed and surface roughness was
increased when rubbing the o-6T films although the as-deposited o-6T film had no
groove structure [6,12,24]. After the deposition of the additional 50 nm a-6T film on
these rubbed surfaces, the groove structure became less clearly visible and the surface
roughness became relatively flat (see the AFM images and cross sectional profiles
images in Fig. 6). The surface roughness parameter (R,) is calculated to be 6.1 nm for
the unrubbed a-6T sample, 7.3 nm for the uniaxially rubbed a-6T sample, and 7.4 nm
for the multiaxially rubbed o-6T sample, respectively, from the AFM images.
Bulkheterojunction and nanostructured OSCs have been adopted to induce efficient
charge separation as a result of a larger donor/acceptor interface area [32,33]. We
assume that the o-6T/PTCBI interface area does not affect the improved OSC

performance because the surface roughness is not changed significantly between the
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unrubbed and rubbed samples.

2.5. HOMO and LUMO levels

The photoelectron yield spectra of the stacked samples (15) and (16) (Fig. 1) are

shown in Fig. 7(a). The long mean free path of photoexcited electrons with very low

Kinetic energy in PYS enables detection of photoelectron emission from different two

kinds of molecule at the same time [34], i.e., there are two photoelectron emission

onsets in the spectra. The first and second onsets correspond to photoelectron emission

from o-6T and PTCBI, respectively. The IP was found to increase by ~0.28 eV for o-6T

and by ~0.14 eV for PTCBI. It has been reported that a direction and magnitude of a

surface dipole built into an organic layer depend on molecular orientation and they

strongly affect a molecular electronic structure such as IP and EA [7-10]. Duhm et al.

has shown that a change from vertical to horizontal orientations of o-6T increases its IP

by ~0.4 eV due to the modified surface dipole [9], which agrees with our results.

Therefore, we assume that the increase in IP originates from the horizontal orientations

of a-6T and PTCBI formed in the films. The bigger increase in IP was observed from

the a-6T films than the PTCBI films, probably because more efficient

vertical-to-horizontal orientation conversion occurs in the o-6T films than in the PTCBI
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films as discussed before.

The HOMO and LUMO levels of a-6T and PTCBI, which were estimated from

the IP and absorption onset energy, are depicted in Fig. 7(b). The absorption onset

energies seem to be independent of the molecular orientations (see Fig. 2(a) and 2(c)),

indicating that the widths of band gaps of a-6T and PTCBI are unchanged. Therefore,

the HOMO and LUMO levels downshift spontaneously as shown in Fig. 7(b) due to the

increases in IP. The actual LUMO levels may be located above the estimated LUMO

levels because exciton binding energy is not taken into account for the LUMO

estimation. The difference in the HOMO level of a-6T and the LUMO level of PTCBI

is roughly estimated to be 0.64 eV for the unrubbed sample and 0.78-0.79 eV for the

uniaxially and multiaxially rubbed samples, meaning that the HOMO-LUMO difference

increases by ~0.15 eV. It is well known that Voc is strongly correlated to such

HOMO/LUMO difference although Voc is empirically lower by ~0.3 eV than the

HOMO/LUMO difference [11,35]. Therefore we believe that the increase in Voc

observed from our rubbed OSCs is in part due to the increased HOMO-LUMO

difference.
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2.6. Hole and electron transport

The dark J-V characteristics of the hole-only and electron-only devices are shown

in Fig. 8(a) and 8(b) (see the device structures (17)-(20) in Fig. 1). For the hole-only

devices, MoO3 with high work function (WF) was inserted between o-6T and Al to

facilitate hole injection from top Al because there is no hole injection barrier between

MoO; (WF=5.68 eV [12]) and a-6T (IP=4.96-5.25). For the electron-only devices, Al

was used as an electron-injecting electrode because there is no electron injection barrier

between Al (WF~4.0 eV [36]) and PTCBI (EA=4.32-4.47 eV) as well. The J-V curves

were almost parallel shifted to a higher J in the whole V region by the uniaxial and

multiaxial rubbing. The increases in J =17 times in the hole-only devices and ~100

times in the electron-only devices were obtained, suggesting that hole mobility of o-6T

and electron mobility of PTCBI are increased by the horizontal orientations. The

reduction in Rs observed from the rubbed OSCs (Table 1) is additional proof of the

increased hole and electron mobility. The increased hole and electron mobility enhances

collection of holes and electrons by the electrodes and suppresses carrier recombination

after exciton dissociation, resulting in the increase in FF and Jsc of the rubbed OSCs. It

is noted that the increases in L (sec. 2.3) and J obtained from the rubbed PTCBI samples

are somewhat overestimated in comparison with actual values inside the working OSCs
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because PTCBI was not deposited on the oriented a-6T surface but directly deposited

on the rubbed PTCBI surface.

The absorptivity spectra are easily calculated from the absorption spectra of Fig.

2(c) with a Lambert-Beer law. The absorptivity (1-transmittivity) is directly

proportional to the photon number absorbed in the organic films. The increasing rates of

the absorptivity after the uniaxial and multiaxial rubbing are ~1.52 at 360 nm (where

o-6T absorption is mainly presented) and ~1.44 at 670 nm (where PTCBI absorption

only is presented). On the other hands, the increasing rates of the IPCE (Fig. 3(c)) after

the uniaxial and multiaxial rubbing are ~2.32 at 360 nm and ~1.63 at 670 nm, which are

higher than those of the absorptivity. The difference in the increasing rate between the

absorptivity and the IPCE probably originates from the increases in the L and the carrier

mobility as demonstrated before.

Organic films absorb photons to create molecular excitons. Molecular excitons

that diffuse and reach a heterojunction interface between the p-type and n-type layers

are converted into charge transfer excitons, i.e., electron-hole pairs across the

heterojunction interface. The charge transfer excitons separated by a built-in potential
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become free electrons and holes, which are collected by electrodes and contribute to a

photocurrent. The double horizontal orientations of a-6T and PTCBI demonstrated in

this study improve these light absorption, exciton diffusion, and carrier collection

processes at the same time. Moreover the observed increase in HOMO-LUMO

difference allows Voc to be increased. Therefore we infer that the OSC performance was

improved by the uniaxial and multiaxial rubbing techniques.

3. Conclusions

We investigated the influence of molecular orientation of a-6T and PTCBI on

OSC performance. We realized double horizontal orientations of a-6T and PTCBI by

depositing a-6T and then PTCBI on uniaxially and multiaxially rubbed o-6T buffer

surfaces due to quasi-homoepitaxial and quasi-heteroepitaxial growth effects. We

obtained significant increases in Voc, Jsc, FF, 7, and long-term operation stability in the

OSCs containing the horizontally oriented o-6T and PTCBI molecules. Results of

several analyses of the a-6T and PTCBI films revealed that the horizontal orientations

resulted in increases in absorbance, exciton diffusion length, HOMO/LUMO energy

difference, and hole and electron transport, leading to the improved OSC performance.

These results strongly demonstrate that the horizontal orientations caused by the
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uniaxial and multiaxial rubbing are useful to enhance future OSC performance.
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Table 1.

Voc, Jsc, FF, 77, Rs, and Rgy estimated from Fig. 3(a).

Sample VOC ‘]SC FF n RS RSH
vl [MA cm?] [%] [©Q cm?] [Q cm?]
Unrubbed OSC 0.38+0.01 1.70+0.09 0.61+0.01 0.40£0.02  41.2+47  (2.09+0.54)x10°
Uniaxially rubbed OSC ~ 0.68+0.01  2.80#0.07 0.65x0.02 1.23+0.05 29.2#29  (2.17x0.75)x10°
Multiaxially rubbed OSC ~ 0.68+0.01  2.73+0.15 0.64+0.02 1.18+0.06  26.4+4.7  (1.86+1.07)x10°
Multiaxially rubbed OSC ~ 0.64+0.01  1.70£0.10 0.64+0.01 0.70%0.05  45.9+3.2  (1.63+0.82)x10°

exposed to air
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Figure captions

Fig. 1. Chemical structures of a-6T and PTCBI, sample preparation scheme and sample
structures used in this study. (2) and (3) represent top views of substrates where
arrows with numerals indicate rubbing directions and rubbing orders. For samples
(11)-(14), d of a-6T was varied from 20 to 50 nm and d of PTCBI was varied from
10 to 25 nm.

Fig. 2. UV-vis absorption spectra (unpolarization) of (a) a-6T sample (5) and (6) (Fig.
1) and (c) PTCBI samples (7) and (8) and substrate angle dependence of absorbance
of (b) a-6T samples at 360 nm and (d) PTCBI samples at 670 nm, which were
measured under normal incidence of unpolarized and polarized light to substrates,
respectively.

Fig. 3. (a) J-V characteristics under AM1.5 solar illumination of 100 mW cm, (b)
substrate angle dependence of Jsc, and wavelength dependence of (c) IPCE and (d)
Jsc, which were measured from OSCs (9) and (10) of Fig. 1.

Fig. 4. Time stability of (a) Voc, (b) Jsc, (¢) FF, and (d) » of OSCs (9) and (10) (Fig. 1)

at initial optimum operation point under continuous solar light irradiation.
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Fig. 5. Plots of PL4/PL, ratios of (a) a-6T samples (11) and (12) (Fig. 1) and (b) PTCBI

samples (13) and (14) as function of thickness d. Symbols are experimental data and

solid curves are theoretical fitting used to estimate L.

Fig. 6. AFM images and corresponding cross section profiles of 50 nm o-6T films

deposited on (a) bare ITO substrate and ITO substrates covered with (b) uniaxially

and (c) multiaxially rubbed o-6T films.

Fig. 7. (a) Photoelectron yield spectra of samples (15) and (16) (Fig. 1) and (b)

energy-level diagrams of a-6T and PTCBI, which were measured from

photoelectron onset energy and absorption onset energy. Each straight line in (a) was

obtained with least-squares method.

Fig. 8. Dark J-V characteristics of (a) hole-only a-6T devices (17) and (18) (Fig. 1) and

(b) electron-only PTCBI devices (19) and (20).
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46




81.1
>
E 1.0
g
= —0o0— Unrubbed
s 0.9 —o=—Uniaxially rubbed
< - .= - Multiaxially rubbed
0.8
0o 1 2 3 4 5
Time [h]
1.2
(c)
1.1 —0o— Unrubbed

Normalized FF

—o— Uniaxially rubbed
= +A=+Multiaxially rubbed

1.2
21.1
_._3(.0
o
(O]
N 1.0
= s
£
209 —0— Unrubbed
=—0=Uniaxially rubbed
= 4=+ Multiaxially rubbed
0.8
0 1 2 3 4 5
Time [h]
1.2
(d)
1.1 —o— Unrubbed
~ —o=Uniaxially rubbed
8 = -A= - Multiaxially rubbed
N
©
£
o]
=z

Fig. 4 (two-column figure).

47




C (a) o-6T o Unrubbed (exp.)
B Unrubbed (theory L=13.9 nm)
K o Uniaxially rubbed (exp.)
1.0 Uniaxially rubbed (theory L=18.8 nm)
5 2 Multiaxially rubbed (exp.)
B - = == Multiaxially rubbed (theory L=20.1 nm)
osb P g
0.0l 1 1 1 1
0 10 20 30 40 50 60
Thickness d [nm]
2.0
N (b) PTCBI Unrubbed (exp.)
= Unrubbed (theory L=2.8 nm)
15 o Uniaxially rubbed (exp.)
o Uniaxially rubbed (theory L=5.5 nm)
= 4 Multiaxially rubbed (exp.)
10 - === Multiaxially rubbed (theory L=5.3 nm)
05
OD » L I L I L
0 10 20 30

Thickness d [nm]

Fig. 5 (one-column figure).
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Fig. 6 (one-column figure).
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Fig. 7 (one-column figure).
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Fig. 8 (one-column figure).
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