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ABSTRACT: A face-on oriented thin film of poly(3-hexylthiophene) (P3HT) is suitable

for an organic semiconductor layer in a photovoltaic device, and thus analysis of the

film structure in terms of molecular orientation is crucial. Although the face-on film

often has a poor crystallinity, diffraction techniques have long been employed for the

structural analysis, and only very minor crystal parts have been discussed. In our

previous study, P3HT was revealed to have a uniquely oriented structure even in an

amorphous film by using p-polarized multiple-angle incidence resolution spectrometry

(PMAIRS), which is powerful to analyze the molecular orientation, crystallinity, and the

conjugation length of P3HT. With the best use of the potential of pMAIRS, in the

present study, the controlling mechanism of the molecular orientation of P3HT

correlated with the crystallinity in a spin-coated thin film is revealed. As a result, by

employing a high-spin speed at 8000 rpm, a highly face-on oriented thin film having a

very low crystallinity is obtained, which readily reveals that the face-on component has

a strong correlation with the amorphous aggregates.



INTRODUCTION

Polythiophene is a m-conjugated polymer, which absorbs visible light, and
therefore its derivatives are employed for an active layer in organic photoelectric
devices. Since poly(3-hexylthiophene) (P3HT) having a hexyl chain on each thiophene
ring exhibits the highest device performance as a p-type semiconductor among
poly(3-alkylthiophene)s (P3ATs),'* a thin film of P3HT is often incorporated into
organic field effect transistors® and organic photovoltaic devices.’ By attaching an alkyl
chain to the 3-position of the thiophene ring, the thiophene ring takes a coplanar
structure in the thin film due to the zippering effect between the adjacent alkyl chains,”®
which makes the efficient of electron transfer higher.

P3HT is also known as a semi-crystalline polymer that is composed of crystal

and amorphous components.”! In former studies,'*"?

the ring-parallel (face-on) and the
ring-vertical (edge-on) orientations are found to be generated in the crystal region of the
thin film, in which the molecules are in a lamellar structure. In the amorphous region,
on the other hand, the molecules have long been believed to be nearly random. This
schematic image of the amorphous region was, however, not on an experimental fact,

since an X-ray diffraction (XRD) analysis that needs a crystal has long been used as the

first choice to discuss the film structure.



This analytical limit can be overcome by employing p-polarized multiple-angle

incidence resolution spectrometry (pMAIRS),"*"”

which is a powerful technique to
discuss the molecular structure even in an amorphous region.'™'” P3HT works as a
semiconductor even with a low crystallinity in the film, and the aptitude for an
electronic device strongly depends on the molecular orientation and its
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distribution.

In organic photovoltaic devices, for example, the face-on oriented
thin film is favored, although it exhibits a low crystallinity. Infrared (IR) pMAIRS is
therefore promising for discussing the molecular orientation in a P3HT thin film
particularly with a low crystallinity. In fact, we have recently revealed® that P3HT has a
unique molecular orientation structure in an amorphous film using the pMAIRS
technique: a short-axis of the polythiophene backbone is kept highly oriented parallel to
the substrate surface; whereas the long-axis is nearly disordered, which is totally
different from the conventional image based on XRD analyses.

A key factor to control the molecular arrangement involving the orientation in a
casted film has recently been found to have a strong correlation with the evaporation
‘time’ of a solvent that depends on the volatile character of solvent and the preparation

technique, since the evaporation time directly influences the crystallinity.”**> The

edge-on orientation of P3HT, for instance, is induced when a slowly evaporating solvent



represented by 1,2,4-trichlorobenzene (TCB) is used.”®?’ In contrast, the face-on
oriented film is prepared by using a fast evaporating solvent like chloroform (Chl) with
a high-spin speed (>2000 rpm).”® The correlation between the face-on orientation and
the crystallinity is, however, not fully understood, since the face-on aggregate is
generally regarded as the ‘crystallites,” which is inconsistent with a fact that the face-on
oriented thin film often exhibits low crystallinity.

In the present study, the structure of a P3HT film is controlled by systematically
changing the combination of the solvent and the spin speed, which influences the
crystallinity in the film. Then, the correlation between the molecular orientation and the
crystallinity is discussed on pMAIRS spectra. As a result, a very simple and useful
linear correlation has been revealed: the face-on component increases in the thin film as
the crystallinity decreases. This apparently indicates that the major component of the
face-on orientation is correlated with the ‘amorphous’ portion; whereas the edge-on
orientation is driven by the crystallization of P3HT. In addition, poly(3-butylthiophene)
(P3BT) having a shorter alkyl chain having a lower degree of crystallinity is also
studied, which confirms that the face-on stance is generated in an amorphous region. To
achieve the face-on oriented thin film with high crystallinity, therefore, mechanical

techniques using shear forces such as rubbing and friction-transfer methods are



employed.”°

EXPERIMENTAL METHODS

Sample preparation: Regioregular (regioregularity >95%, M,: 15,000-45,000) P3HT
was purchased from Aldrich (Milwaukee, WI, USA). Regioregular P3BT was obtained
from Alfa Aesar (Ward Hill, MA, USA). They were used without further purification.
Chloroform (Chl) of ACS Spectra Grade (>99.8%) and 1,2,4-trichlorobenzene (TCB)
with a purity of >99% were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
spin-coated (SC) films were prepared on a Si substrate from the Chl and TCB solutions
with a concentration within a range of 5.0-10.0 mg mL", which are denoted as Chl-SC
and TCB-SC films, respectively. The TCB-SC film was spin-coated at 1500 rpm. The
spin coating of the Chl-SC film was carried out at various spin-speeds of 1000, 2000,
4000 and 8000 rpm. Since P3BT has a poor solubility,® on the other hand, the Chl
solution was heated at ca. 70°C for 20 min for complete dissolution, and then the
spin-coated film was prepared with the warm solution. The Si wafer with a thickness of
0.675 = 0.025 mm was provided by Valqua FFT (Tokyo, Japan). To confirm the
reproducibility of the spin-coated films, the film preparation and pMAIRS
measurements were both repeated three times for each spin-speed.

IR pMAIRS measurements: IR pMAIRS measurements were carried out on a



Thermo Fischer Scientific (Madison, WI, USA) Nicolet 6700 FT-IR spectrometer
equipped with a Thermo Fischer Scientific (Yokohama, Japan) automatic MAIRS
equipment (TN10-1500). The incident light was polarized to have the p-polarization via
a Harrick (Pleasantville, NY, USA) PWG-U1R wire-grid polarizer, and the transmitted
light through the sample was detected by a MCT detector. The wavenumber resolution
was 4 cm™. The optimal angles of incidence that are from 9° to 44° by 5° steps'® were
employed, and the interferogram was accumulated 1000 times for each angle of
incidence.

pMAIRS spectra provide the orientation angle, ¢, of a transition moment
averaged on a wide area of the thin film of ca. 2 cm?, which is simply calculated by
using the dichroic ratio of IP (in-plane) to OP (out-of-plane) spectra (A;p/Aop) as

follows:>!

¢ =tan~! |2 (1)

where ¢ is the angle from the surface normal. In the present study, the analytical error

of ¢ due to the spectral noise is less than +1°.**



UV-vis measurements:  UV-vis spectra were measured on a Jasco (Tokyo, Japan)
V-630 UV-vis spectrometer. The samples were Chl-SC and TCB-SC films prepared on a
CaF, substrate with a size of 40 x 20 mm-. The substrate was purchased from Pier
Optics (Gunma, Japan).

GIXD measurements: Grazing incidence X-ray diffraction (GIXD) analysis was
performed on a RIGAKU (Tokyo, Japan) SuperLab diffractometer with a Cu rotating
anode X-ray generator. The incident light was Cu-Ko radiation (4 = 0.15418 nm)
generated at 40 kV and 30 mA. The angle between the incidental X-ray and the
substrate was fixed at 0.20°. The diffraction patterns with the in-plane (IP) and
out-of-plane (OP) geometries were measured with a scan speed of 1° min™' by 0.01°

steps.

RESULTS AND DISCUSSION

Molecular orientation of P3HT in a spin-coated thin film: Figure 1 presents
pPMAIRS spectra of P3HT thin films prepared as a function of the solvent evaporation
time, which can be controlled by changing the combination of the solvent and the film

preparation method. Since both Chl and SC have a fast solvent-evaporation character,



for example, the combination of Chl-SC gives a very short evaporation time.** In this
paper, the films are systematically named as Chl-SC-X (X; spin-speed). Since the TCB
needs a long evaporation time to have a dried film due to the low-volatile
character,”****? the spin speed is fixed at 1500 rpm for the TCB-SC series. Since the
evaporation time of the Chl-SC film, on the other hand, is a relatively short, the time
can be controlled by changing the spin speed, X. For example, the Chl-SC-8000 film has

the shortest evaporation time in our P3HT films (Figure 1e).
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Figure 1 Representative pMAIRS spectra of P3HT thin films prepared as a function of
solvent and spin-speed: (a) TCB-SC, (b) Chl-SC-1000, (c¢) Chl-SC-2000, (d)
Chl-SC-4000, and (e) ChI-SC-8000 films. The red and blue lines correspond to IP and
OP spectra, respectively.

8,27

In our previous studies,™’ two bands at ca. 1510 cm™ and ca. 820 cm™, which

are assigned to the ring anti-symmetric stretching vibration (v(C=C)) and the C-H
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out-of-plane deformation vibration (y(C—H)) modes of the thiophene ring, respectively,
are found to be orientation-sensitive marker bands of P3HT. The transition moment of
the v(C=C) mode is parallel to the polymer chain; while the y(C—H) mode has a
perpendicular transition moment to the thiophene ring. In the case of the face-on
orientation, therefore, the v(C=C) band in the IP spectrum is larger than that in the OP
spectrum; while the y(C—H) band appears dominantly in the OP spectrum. The edge-on
oriented film, on the other hand, exhibits larger IP bands for both v(C=C) and y(C-H)
modes than OP bands.

Considering this surface-selection rule, the TCB-SC film (Figure 1la) is
categorized into the edge-on orientation; whereas the Chl-SC films (Figure 1b-e) are
found to have the face-on orientation.**” In addition, the band intensity ratio of the y(C—
H) mode in the IP spectrum to that in the OP spectrum becomes larger as the spin speed
is made lower. In this manner, the molecular orientation looks correlated with the
evaporation time through the control of the combination of solvent and spin speed. The
solvent evaporation time is thus a key parameter for controlling the molecular
orientation of P3HT.?® This trend will readily be quantitatively confirmed as follows.

To quantitatively discuss the IR results mentioned above, the orientation angle of

the thiophene ring is calculated. Details of the calculation are referred to literature.®
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Figure 2 shows the orientation angle of the y(C—H) mode from the surface normal,
¢c_u, as a function of the spin speed. This angle can be interpreted as the tilt angle of
the thiophene ring to the substrate surface.® Therefore, if the P3HT molecule takes the
ideal face-on orientation in the film, ¢-_yg = 0° would be yielded; while ¢c_y = 90°

would be yielded for the ideal edge-on orientation.
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Figure 2 Plot of the orientation angle, ¢._y, against spin-speed. Three films are

measured for each spin-speed to check the reproducibility.

As presented in Figure 2, the decay curve of the correlation of ¢_y with the

spin speed indicates a monotonous decrease as the spin speed becomes higher. The three

points at each spin speed are of the repeated measurements for checking the

reproducibility. The decreasing trend can be interpreted that the face-on orientation

component is increased when the solvent evaporation time is made shorter; while the
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slow-evaporation enhances the edge-on orientation through the crystallite generation,
which is in good agreement with former studies.'®**

It should be mentioned that the SC-1000 film gives the angle of about 50°
that is closed to a magic angle (54.7°) that corresponds to an isotropic structure.
However, the molecules in the film are not randomly orientated, but they have

c—g = 507 . If the film is isotropic, ‘all the IP bands’ must quantitatively be

overlapped on the OP bands.**""

As a matter of fact, however, the pMAIRS spectra have
a large dichroic ratio as found for the v(C=C) band (Figure 1b), meaning that the
polymer-chain (long-axis) is highly ordered, since this band reflects the orientation of
the long axis of the polymer-chain. In this way, pMAIRS can also be used for
discriminating an isotropic structure from an oriented sample having the magic angle of
54.7°, which is another advantage as compared to other analytical techniques such as
NEXAFS.

Of note is that the ChI-SC-8000 film exhibits an apparently better face-on
orientation (¢c_y =~ 29°) than the conventionally known Chl-SC-4000 (33°) and
Chl-SC-2000 (37°) films, which is the first report to our knowledge.

In addition, the “variance” of the three points becomes smaller systematically for

a higher spin speed, i.e., the variance at 8000 rpm is smaller than those at 1000 and
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2000 rpm (Figure 2). This implies that the high spin-speed is suitable for a good
reproducibility of the film preparation, and a homogeneous film structure.

Relationship between molecular orientation and crystallinity: Since the evaporation
time should directly be correlated with the crystallinity of the film, the crystallinity of
the P3HT film is discussed in detail. For this purpose, the y(C—H) band of an aromatic

24,33-36 For

ring is useful, since the band position responds to the molecular packing.
example, the band of a P3HT “crystal’ appears at 816 cm™, while the band at 832 cm™ is
attributed to the liquid, and the two band positions are thus the extreme limits of this
band region (see the upper axis of Figure 3).** In fact, regiorandom (RRa-) P3HT
known as an amorphous polymer exhibits the band at a high-wavenumber position of
827 cm™,>” which is relatively close to the limit of the liquid as compared to that of the
crystal. The bulk solid of regioregular (RR-) P3HT used in this study, on the other hand,
gives the lower-wavenumber shift by 6 cm™ (821 cm™; spectrum not shown), which

suggests that RR-P3HT has a higher crystallinity than RRa-P3HT. On this measure, the

band position in the ‘IP’ spectrum of the P3HT thin film is discussed as follows.
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Figure 3 The orientation angle, ¢._y, as a function of the “apparent” wavenumber
position of the y(C—H) band in the IP spectrum. The orientation angle is calculated by

using apparent band intensities without band separation.

As found in Figure le, the Chl-SC-8000 film has the y(C—H) band at a
high-wavenumber position (826 cm™) that is close to the position of RRa-P3HT (827
cm™), which implies that the film is nearly amorphous. The IP band of the TCB-SC film,
on the other hand, exhibits a band shift to a lower position (820 cm™, Figure 1a) than
that of the Chl-SC film (826-822 cm™) and the bulk solid (821 cm™). This indicates that
the TCB-SC film has a higher crystallinity than that of the Chl-SC film, and even higher
than the bulk solid to our surprise. According to Yuan et al.,** the band position of 820
cm™ corresponds to the form I structure that generally appears in the spin-coated film.
In fact, the orientation angle of the TCB-SC film (61°; Figure 3) agrees with the value
(64 + 5°)* expected from the form-I structure. This apparent correlation implies that a

high crystallinity has a strong correlation with (or it is an origin of) the edge-on
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orientation of P3HT.

In fact, Figure 3 also shows, on the contrary, that the face-on orientation is
generated when the crystallinity is low: the Chl-SC-8000 film has the best face-on
orientation, and at the same time it has the poorest crystallinity judging from the
position of the y(C—H) band. This trend is confirmed by the UV-visible spectrum
(Figure 4) indicating that the Chl-SC-8000 film has no shoulder band at 610 nm that is a
useful marker band of a crystallized component.>*”**** This is consistent with a fact
that the band is generated by the intermolecular exciton.* In addition, the spectrum
does not show any vibronic structure when comparing to that of the TCB-SC film,
which means that the polymer chain should have a disordered conformation in the thin
film.”*** According to our previous study,® in fact, the polymer-chain is nearly
disordered in a face-on oriented thin film of P3ATs involving P3HT; while the edge-on
one has a highly ordered polymer-chain. The face-on orientation, in this manner, proved

to be generated mainly in the amorphous region.
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Figure 4 UV-visible spectra of the Chl-SC-8000 and the TCB-SC films
prepared on a CaF; substrate.

To confirm this expectation, the band positions in the IP spectra are correlated to
the orientation angles, ¢¢c_y, for all the samples as found in Figure 3, which shows a
simple linear correlation: ¢¢c_y decreases with increasing the wavenumber of y(C-H).
As discussed in the previous section, a smaller orientation angle of ¢c_y corresponds
to an increase of the face-on portion. Since the wavenumber has a negative correlation
with the crystallinity,”’ this linear relation means that the face-on component in the film
simply increases as the crystallinity decreases. In short, the face-on orientation is mainly
generated in the amorphous region; whereas the edge-on orientation is induced by the
crystallization of P3HT in the thin film. In other words, the face-on oriented thin film is
composed of the face-on amorphous aggregates rather than the crystallites. In this
manner, the y(C—H) band appeared in an IP spectrum is found a very useful index to
discuss the crystallinity of P3HT correlated with the orientation in a thin film.

On the other hand, the apparent position of the y(C—H) band in the ‘OP’
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spectrum stays at about 826 cm’ irrespective of the evaporation time as shown in

Figure 1. Since no Berreman effect>*°

is expected in this region, the difference of the
band positions in the IP and OP spectra should simply be attributed to a difference of
crystallinity. A significant shift between the IP and OP bands (826 and 820 cm’,
respectively) is found for the TCB-SC film (Figure 1a) that is “categorized” into the
edge-on orientation. The film, however, involves a portion of the face-on orientation as
well as the edge-on one. On referring a fact that the form-I of P3HT yields the band at
820 cm™, the y(C—H) band at 826 cm™ should be an “apparent” position as a result of
superposition of the two bands of the amorphous and the form-I components at 827 and
820 cm™, respectively. As a result, the TCB-SC film should comprise both face-on and
edge-on portions, and the edge-on portion would not give almost y(C—H) band for the
OP spectrum; instead the face-on portion mainly contributes to the OP one. In this
manner, the reason why the y(C—H) band appears at a fixed position of 826 cm™ in the
OP spectrum has been understood.

In this sense, the Chl-SC-8000 film (Figure le) can be concluded to mostly
consist of the face-on component only, since both IP and OP spectra have a common
position of the y(C—H) band (826 cm™).

Effect of thermal treatment of solution on the film structure: The fact that the
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face-on orientation of P3HT is generated in the amorphous region reminds us of another
case of P3BT having a shorter side chain of the butyl group. Since P3BT has a relatively
weak zippering effect due to the short alkyl chain,’ a P3BT film would be far from the
crystal, which should prefer the face-on orientation. As a matter of fact, however, the
molecular aggregation of P3BT in a ‘film’ is fairly strong, as found in the poor
solubility in Chl due to the too short alkyl chain to have a good affinity with Chl. The
poor solubility implies that the molecular ‘aggregation’ of P3BT is strong even in the
Chl ‘solution.’ In fact, P3BT is known to take the edge-on orientation in a thin film even
when employing a high-spin speed,® which should be attributed to the high crystallinity
of the film due to the self-aggregation property of P3BT in the solution, which is readily

confirmed by measuring UV-vis spectra as shown in Figure 5.

'a/
P Y

RT-P3BT HT-P3B

@
Q
(=
©
8
§ HT-P3BT
2 |(a) Solution B RT-P3BT
°
@
N
E l
E
S
2
HT-P3BT RT-P3BT
(b) Film ‘ .
400 500 600 700 800

Wavelength / nm

Figure 5 UV-visible spectra of RT-P3BT and HT-P3BT (a) in a Chl solution, and (b) in

a thin film deposited on a CaF, substrate. Insets show pictures of the Chl solution.
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The two blue spectra in Figure 5 apparently indicate that the crystallite-marker
band at 610 nm is clearly observed for both solution (Figure 5a) and film (Figure 5b).
The edge-on orientation is thus attributed to the molecular aggregation correlated with
the poor solubility at ambient temperature. If the molecular aggregates could readily be
dissolved in a solvent, the face-on film would be obtained as done for P3HT.
Fortunately, the P3BT aggregates in the solution are readily disaggregated only by
heating the Chl solution (see inset in Figure 5), which is confirmed by the UV-vis
spectra (red spectrum in Figure 5a) that the crystallite-marker band at around 610 nm is
lost. To reveal the effect of the thermal treatment of a solution on the molecular
orientation, in this section, the P3BT film prepared by using the warm solution (denoted
as high-temperature (HT-) P3BT) is compared to that prepared from the solution
without the thermal treatment (room temperature (RT-) P3BT).

Figure 5b presents UV-vis spectra of the RT- and HT-P3BT films. The spectra
show, as expected, that the HT-P3BT film has only an extremely weak intermolecular
interaction as found from the fact that the shoulder band at 610 nm does not appear.
This result is supported by the XRD patterns: the IP diffraction pattern of the RT-P3BT
film clearly indicates the 100 peak at 20 = 7.2°  due to the form-I structure®’ (Figure

6a); whereas the HT-P3BT film has no diffraction peaks (Figure 6b). The HT-P3BT film

20



is thus found to be amorphous. In this situation, formation of the face-on oriented thin

film is expected, which is readily confirmed from the pMAIRS spectra as follows.

— P
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. (b) HT-P3BT
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Two theta/degrees

Figure 6 GIXD patterns of (a) RT- and (b) HT-P3BT thin films. The red and

blue lines are measured with IP and OP geometries, respectively.

The pMAIRS spectra (Figure 7) show an obvious difference of orientation
between the two films: the RT- and HT-P3BT films are categorized into the edge-on and
face-on films, respectively, judging from the y(C—H) band. Note that the band position
of RT-P3BT (825 cm™; Figure 7a) corresponds to the glassy crystal;”> while the
high-wavenumber position of HT-P3BT (830 cm™; Figure 7b) are nearly identical to the

value (832 cm™) of the amorphous state,™ which agrees with the XRD results.
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Figure 7 pMAIRS spectra of (a) RT-P3BT and (b) HT-P3BT thin films. The red and

blue lines correspond to IP and OP spectra, respectively.

In addition, the dichroic ratio of the v(C=C) band between IP and OP spectra is
also interesting: the RT-P3BT has a significantly large dichroic ratio; while the
HT-P3BT film has a ratio of unity. Since this band responds to the orientation of the
long-axis (i.e., the polymer main-chain),® the long-axis of HT-P3BT is revealed to be
disordered, although the y(C—-H) band is highly oriented: only the short-axis of
polythiophene chain is highly kept parallel to the substrate.® This unique schematic is a
characteristic of the face-on orientation in an amorphous film. Therefore, as expected,
the face-on orientation of P3BT can readily be obtained by a warmed solution, in which
the molecules are disaggregated.

Of another note is that the pMAIRS-IP spectrum (Figure 7) gives the band shift
of the v(C=C) band, whose band position is sensitive to the conjugation length of a

thiophene unit: the wavenumber has a negative correlation with the conjugation
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length.* As can be seen in Figure 7, the RT- and HT-P3BT films have the different band
positions of 1508 and 1512 cm™, respectively, which should correspond to the shorter
conjugation length of the HT-P3BT film than the RT-P3BT film. The relative short

conjugation length is consistent with the low crystallinity in the HT-P3BT film.

SUMMARY: The controlling mechanism of the molecular orientation of P3AT in a thin
film has been revealed by using the pMAIRS technique. The pMAIRS spectra give
chemical information of both molecular orientation and crystallinity from the intensity
and position of the y(C—H) band of a thiophene ring, respectively. As a result, the
orientation angle obtained from the pMAIRS intensity ratio is found to have a linear
correlation with the band position. The linear correlation has readily revealed that the
edge-on orientation is induced by crystallization of P3AT; whereas the face-on
orientation is mainly generated from the amorphous region. This comprehensive
understanding is true of P3BT. By using a warm solution, P3BT is readily made to take
the face-on stance in an amorphous thin film. As a conclusion, the face-on orientation is
not driven by forming a lamellar structure, and it is rather induced by an amorphous

aggregate.
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