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ABSTRACT: The nature of main in-plane skeleton Raman
modes (C=C and C—C stretch) of poly(3-hexylthiophene)
(P3HT) in pristine and its blend thin films with [6,6]-phenyl-
Cg;-butyric acid methyl ester (PCBM) is studied by resonant
and nonresonant Raman spectroscopy and Raman simulations.
Under resonant conditions, the ordered phase of P3HT with
respect to its disordered phase is identified by (a) a large shift in
the C=C mode peak position to lower wavenumber
(~21 cm ! shift), (b) a narrower fwhm of the C=C mode
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(~9 cm™ " narrower), (c) alarger intensity of the C—C mode relative to the C=C mode (~56% larger), and (d) a very small Raman
dispersion (~5 cm™ ") of the C=C mode. The behavior of the C=C and C—C modes of the ordered and disordered phases of
P3HT can be explained in terms of different molecular conformations. The C=C mode of P3HT in P3HT:PCBM blend films can
be reproduced by simple superposition of the two peaks observed in different phases of P3HT (ordered and disordered). We
quantify the molecular order of P3HT after blending with PCBM and the subsequent thermal annealing to be 42 4= 5% and 94 £ 5%
in terms of the fraction of ordered P3HT phase, respectively. The increased molecular order of P3HT in blends upon annealing
correlates well with enhanced device performance (Jsc, —4.79 to —8.72 mA/ cm? and PCE, 1.07% to 3.39%). We demonstrate that
Raman spectroscopy (particularly under resonant conditions) is a simple and powerful technique to study molecular order of

conjugated polymers and their blend films.

B INTRODUCTION

Ordering of molecules in semiconducting polymeric materials
can have significant effects on their optoelectronic properties.
For example, thin films of regioregular poly(3-hexylthiophene)
(RR-P3HT) can exhibit a high degree of molecular order (7—m
stacking of molecules).! This high degree of molecular order can
lead to an increase in absorption at longer wavelength and a
dramatic increase in charge carrier mobility as compared to its
disordered form.>* Therefore, understanding of this molecular
order is important to clarify the structure—property relationship
in RR-P3HT thin films and to make use of these thin films as
active layers in various optoelectronic devices. An application
of particular interest is the use of RR-P3HT as the light absorbing
and hole transporting component in solar cells fabricated from
RR-P3HT blended with [6,6]-phenyl Cg; butyric acid methyl
ester (PCBM).>”” In RR-P3HT:PCBM blend films, the order
in packing of RR-P3HT molecules is largely disturbed by PCBM
molecules. Post deposition treatments of these blend films such
as thermal annealing, however, restore the order of RR-P3HT
molecules, leading to an increase in both absorption at longer
wavelength and charge carrier mobility, and thus producing
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a significant increase in power conversion efficiency of the
photovoltaic devices.*

Raman spectroscopy is a simple, widely used technique to
study vibrational modes of molecules. This technique together
with quantum-chemical calculations of Raman modes can pro-
vide an important insight into the fundamental structure—
property relationships of molecular materials."' ~** In particular,
surface-enhanced Raman spectroscopy provides a basis to study
vibrational modes of molecules down to the single molecular
level,"*"> and the development of tip-enhanced Raman spec-
troscopy has the promising potential to map chemical composi-
tions of organic blend films at the nanometer scale.'®'
Furthermore, Raman spectroscopy is a nondestructive technique,
which can be used to monitor the conformational changes of
molecules in situ, for example, during processing treatments such
as annealing or during operation of a device."®”*' Studies of
semiconducting polymeric materials with Raman spectroscopy
are usually performed in nonresonant conditions (i.e., molecules
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are excited by an incident energy lower than their optical band
gaps) to avoid direct electronic excitation, which can produce
strong fluorescence background and therefore may cover weak
Raman signals. Raman spectroscopy in resonant conditions
(ie, when the Raman excitation wavelength is close to the
absorption maximum of molecules), on the other hand, has the
potential of providing deeper insight into the understanding of
molecular structures, for example, by selectively exciting different
phases in blend systems, and associated electron—phonon
coupling.”**®> A weak Raman signal can also be significantly
enhanced by resonant effect, once fluorescence background is
shifted away from the vibrational energy range with properly
chosen excitation energy.zz’2

Raman spectroscopy has been used to study RR-P3HT and
its blend with PCBM (before and after thermal or solvent
annealing) at a specific excitation wavelength.'”**~*” It has been
reported that under nonresonant and preresonant excitation
conditions (e.g,, excitation at 785 and 633 nm), thermal or solvent
annealing of RR-P3HT:PCBM thin films, which increases the
ordering of P3HT molecules, causes a reduction in the full-width-
half-maximum (fwhm) of the P3HT symmetric C=C stretching
mode (~1445 cm ™ ") without any observable changes in its peak
position.”’24 However, under resonant excitation conditions
(e.g., excitation at 514, 488, or 496.5 nm), annealing induces a
significant shift of the peak position of the C=C mode to lower
wavenumber.”>~%” On the other hand, nonannealed RR-P3HT:
PCBM thin films show a shift in the peak position of this
C=C mode to higher wavenumber with increasing excitation
energy.”>~*” Despite these interesting observations, there has
been no fundamental discussion about the effects and thus the
reliability and potential of using Raman spectroscopy as a tool to
distinguish different phases of the molecules.

In this Article, we aim to understand the nature of the C=C
Raman mode of P3HT with a particular focus on its behavior
under different excitation wavelengths (resonant, nonresonant,
and preresonant conditions). For this study, we use disordered
regiorandom P3HT (RRa-P3HT) as a reference material and
compare it to ordered regioregular P3HT (RR-P3HT). In
particular, we compare the C=C Raman mode in RRa-P3HT
and RR-P3HT films to the respective blend films with PCBM
before and after annealing. We find that the C=C mode of
RR-P3HT in RR-P3HT:PCBM films (both nonannealed and
annealed) observed under all excitation wavelengths used (785,
633, 514,488, and 457 nm) can be explained in terms of a simple
superposition of the C=C modes characteristic of the ordered
and disordered phases of P3HT. On the basis of this observation,
we discuss how analysis of the C=C mode can be used as a tool
to quantify the degree of molecular order of P3HT in the blend
films. We also perform Raman simulations to show the correla-
tion between the different behavior of the C=C and C—C modes
in ordered and disordered P3HT phases to their different
molecular conformations. The degree of molecular order of
P3HT in the blend films is well correlated with the performance
of the corresponding solar cells.

M EXPERIMENTAL SECTION

Film Preparation. Regiorandom P3HT (RRa-P3HT) (regioregularity =
1:1 (head-to-head):(head-to-tail) linkages of regioisomers) was purchased
from Aldrich. The weight-average molecular weight (M,,) is ~87 kg/mol.
Regioregular P3HT (RR-P3HT) was synthesized by Merck Chemicals.
The weight-average (M,,) and number-average (M,) molecular weights,

polydispersity index, and regioregularity are 54.2 kg/mol, 23.6 kg/mol,
2.29 and 94.2%, respectively. PCBM was purchased from API Service, Inc.
All of the materials were used as received. For pristine films, 25 mg of each
RRa-P3HT, RR-P3HT, and PCBM were dissolved in 1 mL of chlorobenzene
solvent. The solutions were then spin-coated on glass substrates at 1500 rpm
for 60 s. For blend films, 25 mg of RRa-P3HT (or RR-P3HT) and 25 mg of
PCBM were mixed in chlorobenzene solvent and warmed at ~60 °C (with
stirring) overnight to fully dissolve the materials. The solutions were then spin-
coated on glass substrates at 1500 rpm for 60 s. The films were annealed at
140 °C for 30 min inside a nitrogen glovebox. Thicknesses of the films
are pristine RRa-P3HT ~80 nm, pristine RR-P3HT ~80 nm, pristine PCBM
~50 nm, RRa-P3HT:PCBM ~150 nm, and RR-P3HT:PCBM ~150 nm.
The thicknesses were measured with an atomic force microscope (Ntegra
probe laboratory, NT-MDT).

Absorption Measurements. Absorption spectra were recorded
using a UV—vis spectrophotometer (UV-2550, Shimadzu).

Raman Measurements. Raman spectra were recorded at five
different excitation wavelengths, 785, 633, 514, 488, and 457 nm
(50x objective) with a Renishaw inVia Raman microscope in a back
scattering configuration. The excitation conditions were as follows. At
785 nm, 0.93—1.86 mW and acquisition time of 10—60 s; at 633 nm,
0.1—0.5 mW and acquisition time of 1—10 s; at 514 and 488 nm,
0.01 mW and acquisition time of 10—20 s; at 457 nm, 18 4W and
acquisition time of 20 s. For 514, 488, and 457 nm excitations (resonant
excitations), the laser beam was defocused to a beam diameter of ~8 um
to avoid photodegradation of the samples. The Raman spectra were
background corrected and obtained by averaging the spectra obtained at
three different regions in the sample. The spectra at the different regions
are very similar, demonstrating the reproducibility of the results. The
spectral resolution is ~1 em™

Raman Simulations. Raman spectra of thiophene oligomers
were calculated using density functional theory (DFT) at the B3LYP/
6-31G* level of theory within the Gaussian 09 package.”® The calcula-
tions were done under nonresonant conditions. In each case, the
ground-state geometries of the molecules were first optimized in the
gas phase (in the calculations, the hexyl side chains attached to the
conjugated backbone were replaced by hydrogen atoms) and the Raman
spectra of these optimized structures were then calculated. The effect of
increasing oligomer length on the vibrational modes was investigated
by calculating the Raman spectra of the geometrically optimized
thiophene molecules with unit from 3 to 7. The effect of polymer
backbone planarity on the vibrational modes was investigated by
calculating Raman spectra of the thiophene oligomer of length seven
in both helical and alternative structures with dihedral angles varying
from 0° to 40° (see Figure 6 for the structures). This range of dihedral
angles has been used for oligothiophenes.”® At a fixed dihedral angle
between thiophene units, the geometry of the molecule was reoptimized
prior to calculating its Raman modes. The use of nonsubstituted
oligomers appears to us as a reasonable compromise between the
computational requirements and the need for a reasonable (albeit
imperfect) description for the alkylthiophene polymers.

Device Fabrication and Characterization. Indium tin oxide
(ITO)-coated glasses were used as the substrates. After the ITO-coated
glasses were cleaned with detergent (Mucasol), acetone, and isopropyl
alcohol, ~30 nm thick poly(3,4-ethylenedioxythiophene)-poly(styrene
sulfonate) (PEDOT-PSS, Baytron P TP Al 4083, Bayer AG) layer
was spin coated on top of the substrates. The PEDOT:PSS/ITO coated
glasses were then annealed at 120 °C for 30 min. RRa-P3HT:PCBM and
RR-P3HT:PCBM (both in 1:1 by weight ratio) were dissolved in
chlorobenzene and stirred overnight. The solutions were spin coated
on top of the PEDOT:PSS layer with a thickness of ~120 nm. The films
were then thermal annealed at 150 °C for 20 min. Ca (20 nm)/Al
(80 nm) were then thermally evaporated on top of the films. The power
conversion efficiencies and the corresponding device parameters of
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Figure 1. (a) Optical absorption spectra of RR-P3HT and RRa-P3HT
in thin films and in dilute solutions, respectively. (b) Optical absorption

spectra of RR-P3HT, RRa-P3HT, RR-P3HT:PCBM, RRa-P3HT:
PCBM, and annealed RR-P3HT:PCBM thin films.

the solar cells were measured inside a nitrogen filled chamber at
100 mW/cm? under AM 1.5 conditions.

B RESULTS AND DISCUSSION

Absorption Spectra of Films. Optical absorption spectro-
scopy is first used to identify the ordering of P3HT molecules;
that is, the ordered P3HT shows a significant absorption
shoulder at ~600 nm. By using this technique, we first study
the degree of ordering of P3HT molecules in thin films and
in nonannealed and annealed blend films with PCBM. The
Raman data obtained later are then compared to these absorp-
tion data to better understand the changes in the phase of P3HT
molecules from more disordered to ordered forms and vice versa.
We also use the absorption spectrum of P3HT to determine
the resonant, nonresonant, and preresonant conditions for
Raman measurements.

RRa-P3HT film has been found to be amorphous with no
measurable X-ray diffraction (XRD) peaks.’® By comparing
the absorption spectra of RRa-P3HT and RR-P3HT in dilute
solutions (0.001 wt %), we observed that the absorption features
from the less ordered phase of RR-P3HT in dilute solutions
are very similar to those obtained from amorphous RRa-P3HT
in thin films (Figure 1a). This can be understood from the fact
that in dilute solutions, the RR-P3HT molecules are well
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Figure 2. (a) Raman spectrum of RR-P3HT thin film under 633 nm
excitation. (b) Normalized Raman spectra (C=C and C—C modes) of
RR-P3HT and RRa-P3HT thin films under 633 nm excitation. The raw
spectra are shown in the inset. The intensity of the Raman spectrum of
RRa-P3HT thin film is magnified by 3S times for better visualization. (c)
Normalized Raman spectra (C=C and C—C modes) of RR-P3HT and
RRa-P3HT thin films under 488 nm excitation. The raw spectra (not
magnified) are shown in the inset.

separated from each other without any measurable long-range
order, so that they produce absorption features similar to
disordered RRa-P3HT films. The pristine RR-P3HT film shows
a strong absorption shoulder at ~600 nm, indicating the ordered
phase, which is absent in the RRa-P3HT film (Figure la and b).
The absorption spectra of RRa-P3HT and RR-P3HT films
after thermal annealing are very similar to those before annealing
(see the Supporting Information). After blending with PCBM
molecules, the RRa-P3HT does not show any significant changes
in its thin-film absorption spectrum, while the RR-P3HT shows
noticeable changes in the absorption spectrum with a largely
reduced intensity at ~600 nm due to the increase in disorder in

9836 dx.doi.org/10.1021/ja2013104 |J. Am. Chem. Soc. 2011, 133, 9834-9843



Journal of the American Chemical Society

P3HT chain packing induced by PCBM molecules (Figure 1b).
After annealing the RRa-P3HT:PCBM blend film, again there is
no measurable change in the absorption spectrum (data not
shown), while for the RR-P3HT:PCBM blend film, we observed
a significant increase in the absorption intensity at ~600 nm due
to the restored molecular order of P3HT upon annealing
(Figure 1b).

Raman Spectra of Pristine Films. Figure 2a shows a typical
Raman spectrum of RR-P3HT thin film excited at 633 nm.
There are various Raman modes at 600—1600 cm™':*"** the
main in-plane ring skeleton modes at ~1445 cm™ ' (symmetric
C=C stretch mode) and at ~1381 cm ™' (C—C intraring stretch
mode), the inter-ring C—C stretch mode at ~1208 cm ™, the
C—H bending mode with the C—C inter-ring stretch mode
at~1180 cm™ ', and the C—S—C deformation mode at 728 cm™ .
Among these Raman modes, we focus on the two main
in-plane ring skeleton modes at ~1445 and ~1381 cm™ ', as
they are supposed to be sensitive to sr-electron delocalization
(conjugation length) of P3HT molecules.”>*

Figure 2b and ¢ shows these two Raman modes of pristine
RRa-P3HT and RR-P3HT films under 633 and 488 nm excita-
tion, respectively. Under 633 nm excitation (Figure 2b), the
Raman signal of the C=C mode of RR-P3HT film is much larger
(~60—80 times more) than that of the RRa-P3HT film
(Figure 2b, inset). This is due to the fact that RR-P3HT film
has some absorption at 633 nm, which induces a preresonant
Raman effect leading to an increase in the intensity of the Raman
peaks. In contrast, RRa-P3HT film has almost no absorption
at 633 nm (see Figure la). Figure 2b shows the correspond-
ing normalized Raman spectra of the RR-P3HT and RRa-P3HT
films. The peak position of the C=C mode is shifted to
higher wavenumber from ~1445 cm™' for RR-P3HT film
to ~1450 cm ™" for RRa-P3HT film. Note that there is a large
uncertainty in the peak position (36 cm ") for RRa-P3HT film
due to very small Raman signals of the RRa-P3HT film under
633 nm excitation. The fwhm of this C=C mode for RR-P3HT
film (~24 cm ') is much smaller than that of RRa-P3HT film
(~52 em™ ), reflecting the higher degree of molecular order
of P3HT in RR-P3HT film. On the other hand, the peak position
of the C—C mode (~1381 cm ') is very similar for both
RR-P3HT and RRa-P3HT films, while the intensity of the
C—C mode relative to the C=C mode is ~0.10 & 0.01 and
0.15 £ 0.01 for RRa-P3HT and RR-P3HT films, respectively.
The relative intensities are calculated by integrating the peak
areas of the C—C and C=C modes, and the uncertainty is
estimated by average the Ic_/Ic—c values obtained at various
positions in the sample. For RRa-P3HT film, which has double
peaks at around the position of the C—C mode, we fit the double
peaks with two Lorentzian components and used the integrated
area of the Raman component peak at ~1381 cm ™ to calculate
the intensity of C—C mode for direct comparison.

Under resonant excitation (488 nm) (Figure 2c), at which
both RRa-P3HT and RR-P3HT films show comparable absorption
features, the Raman intensity of the C=C mode of RRa-P3HT
film is significantly enhanced and becomes similar to that of RR-
P3HT film (Figure 2c, inset). This C=C mode of RRa-P3HT
film shows a large shift to higher wavenumber (~20 cm ™) in the
maximum peak position (shifting from ~1450 to ~1470 cm ™ ")
and a much narrower fwhm (~41 vs ~52 cm™ ') as compared to
the case for preresonant excitation. In contrast, there is only a
small shift to higher wavenumber (~4 cm ™) of this peak in RR-
P3HT film (~1449 vs ~1445 cm™ ') with an increased fwhm
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Figure 3. (a) Raman spectra (C=C and C—C modes) of nonannealed
and annealed RR-P3HT:PCBM thin films under 633 nm excitation.
(b) Raman spectra (C=C and C—C modes) of nonannealed and
annealed RR-P3HT:PCBM thin films under 488 nm excitation.

(~32 vs ~24 cm ") when we compare excitation at 488 and
at 633 nm (compare Figure 2c with b). Under 488 nm excitation,
the Raman intensity of the C—C mode (~1380 cm ') relative
to the C=C mode for RR-P3HT film is larger than that of the
RRa-P3HT film (Ic_c/Ic—c ~0.14 =+ 0.01 versus ~0.09 =+
0.01). We notice that the peak position of the C—C mode with
488 nm excitation is similar to that with 633 nm excitation for
both P3HT materials, which implies that the peak position of
C—C mode is insensitive not only to the degree of molecular
order, but also to the excitation wavelength. Annealing of both
RRa-P3HT and RR-P3HT films did not induce any significant
changes in their Raman spectra (data not shown).

Raman Spectra of Blend Films. We will now move on to the
Raman spectra of the RR-P3HT:PCBM blend thin films before
and after thermal annealing measured under preresonant
(633 nm) and resonant (488 nm) excitation conditions. We
note that under 633 nm excitation, the ordered phase of P3HT is
under preresonant or even resonant condition as it has some
absorption at this wavelength (Figure 1a), while the disordered
phase of P3HT is under nonresonant as there is undetectable
absorption at this wavelength (Figure 1a). On the basis of the
Raman spectra of both RR-P3HT (ordered) and RRa-P3HT
(disordered) pristine films with a particular focus on the nature of
the C=C Raman mode, we attempt to understand different
degrees of molecular order of P3HT induced in blend and upon
subsequent thermal annealing.

Figure 3a shows the Raman spectra of RR-P3HT:PCBM blend
film before and after thermal annealing under 633 nm excitation.
We observed the Raman peak of the P3HT C=C mode in the
RR-P3HT:PCBM blend film at the same position (~1445 cm™ ")
as found in the pristine RR-P3HT film (compare with Figure 2b).
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Because this C=C peak position is sensitive to the degree
of molecular order of P3HT (~1445 cm ' for RR-P3HT
and ~1450 cm™ ' for RRa-P3HT), our data tend to indicate that
there already existed some degree of order of P3HT molecules
even in the nonannealed RR-P3HT:PCBM blend film. As the
Raman intensity of the C=C mode measured in more ordered
P3HT is ~60—80 times stronger than that measured in more
disordered P3HT under 633 nm excitation, the Raman signal of
C=C mode measured in the nonannealed blend film will be
dominated by any ordered phases present in this film. This
observation is consistent with the usually observed absorption
feature at ~600 nm (ordered phase) even in the nonannealed
RR-P3HT:PCBM blend films. Using electron diffraction mea-
surements, it was found previously that nonannealed RR-P3HT:
PCBM film exhibits some degree of P3HT crystallinity.*> The
fwhm of RR-P3HT:PCBM blend film under 633 nm excitation
is ~26 cm™ ', which is slightly larger than that of the pristine
RR-P3HT film (~24 cm™ '), implying more disordered P3HT
in the blend film. Note that no Raman modes of PCBM mol-
ecules were observed under 633 nm excitation.

After annealing the RR-P3HT:PCBM blend film, the Raman
intensity of the C=C mode under 633 nm excitation is increased
approximately 3-fold (data not shown), which is well correlated
with stronger absorption at ~600 nm induced by the more
ordered P3HT upon annealing (Figure 1b). The Raman peak of
the C=C mode in the annealed blend film under 633 nm
excitation (Figure 3a) has the same position as that of non-
annealed blend and pristine RR-P3HT films. The fwhm of the
C=C mode in the blend film is reduced by ~3 cm™" (from
26 to 23 cm ') after thermal annealing (Figure 3a), implying
better molecular order of P3HT in the annealed film. Here and
after, the Raman spectra were measured within the homoge-
neous region of the annealed blend films (i.e., away from the
micrometer-sized PCBM aggregates, which are usually present
after thermal annealing).

Under 633 nm excitation, there are no significant changes in
the peak position and fwhm of the C—C mode when RR-P3HT
is blended with PCBM and when the blend film is annealed
(Figure 3a) due to the insensitivity of the peak position and fwhm
of C—C mode to molecular order of P3HT under 633 nm
excitation. On the other hand, the intensity of the C—C mode
relative to the C=C mode is ~0.15 & 0.01 for the nonannealed
RR-P3HT:PCBM film, which is the same as that of the pristine
RR-P3HT film and larger than that of the pristine RRa-P3HT
film. This result can be explained by the preresonant or even
resonant effect of the ordered phase of PAHT (RR-P3HT) under
633 nm excitation, dominating the intensity of the C—C and
C=C modes. There is no considerable effect to the Ic_c/Ic—c
after thermal annealing. For RRa-P3HT, neither blending with
PCBM nor annealing of the blend film leads to any significant
changes in the Raman spectra at 633 nm excitation. Only the
fluorescence background originating from RRa-P3HT is signifi-
cantly changed, with the blends showing a dramatically reduced
fluorescence background induced by blended PCBM molecules.

On the other hand, under resonant excitation (488 nm)
(Figure 3b), the peak position of the C=C mode in the
nonannealed RR-P3HT:PCBM blend film (~1460 cm™ ") lies
between that of the RR-P3HT (~1449 cm ') and the RRa-
P3HT pristine films (~1470 cm™'). This observation indicates
that the P3BHT molecules in the nonannealed RR-P3HT:PCBM
blend film, although being less ordered than that in the pristine
RR-P3HT film, still contain some degree of molecular order as

compared to the largely disordered RRa-P3HT film. The fwhm
of the C=C peak of the nonannealed RR-P3HT:PCBM blend
film is much broader than that under 633 nm excitation
(43 versus 26 cm™ ' (Figure 3b vs a)), indicating the possible
existence of two components.

After annealing the RR-P3HT:PCBM blend film (Figure 3b),
the peak position of C=C mode significantly shifts to lower
wavenumber from ~1460 to ~1449 cm ™" due to a relatively
strong reduction in the high-energy part of this peak. This
reduction also leads to a significant decrease in fwhm of the
C=C mode from 43 to 33 cm™'. Such changes in the peak
position and fwhm of the C=C mode resemble the differences in
C=C peak position and fwhm between ordered and disordered
P3HT phases under resonant conditions, that is, ~1449 cm !
(32 cm™") for ordered RR-P3HT and ~1470 cm ™' (41 cm™')
for disordered RRa-P3HT (Figure 2c), thus directly reflecting
the enhanced degree of molecular order of P3HT in RR-P3HT:
PCBM blend film upon annealing.

Under 488 nm excitation (Figure 3b), the Raman peak
position of the C—C mode in the nonannealed RR-P3HT:
PCBM blend film remains similar to that of the pristine
RR-P3HT film, but with lower intensity relative to the C=C
mode (0.12 £ 0.01 vs 0.14 = 0.01 of pristine RR-P3HT film) and
larger fwhm. The larger fwhm observed may originate from
the possible double Raman C—C peaks appearing in disordered
phase of P3HT, as observed in RRa-P3HT film (Figure 2c).
Upon annealing, the peak position of the C—C mode of the
RR-P3HT:PCBM film does not change much (only ~1 cm™"
shift to higher wavenumber), but its intensity relative to the
C=C mode increases from 0.12 &£ 0.01 to 0.14 £ 0.01 and
its fwhm decreases, resembling the differences in C—C peak
position, the Ic_c/Ic=c ratio, and fwhm between ordered and
disordered P3HT phases under resonant conditions (Figure 2c).
These observations also support the change in phase of P3HT
from more disordered in nonannealed blend films to more
ordered in annealed blend films. For RRa-P3HT, blending with
PCBM molecules or annealing of the RRa-P3HT:PCBM film
does not induce any significant changes in their Raman spectra
under 488 nm excitation (data not shown).

These significantly different characteristics of the main in-
plane ring skeleton Raman modes observed in ordered and
disordered P3HT phases under resonant excitation open a way
to estimate the degree of molecular order of P3HT in blend films
in general. The more ordered P3HT phase can be identified
by (a) a large shift to lower wavenumber in the C=C mode
peak position, (b) a much narrower fwhm of the C=C mode, and
(c) alarger intensity of the C—C mode with respect to the C=C
mode. Using these characteristics, we quantify the degree of
molecular order of P3HT in blend films and the change in this
molecular order induced by thermal annealing,

Table 1 summarizes the peak position and fwhm of the C=C
mode and the intensity of the C—C mode relative to that of
the C=C mode (Ic_c/Ic—c) of the RRa-P3HT, RR-P3HT
films and also nonannealed RR-P3HT:PCBM and annealed RR-
P3HT:PCBM films under excitation of different wavelengths.

Molecular Order of P3HT in the Blend Films. We estimate
the molecular order of the P3HT in the nonannealed and
annealed RR-P3HT:PCBM blend films relative to the limits of
pristine ordered RR-P3HT and disordered RRa-P3HT films.
Figure 4a shows the C=C mode of nonannealed RR-P3HT:
PCBM blend film obtained under 488 nm excitation and a fit
to this C=C peak constructed from the sum of spectra for the
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Table 1. Summary of the Peak Position and fwhm of the C=C Mode and the Relative Intensity of the C—C Mode to the C=C
Mode (I¢_c/Ic—c) for RRa-P3HT, RR-P3HT, RR-P3HT:PCBM, and Annealed RR-P3HT:PCBM Films under Different

Excitation Wavelengths
e RRa-P3HT RR-P3HT RR-P3HT:PCBM annealed RR-P3HT:PCBM
Peak Position and (fwhm) of C=C Mode (cm ™)
785nm 1446 (109) 1446 (32) 1446 (39) 1446 (26)
633nm 1450 (52) 1445 (24) 1445 (26) 1445 (23)
514nm 1465 (39) 1450 (31) 1455 (39) 1449 (32)
488 nm 1470 (41) 1449 (32) 1460 (43) 1449 (33)
457 nm 1474 (43) 1451 (36) 1468 (45) 1449 (37)
Ie c/Ie=c
633 nm ~0.10 ~0.15 ~0.15 ~0.15
514 nm ~0.10 ~0.14 ~0.13 ~0.14
488 nm ~0.09 ~0.14 ~0.12 ~0.14
457 nm ~0.05 ~0.12 ~0.09 ~0.12
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Figure 4. Raman spectra (C=C mode) of (a) nonannealed and (b)
annealed RR-P3HT:PCBM films with the weighted Raman spectra of
RR-P3HT and RRa-P3HT thin films used to fit the experimental spectra
at 488 nm excitation.

C=C mode measured in ordered RR-P3HT and that for the
C=C mode measured in disordered RRa-P3HT films, where the
relative contribution of the two spectra is a fitting parameter. The
composite spectrum obtained in this way produces a very good fit
to the experimental C=C mode of the blend film when the ratio
of contributions from disordered to ordered C=C mode spectra
is 2.32 (calculated by using the integrated area of the C=C
modes), thus indicating that the blend film is dominated by the
disordered phase of P3HT.

To estimate the degree of molecular order of P3HT in RR-
P3HT:PCBM blend films in a more quantitative way, it is
necessary to determine the relative Raman scattering cross-
section of the C=C mode of the ordered and disordered phases
of P3HT under 488 nm excitation. The Raman scattering cross-
section can be written by eq 1:**

Py = PoyoD dz (1)

in which P and Py are the scattered intensity in a given Raman
line and the incident laser intensity with units of photons
per second, 0 is the Raman cross-section with unit of cm?, D is
the number density of scatters (molecules per cubic centimeter),
and dz is the path length of the incident laser in the sample with
unit of cm.

By using the relative values of Py, D, dz, and Pr obtained
(Supporting Information), the relative Raman scattering cross-
section of the C=C mode (Orga.p3t1/Orr.p31r) in RRa-P3HT
(disordered) to RR-P3HT (ordered) films under 488 nm excita-
tion is approximated to be ~1.69. On the basis of this relative
Raman scattering cross-section of the C=C mode of the ordered
and disordered phases, we estimate the degree of molecular order
of P3HT in the nonannealed RR-P3HT:PCBM blend film using
the equation:

Pr(rr-p3HT) % 100

Crjrrpaur (%0) = PR (rRRra-P3HT)

Pr(rrp3uT) +
ORRa-P3HT / ORR-P3HT

(2)

in which Cr/gg p3pr is the degree of order relative to a pristine
RR-P3HT film. Using eq 2 with Pr(rra-p3ur)/Pr(rrP3HT) ~
2.32, we estimate a content of ~42 £ 5% of ordered P3HT
(RR-P3HT phase) in the nonannealed RR-P3HT:PCBM blend
film. The associated error is calculated by averaging the obtained
Cr/rr.p3uT values at various sample positions.

For the annealed RR-P3HT:PCBM film, the Raman spectrum
of the C=C mode at 488 nm excitation is also fitted well with a
sum of RRa-P3HT (disordered) and RR-P3HT (ordered)
spectra (Figure 4b). The integrated area of the C=C mode of
RRa-P3HT for the fit is ~0.10 relative to that of the RR-P3HT
(Pr(rRa-p3uT)/Pr(RR-P31T) A 0.10). From this, we estimate the
degree of order of the P3HT in the annealed RR-P3HT:PCBM
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Figure 5. (a) Peak position and (b) fwhm of the C=C mode of RRa-
P3HT, RR-P3HT, nonannealed RR-P3HT:PCBM, and annealed RR-
P3HT:PCBM films at different excitation wavelengths.

blend film is ~94 &= 5% of that of RR-P3HT film. Note that the
estimated values of degree of order in blend films do not
correspond to a direct proportion of crystalline phase of P3HT
in these blend films. Instead, they indicate the relative portion of
ordered RR-P3HT phase in these blend films. Therefore, if
RR-P3HT has ~15% of crystallinity in thin films,*>> then the
nonannealed RR-P3HT:PCBM blend film has only ~6 £ 1%
crystallinity of P3HT, and annealing of this blend film increases
this value up to ~14 = 1%. We also measured the Raman spectra
(the C=C mode of P3HT) at the different homogeneous regions
in the blend films, and our initial data indicate a similar degree of
molecular order of P3HT in these regions.

Raman Spectra of Films at Different Excitation Wavelengths.
Next, we investigate the effects of P3HT molecular order on the
C=C mode peak position and its fwhm under different excita-
tion wavelengths. Figure 5a shows the C=C mode peak position
of RRa-P3HT and RR-P3HT films and nonannealed and annealed
RR-P3HT:PCBM blend films at different excitation wavelengths
(785, 633, 514, 488, and 457 nm). Table 1 summarizes the peak
positions and fwhm of the C=C mode (and the intensity of the
C—C mode relative to that of the C=C mode of the above films).

The peak position of the C=C mode shifts toward the higher
wavenumber (higher energy) when the excitation wavelength
gets shorter (higher energy). For RRa-P3HT film, this shift is
strongest with the peak position of the C=C mode increasing
from ~1446 cm ™' (785 nm excitation) to ~1450 cm~ ' (633 nm
excitation) to ~1465 cm~ ' (514 nm excitation) to ~1470 cm '
(488 nm excitation) to ~1474 cm ' (457 nm excitation). In
contrast, there is only a very small shift (~3 cm™ ") of this C=C
mode peak position for RR-P3HT film.

Such a shift of the Raman peak position toward higher energy
with higher excitation energy is termed “Raman dispersion”.
It has been reported that the degree of the Raman dispersion
can have a large variation depending on the types of conjugated
polymer, and some polymers even do not show any Raman
dispersion.36 For example, polyacetylene, polyenes, polypyrroles,
and polyfurans show strong Raman dispersion, while polythio-
phene, polyfluorene, and poly(phenylene vinylenes) show no
or very small Raman dispersion.”****” The different Raman
dispersion behaviors of various conjugated polymers are still
not well understood, and the origin of this dispersion is still
under debate.

A number of different models such as the conjugation length
model (CLM), the amplitude mode model (AMM), and the
effective conjugation coordinate model (ECCM) have been
suggested to explain the Raman dispersion phenomenon.”***~*°
These models are all related to the (effective) conjugation length
of a polymer. For example, in the CLM, a polymer is considered
to be an infinite chain made up of segments of different
conjugation lengths. These are distributed as Gaussian or bimo-
dal functions and are treated as an ensemble of different chromo-
phores. Under higher excitation energy, only the segments with
shorter conjugation length (higher electronic transition) will be
in resonance with excitation energy, leading to the Raman peak at
higher wavenumber.*"** In the AMM, the different degree of
electron—phonon coupling of a polymer under a particular
excitation is considered using an effective electron—phonon
coupling parameter. This parameter strongly depends on the
conjugation length, with shorter conjugation length leading to
larger electron—phonon coupling.*"** Finally, the ECCM focuses
on a Raman mode, which distorts the molecule from the aromatic
to quinoid valence form. Such a mode is strongly in resonance
with a particular excitation energy and thus dominates the
resonant Raman spectrum.*"** As the conjugation length of a
polymer increases, the force constant originating from the
interaction between the central unit and the units at a distance
s from the central one along the one-dimensional lattice
increases.>® This force constant reduces the total force constant,
causing the Raman mode to be downshifted in wavenumber with
increasing conjugation length. All of these three models can
explain the Raman dispersion behavior of the RRa-P3HT and
RR-P3HT films observed here.

Coming back to our P3HT system, we observed interesting
trends of the Raman shift in blend films (Figure Sa). For
nonannealed RR-P3HT:PCBM blend films, the trend of such a
shift of the C=C mode peak position to higher wavenumber
with excitation wavelength is very similar to that found in RRa-
P3HT film, that is, a large shift to higher wavenumber
(>20 cm ™) as the excitation wavelength gets shorter. However,
this trend changes and becomes more similar to that found in
RR-P3HT film when the blend film is annealed, that is, a very
small shift to higher wavenumber (<5 cm ') with shorter
excitation wavelengths. A large Raman dispersion of the C=C
mode in the nonannealed RR-P3HT:PCBM blend film can be
understood by considering more mixture of disordered and
ordered P3HT phases in this film. A selective excitation of
different phases is possible, that is, being able to selectively excite
the more disordered phase (shorter conjugation length) with
shorter wavelength, and thus the peak position of the C=C mode
appears at a higher wavenumber (analogous to that of RRa-
P3HT film). After annealing this RR-P3HT:PCBM blend film,
there is a change in P3HT phase from disordered to a more

9840 dx.doi.org/10.1021/ja2013104 |J. Am. Chem. Soc. 2011, 133, 9834-9843



Journal of the American Chemical Society

(a) axio*
ax10*
ax1o0*
2x10*
210"
o10*

sx10°

Raman Intensity (counts)

of
450

-

1470

(c) sx10*

0 deg

ax10*

20 deg
— 30 deg
—40 deg

Raman Intensity {counts)

(b) 0.03,

0.02

o.M
0.00
1400 1410 1420 1430 144C
Wavenumber (cm™)
( d) 0.03
— Odeg

9% 1470 1490 1510 1530 b 10 L W
Wavenumber (cm™') Wavenumber (cm ™)
4 - <, "]
¥l , 9o 2 9, .
el B P wranain "“:'*a 2" Helical structure
4 ) 4 *
- e 4 ]
<+ B FR >3 4 2
294 o < > .
° B200 2a’ad 542,03 Alternating structure
Ay e, ¥ pd W hg

Figure 6. Helical and alternating structures of the 7-unit thiophene oligomer (bottom). Calculated Raman spectra of 3—7 thiophene units, (a) C=C
mode and (b) magnitude of the C—C mode relative to the C=C mode. Calculated Raman spectra of 7 thiophene units with 0—40° dihedral angles
(helical chain conformation), (¢) C=C mode and (d) magnitude of C—C mode relative to the C=C mode.

ordered state with a degree of molecular order similar to that
found in the RR-P3HT film, therefore producing a Raman
dispersion behavior similar to that of the RR-P3HT film. Note
that there is a larger Raman shift of the C=C mode of P3HT
(when comparing the nonannealed blend film with the annealed
blend film) as the excitation wavelength gets shorter (Av =
~6 cm ' at 514 nm; ~11 cm ' at 488 nm; ~19 cm ! at
457 nm), indicating the stronger detection of disordered phase
of P3HT at higher excitation energy. Therefore, we can tune
the excitation energy to monitor the different phases of P3HT in
various thin films.

Figure Sb shows the fwhm of the C=C mode at different
excitation wavelengths. The change in fwhm of the C=C mode
with excitation wavelengths for the nonannealed RR-P3HT:
PCBM and annealed RR-P3HT:PCBM blend films is also similar
to that of RRa-P3HT and RR-P3HT films, respectively. These
results are in good agreement with the phase change of P3HT
molecules from a more disordered to a more ordered state in
the RR-P3HT:PCBM blend film upon thermal annealing. Final-
ly, we notice that enhancement of the Raman intensity of the two
main in-plane ring skeleton modes (C=C and intraring C—C
stretching modes) is about a factor of 2 larger than the lower
frequency side-chain modes under resonant excitations (data
not shown).

Raman Simulations. To understand more about the behavior
of the PZHT C=C and C—C modes in ordered and disordered
phases and its behavior with excitation wavelength, we per-
formed two series of Raman simulations. First, Raman spectra
were calculated for a series of thiophene oligomers containing
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3 to 7 units to study the effect of increasing chain length on the
properties of the C=C and C—C stretch modes. Second, to
study the effect of conjugated backbone planarity on the C=C
and C—C modes, Raman spectra were calculated for a 7-unit
thiophene chain with varying dihedral angles from 40° to 0° in
both helical and alternating structures (Figure 6).

Figure 6a shows the calculated C=C mode of 3—7 thiophene
units. Our calculated spectra are similar to those reported by
Milani et al.*® The peak g)ositions of the C=C and C—C modes
are 1490 and 1419 cm™ (seven thiophene units), respectively.
With an empirical scaling factor of 0.97,% the positions of the
C=C and C—C modes become 1449 and 1379 cm*, in good
agreement with the experimental values. The peak position of
the C=C mode shifts to lower wavenumber significantly
(~23 cm ") when increasing the chain length from 3 to 7 units.
This result indicates that the C=C mode shifts to lower
wavenumber for molecules containing longer conjugation seg-
ments. According to this simulation, our observation that the
Raman C=C mode of RR-P3HT film lies at lower wavenumber
than that of RRa-P3HT film implies that RR-P3HT backbone
contains longer conjugated segments than that of RRa-P3HT.
This is reasonable as RR-P3HT is known to be more ordered,
implying longer conjugated segments than in its disordered form.

The calculated intensity of the C—C mode relative to the
C=C mode (Ic_c/Ic—c) increases from ~0.01 to ~0.03 with
increasing chain length, without significant changes in the peak
position (only $ cm™ ' when going from 3 to 7 thiophene units)
(Figure 6b). This result suggests that a molecule with a longer
conjugation segment has a larger relative C—C mode intensity as
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compared to a molecule with a shorter conjugation segment,
while having similar C—C peak positions. Such an increase in the
relative C—C mode intensity might be related to better electron—
phonon coupling of this mode and/or increased charge transfer
from C=C bonds as suggested for oligothiophenes.** Our
calculated results are consistent with the experimental results
showing that the relative intensity of the C—C mode of
RR-P3HT film is larger than that of RRa-P3HT film and both
have similar C—C peak positions.

Figure 6¢ shows the calculated C=C mode of a 7-unit long
thiophene oligomer with dihedral angles varying from 40° to 0°.
We notice that as the molecule becomes more planar, the peak
position of the C=C mode shifted to lower wavenumber
(~37 em ™" shift when going from 40° to 0°). Therefore, our
observation of the C=C mode of RR-P3HT film at a lower
wavenumber than RRa-P3HT film is consistent with a more
planar backbone conformation in RR-P3HT, which leads to
better ordering of RR-P3HT molecules.

The intensity of the C—C mode relative to the C=C
mode also increases with more planar backbone conformation
(Figure 6d). The peak position of the C—C mode shifts
considerably to higher wavenumber with more planar conforma-
tion (~14 cm™ " shift when going from 40° to 0°). This is in
contrast to the peak position of the C—C mode experimentally
measured, which is insensitive to molecular order. However, we
note that the difference in dihedral angles between the ordered
and disordered phases may not be as large as 40°. Our simula-
tions may therefore also imply that the ordered phase of the
P3HT molecule has a more planar chain conformation than
its disordered phase. This is reasonable as a more planar back-
bone conformation favors the well-ordered lamellar packing
of RR-P3HT molecules." Similarly, these concepts of longer
conjugation segment or/and more planar chain conformation
can be used to explain the behavior of the C=C and C—C modes
when RR-P3HT:PCBM is annealed (i.e, a phase change of
P3HT from disordered to more ordered form). The Raman
spectra calculated (both C=C and C—C modes) using the
alternating chain structure are similar to those using the helical
chain structure.

A large Raman dispersion (shift of the C=C mode peak
position to higher wavenumber with higher excitation energy)
observed in the RRa-P3HT film can also be explained with our
simulations. With higher excitation energy, the shorter conju-
gated segments (absorbing at higher energy) of the polymers are
now more in resonance. This is analogous to less conjugated
conformation, which has a peak position of the C=C mode at
higher wavenumber. On the contrary, the insensitivity of the
C=C mode peak position observed in the RR-P3HT film with
excitation energy may imply that there is a relatively lower
density of short conjugation segments in these polymers.

Device Performance. Figure 7 shows the current density
(J)—voltage (V) characteristics of RRa-P3HT:PCBM, annealed
RRa-P3HT:PCBM, RR-P3HT:PCBM, and annealed RR-P3HT:
PCBM solar cells measured under AM 1.5 condition at 100 mW/cm’.
Table 2 summarizes the device parameters of the corresponding
solar cells. The short-circuit current density (Jsc) values of RRa-
P3HT:PCBM and annealed RRa-P3HT:PCBM devices are the
same, and they are significantly smaller than that of the RR-
P3HT:PCBM device. This is consistent with the considerable
amount of ordered phase of P3HT that already existed in the
RR-P3HT:PCBM film from our Raman data. The Jsc of
RR-P3HT:PCBM solar cell after annealing is significantly
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Figure 7. J—V curves of RRa-P3HT:PCBM, annealed RRa-P3HT:
PCBM, RR-P3HT:PCBM, and annealed RR-P3HT:PCBM solar cells
measured under AM 1.5 condition at 100 mW/cm?.

Table 2. Summary of Device Parameters (Vo ¢, Open Circuit
Voltage; Jsc, Short Circuit Current Density; FF, Fill Factor;

PCE, Power Conversion Efficiency) of RRa-P3HT:PCBM,

Annealed RRa-P3HT:PCBM, RR-P3HT:PCBM, and Annealed
RR-P3HT:PCBM Solar Cells Measured under AM 1.5 Con-

dition at 100 mW/cm>

RRa-P3HT: annealed RRa- RR-P3HT: annealed RR-

PCBM  P3HT:PCBM PCBM  P3HT:PCBM
Voc (V) 0.64 0.62 0.68 0.60
Jsc (mA/cm?) —0.34 —0.34 —4.79 —8.72
FF 0.39 0.36 0.33 0.64
PCE (%) 0.09 0.08 1.07 3.39

increased, which is also consistent with the increase of ordered
phases of P3HT after thermal annealing from our Raman data.

B CONCLUSIONS

We have presented strong experimental evidence that the
behavior of the C=C and C—C Raman modes of RR-P3HT in
blend films with PCBM, both before and after thermal annealing
and over a wide range of excitation wavelengths, can be explained
in terms of contributions from the ordered and disordered phases
of P3HT. The C=C mode can be treated simply as a super-
position of the modes characteristic of the two different phases,
which can be easily distinguished under resonant excitation
conditions. This observation leads to a simple method to
quantify the degree of order of RR-P3HT molecules in the blend
films. We estimated the degree of molecular order of P3HT in the
RR-P3HT:PCBM blend films before and after thermal annealing
to be ~42 £ 5% and ~94 £ 5% of that of pristine RR-P3HT
film, respectively. Together with Raman simulations, we explain
the behavior of the C=C mode (including peak position and
Raman dispersion) of P3HT in terms of its conjugation length
and chain conformation. The Raman simulations suggest that
RR-P3HT (ordered phase) has a longer conjugated length with
planar chain conformation than that of RRa-P3HT (disordered
phase), which is consistent with a higher degree of molecular
ordering in RR-P3HT. The degree of molecular order of P3HT
in the blend films is well correlated with the performance of the
corresponding solar cells. Our results demonstrate that Raman
spectroscopy under resonant excitations is a simple, but very
powerful technique to study the molecular order of conjugated

polymers in their blend films.
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