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C
onjugated polymer:fullerene blend
films are promising systems for novel
and low-cost organic solar cells.1,2

While the efficiency of organic solar cells is
still relatively low (∼8%),3 conjugated poly-
mers offer the advantage that they can be
readily modified through chemical design
or film processing conditions, thus provid-
ing opportunities for further improvement.1,2

It is, however, crucial to gain a thoroughunder-
standing of the effect of molecular confor-
mations (e.g., through atomic substitution or
verifying processing conditions) on their pro-
perties and device performance. Such knowl-
edge will advance our understanding of this

interesting class of materials and provides
important guidelines for future processing
optimization and for synthesizing entirely
new photovoltaic compounds.
Photovoltaic cells comprising poly(3-hex-

ylthiophene) (P3HT):[6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) blends display rela-
tively high efficiencies4,5 and are thus one of
the most studied polymer:fullerene binary
systems. For this reason, they provide a
good model system for the detailed study
of relevant structure properties�performance
relationships. For example, it has been
shown that the regioregularity of the side
chain substitution of P3HT has a significant
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ABSTRACT We study the molecular order and morphology in poly(3-hexylthiophene)

(P3HT) and poly(3-hexylselenophene) (P3HS) thin films and their blends with [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM). We find that substitution of the sulfur atoms in the

thiophene rings of P3HT by heavy selenium atoms increases the tendency of the molecules

to form better ordered phase; interestingly, their overall fraction of ordered phase is much

lower than that of P3HT-based films. The higher tendency of P3HS molecules to order

(aggregate) is consistent with more planar chain conformation simulated. The lower fraction of ordered phase (or the higher fraction of disordered phase) in

P3HS-based films is clearly identified by in-plane skeleton Raman modes under resonant excitation conditions, such as a smaller ratio of the CdC modes

associated with the ordered (∼1422 cm�1) and disordered (∼1446 cm�1) phases (I1422cm�1/I1446cm�1 = 1.4 for P3HS and 0.6 for P3HS:PCBM), compared with

P3HT-based films (I1449cm�1/I1470cm�1 = 2.5 for P3HT and 1.0 for P3HT:PCBM) and a larger Raman dispersion of the CdC mode: P3HS (17 cm�1) versus P3HT

(6 cm�1) and P3HS:PCBM (36 cm�1) versus P3HT:PCBM films (23 cm�1). The higher fraction of disordered phase in P3HS prevents the formation of micrometer-

sized PCBM aggregates in blend films during thermal annealing. Importantly, this lower fraction but better quality of ordered phase in P3HSmolecules strongly

influences P3HS:PCBM photovoltaic performance, producing smaller short-circuit current (Jsc) in pristine devices, but significantly larger increase in Jsc after

annealing compared to P3HT:PCBM devices. Our results clarify the effects of heavy atom substitution in low band gap polymers and their impact on blend

morphology and device performance. Furthermore, our study clearly demonstrates resonant Raman spectroscopy as a simple, but powerful, structural probe

which provides important information about “fraction/quantity of ordered phase” of molecules, not easily accessible using traditional X-ray-based techniques.

KEYWORDS: poly(3-hexylselenophene) . poly(3-hexylthiophene) . [6,6]-phenyl-C61-butyric acid methyl ester . molecular order .
resonant Raman spectroscopy
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effect on its molecular order, microstructure, electronic
structure, and device efficiency in P3HT:PCBM films.5�8

It is also well-known that thermal annealing and sol-
vent annealing of P3HT:PCBM films can significantly
increase the degree of molecular order of P3HT and
lead to significant improvement in device efficiency.4�7,9,10

More recently, Heeney et al. has synthesized poly(3-
hexylselenophene) (P3HS), where sulfur atoms in the
thiophene units of P3HT are substituted with selenium
atoms.11 They found that P3HS absorbs at longer
wavelengths than P3HT, indicating a band gap of 1.6 eV
(compared to 1.9 eV for P3HT) while leaving the
highest occupied molecular orbital (HOMO) energy
essentially unchanged. The latter is important, as it
has been suggested that the magnitude of the gap
between the HOMO energy of electron-donating
materials (here, P3HT and P3HS) and the lowest unoccu-
pied molecular orbital (LUMO) of electron-accepting
materials (here, fullerene) is proportional to the mag-
nitude of the open-circuit voltage (VOC) of polymer:
fullerene solar cells.12 Therefore, P3HS absorbs at longer
wavelengths (for better photon harvest) than P3HT
without sacrificing the VOC of the polymer:fullerene
solar cells. In addition, P3HS has been reported to
display a better photostability than P3HT.11 Impor-
tantly, Ballantyne et al. demonstrated that active layers
of a relatively high molecular weight P3HS and PCBM
have a similar VOC and a larger short-circuit current
density (JSC) than corresponding P3HT:PCBM blends,
albeit at the expense of a smaller fill factor (FF). As a
consequence, similar power conversion efficiencies
(PCE) of the solar cells are obtained for both systems.13

Here, we aim to understand the fundamental effect
of the substitution of selenium atoms on the thin
filmmorphology. We study these issues by performing
optical absorption, wide-angle X-ray scattering (WAXS),
(resonant) Raman and optical microscopy measure-
ments, and combining these with density functional
theory (DFT) calculations. The results obtained are then
compared with the performance of the P3HS:PCBM
and P3HT:PCBM solar cells. We find that substitution of
the sulfur atoms in the thiophene rings of P3HT by
selenium atoms increases the tendency of the mol-
ecules to aggregate and form better ordered phase;
however, their overall ordered fraction is lower than
that of films comprising P3HT. This has drastic con-
sequences on the solid-state structural development
of such blends. The higher tendency of P3HS mol-
ecules to aggregate is consistent with the more
planar chain conformation calculated using DFT.
We propose morphological models for the P3HT:
PCBM and P3HS:PCBM films (both pristine and
annealed), which are well correlated to their device
performances observed. We also show that resonant
Raman spectroscopy is a unique and powerful struc-
tural probe for investigating the polymer morphology in
thin films.

RESULTS AND DISCUSSION

Absorption Spectra of Thin Films. We first compare the
absorption spectra of P3HS films to P3HT films (neat
films, annealed films, blend films, and annealed blend
films). Figure 1a shows the normalized absorption
spectra of P3HS and P3HS:PCBM films (pristine and
annealed). Pristine neat P3HS films feature an absorp-
tion peak at ∼585 nm and an absorption shoulder at
∼694 nm, which are ∼61 and ∼87 nm red-shifted
compared with those (∼524 and ∼607 nm) of neat
P3HT films (Figure 1b). This result is consistent with
P3HS having a band gap (Eg) lower than that of P3HT.
The P3HS absorption shoulder at ∼694 nm can be
attributed to absorption by aggregates (higher molec-
ular order phase), analogous to the origin of the
absorption shoulder at ∼607 nm in P3HT film.5�7,14

After thermal annealing, the absorption at ∼694 nm
relative to the ∼585 nm is only slightly increased,
which is similar to the change of the absorption spectra
when P3HT films are annealed (Figure 1b), indicating
that the degree of molecular order is not significantly
hindered in as-cast films.

After blending P3HS polymer with PCBM, the ab-
sorption peak blue shifts by ∼67 to ∼518 nm (or the
relative absorption at the lower energy region
decreases) and the magnitude of the absorption
shoulder at∼694 nm relative to that of the absorption
peak is significantly reduced (Figure 1a). This suggests

Figure 1. (a) Optical absorption spectra of P3HS and P3HS:
PCBM thin films (pristine and annealed) and (b) optical
absorption spectra of P3HT and P3HT:PCBM thin films
(pristine and annealed). Chemical structures of P3HS and
P3HT are also shown.
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that the ordering of P3HS is strongly hindered by the
presence of PCBM, which is similar to the behavior of
P3HT:PCBM blend films (Figure 1b).5�7 After annealing
P3HS:PCBM films, the absorption peak red shifts to
∼565 nm and themagnitude of the absorption shoulder
relative to the absorption peak increases significantly
(Figure 1a), implying a strong recovery of molecular
order after thermal annealing as also observed for
P3HT:PCBM films after annealing (Figure 1b).5�7

Absorption Spectra of Solutions. To gain more insight
into the aggregation behavior of P3HS and P3HT, we
also measured their absorption spectra in dilute solu-
tions. Figure 2a shows the absorption spectra of P3HS
and P3HT solutions at 0.001 wt % concentration in
chlorobenzene. The absorption peak of 0.001 wt %
P3HS solution is at ∼503 nm, which is at much longer
wavelength than that of 0.001 wt % P3HT solution
(∼456 nm). This suggests that the Eg of P3HS is
intrinsically lower than that of P3HT, as the effects
due to intermolecular interactions can be largely
reduced at such low concentrations. Interestingly, we
observed some weak absorption at ∼676 nm even for
the 0.001 wt % P3HS solution (Figure 2a and inset),
implying that there is still some aggregation present at
such a low concentration. On the contrary, there is
no evidence of absorption features at longer wave-
lengths for the P3HT solution at the same concentra-
tion (Figure 2a and inset), confirming a high degree of
molecular order formed only in the solid state.

Figure 2b shows the absorption spectra of 0.01wt%
P3HS in chlorobenzene as a function of storage time.
Similar to the absorption spectrum of the 0.001 wt %
P3HS solution, we observed an absorption feature at
∼676 nm. Interestingly, the magnitude of absorption
from this feature relative to the main absorption peak
at ∼503 nm increases with storage time, suggesting
that the formation of aggregates progresses gradually
with time (although slow). On the contrary, we did not
observe such absorption changes in the 0.01 wt %
P3HT solution (data not shown).

To investigate further the aggregation behavior of
P3HS and P3HT molecules, we also performed Raman
measurements on P3HS and P3HT solutions with con-
centrations varying from 0.001 to 1 wt % (see Figure S1
and details in Supporting Information). The Raman
results of P3HS and P3HT in solutions are consistent
with the solution absorption spectra, showing that
P3HS has a higher tendency to order (aggregate) in
solution than P3HT.

WAXS of Thin Films. We now move to study the
crystallization of the thin films in order to understand
the effect of the selenium substitution on the molec-
ular order in the solid state. Figure 3a shows the WAXS
spectra (peaks arise from lamellar packing) of P3HS
and P3HS:PCBM (pristine and annealed). The crystal-
line quality (quality of lamellar packing)15 of all of
the P3HS and P3HS:PCBM films tends to be better
than that of the corresponding P3HT and P3HT:PCBM

Figure 2. (a) Optical absorption spectra of 0.001 wt % P3HS
and 0.001 wt % P3HT in chlorobenzene. Inset shows an
enlarged view of the absorption at long wavelength region.
(b) Optical absorption spectra of 0.01 wt % P3HS in chlor-
obenzene as a function of storage time.

Figure 3. (a) WAXS diffractograms of P3HS and P3HS:PCBM
films (both pristine and annealed, data collection time
15 min). (b) WAXS diffractograms of P3HT and P3HT:PCBM
films (both pristine and annealed, data collection time
60 min).
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films (Figure 3b), as deduced from the stronger scatter-
ing signals recorded for P3HS and P3HS:PCBM films at
shorter collection times and the sharper peaks com-
pared to those measured for P3HT and P3HT:PCBM
films. Note also the presence of higher order reflections
in the diffractograms of annealed P3HS systems. It is
also important to notice that, although more intensive
XRD peaks can indicate better quality (or larger
domains) of crystalline phase, they do not necessarily
indicate the higher fraction of crystalline phase (or the
lower fraction of amorphous phase) formed in the
molecules. To gain information about the fraction of
crystalline/amorphous phases, we used the resonant
Raman spectroscopy. Our resonant Raman data clearly
show the strong appearance of higher conformational
disorder in the P3HS-based films compared with P3HT-
based films (as shown in the next sections), indicating
higher fraction of amorphous (disordered) phase pre-
sent in the P3HS-based films despite its higher XRD
peak intensities. The better lamellar packing order in
P3HS films and blends appears to be consistent with its
strong tendency to aggregate in solution, as shown in
previous sections, with the lamellar packing order
increasing in the order: P3HS:PCBM < P3HS < annealed
P3HS e annealed P3HS:PCBM. We also observed simi-
lar trend of lamellar packing order in the films com-
posed of P3HT (Figure 3b).

Note that annealing tends to enhance the lamellar
packing order of films comprising P3HS more signifi-
cantly than that of P3HT (compare Figure 3a,b). It is
consistent with the observation reported by Lilliu et al.

showing, by using grazing incidence X-ray diffraction
(GI-XRD), that the crystalline domain sizes and crys-
tallization dynamics of P3HS and P3HT are broadly
similar even when using different film preparation
protocols.15 The authors also find that the domain
sizes increase significantly with thermal annealing.15,16

Raman Spectra of Thin Films. To further understand the
effect of the selenium substitution on the degree of
molecular order, we measured the Raman spectra of
the films under nonresonant and resonant excitation
conditions. Figure 4a shows the normalized Raman
spectra of P3HS and P3HT thin films excited at 633 nm.
In general, the Raman spectrum of P3HS is very similar
to that of P3HT due to their similar chemical structures.
However, there are two main differences: (i) the posi-
tions of the two main in-plane ring skeleton modes of
P3HS are shifted to lower wavenumbers by ∼25 and
∼19 cm�1, respectively, appearing at ∼1420 cm�1

(symmetric CdC stretch mode) and at ∼1362 cm�1

(C�C intraring stretch mode) with respect to the CdC
(∼1445 cm�1) and C�C (∼1381 cm�1) modes of P3HT;
(ii) there is no∼728 cm�1 mode (C�S�C deformation)
for P3HS due to the absence of sulfur atoms.17,18 Herein
we focus on these two main in-plane ring skeleton
modes, as they have been shown to be sensitive to the

π-electron delocalization (effective conjugation length)
of the molecules.6,19,20

Figure 4b shows the normalized Raman spectra of
P3HS and P3HS:PCBM films (pristine and annealed)
under 633 nm excitation. All of the Raman spectra of
the CdC and the C�Cmodes are very similar and have
the same peak positions. The full width at half-max-
imum (fwhm) of the CdC mode increases very slightly
when P3HS (30 cm�1) is blended with PCBM (31 cm�1)
and decreases slightly after annealing the P3HS and
P3HS:PCBM films (by 3 and 4 cm�1, respectively; both
have fwhm of 27 cm�1). These trends in the peak
positions and fwhm are also very similar to those
observed in P3HT films under the same excitation
conditions (Figure 4c). The insensitivity of the Raman
spectra to the annealing and blending processes can
be understood by the fact that under 633 nm excita-
tion the Raman probes mainly the ordered phase of
molecules (which absorbs at longer wavelengths; see
Figure 1a,b), so that the Raman signals are less sensitive
to the disordered phase in the films. No Raman signals
were observed from PCBM film under the same excita-
tion conditions.

Figure 4d shows the normalized Raman spectra of
P3HS and P3HS:PCBM films (pristine and annealed)
under 488 nm excitation. Note that the 488 nm excita-
tion wavelength closest to the absorptionmaximumof
P3HS in pristine P3HS:PCBM blend films (Figure 1a),
that is, in strong resonance with electronic transitions
of the most disordered P3HS phase, allows us to
selectively excite more disordered phase of P3HS in
different samples. This resonant Raman spectroscopy
(RRS) has been previously demonstrated as a simple,
but powerful, technique to quantify the degree of
molecular order in P3HT and P3HT:PCBM films.6,19 It
was found that, under resonant conditions, the dis-
ordered phase of P3HT with respect to its ordered
phase is identified by (a) a large shift in the CdC mode
peak position to higher wavenumber (from 1449 to
1470 cm�1), (b) a larger fwhm of the CdC mode (41 vs
32 cm�1), (c) a smaller intensity of the C�C mode
relative to the CdCmode (IC�C/ICdC = 0.09 vs 0.14), and
(d) a very large Raman dispersion (∼28 vs∼6 cm�1) of
the CdC mode.

It is important to distinguish and identify different
molecular order (or packing) that can be probed by
XRD and resonant Raman spectroscopy techniques.
The XRD is a technique which probes a long-range
intermolecular order (packing between molecules or
polymers chains), while the resonant Raman spectros-
copy probes mainly the intramolecular conformational
order of a molecule or a polymer chain. Such intramo-
lecular conformational order of the molecule or the
polymer chain will also influence the intermolecular
packing of molecules or polymer chains in thin films.
Furthermore, more importantly, the resonant Raman
spectroscopy is sensitive not only to well-ordered
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crystalline phase (as similar to the XRD technique) but
also to disordered amorphous phase of the molecules.
Hence, it provides important information on “fraction/
quantity of ordered phase” which is not easily acces-
sible using traditional XRD techniques, as we demon-
strated in the next sections.

Here, after blending P3HS with PCBM, we observe
similar trends characteristic of the more disordered
phase of P3HT; the main peak position of the CdC
mode is significantly shifted to higher wavenumber
from 1422 cm�1 (47 cm�1 fwhm, ordered phase) to
1446 cm�1 (59 cm�1 fwhm, disordered phase) with a
largely reduced I1422cm�1/I1446cm�1 ratio (from ∼1.4 for
P3HS to∼0.6 for P3HS:PCBM). The IC�C/ICdC ratio is also

reduced from 0.12 to 0.10 (the relative peak intensities
are calculated by integrating the peak areas of the C�C
and CdC modes). All of these observations are con-
sistent with a higher fraction of disordered P3HS phase
present in the P3HS:PCBM blend films. After annealing
theP3HS:PCBMblendfilms, theCdCmodepeakposition
shifts back to lower wavenumber (∼1421 cm�1) with
an increase in IC�C/ICdC ratio (0.13). A summary of the
peak positions and fwhm values of the CdCmode and
the IC�C/ICdC ratio of P3HS and P3HS:PCBM films (pri-
stine and annealed) under different excitation wave-
lengths is shown in Table S1 (Supporting Information).

However, there are noticeable differences between
the Raman spectra (the CdC and C�C modes) of films

Figure 4. (a) NormalizedRaman spectra of P3HS andP3HT thinfilmsunder 633nmexcitation. Inset shows an enlarged viewof
the CdC and the C�C intraring stretch modes. (b,d) Normalized Raman spectra of P3HS and P3HS:PCBM films (pristine and
annealed) under 633 and 488 nm excitations, respectively. (c,e) Normalized Raman spectra of P3HT and P3HT:PCBM films
(pristine and annealed) under 633 and 488 nm excitations, respectively.
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comprising P3HS compared to those containing P3HT
under 488 nm excitation. First, the spectral shape of
the CdC mode of neat, pristine P3HS films is highly
asymmetric with a long tail at higher wavenumbers
(Figure 4d), in contrast to the symmetric spectral shape
of the CdCmode of as-cast neat P3HT films (Figure 4e),
indicating a higher fraction of disordered phase pre-
sent in the P3HS films. Second, fwhm of the CdCmode
in neat P3HS films is significantly reduced by 7 cm�1

(from 47 to 40 cm�1) after annealing, showing that the
degree ofmolecular order is highly enhanced upon the
thermal treatment even for the neat polymer film itself.
In contrast, there is no considerable change in fwhm of
the CdC mode of neat P3HT films after annealing.
These results show that thermal annealing can en-
hance the degree of molecular order in pristine P3HS
film more dramatically than in P3HT films. However,
the spectral shape of the CdCmode of annealed P3HS
film is still asymmetric (due to contributions from the
remaining high-energy part), suggesting a consider-
able portion of disordered phase still present. Third, the
CdC mode peak position of P3HS shifts noticeably to
high wavenumber (∼24 cm�1) after blending with
PCBM, which is much larger than that (∼9 cm�1)
measured when P3HT is blended with PCBM (from
1449 to 1458 cm�1). Such larger shift of this CdCmode
peak in P3HS after blending is consistent with the
P3HS:PCBM films containing a higher fraction of dis-
ordered phase than that of P3HT:PCBM films. It also
indicates more pronounced changes in molecular
order of P3HS in blend films. Fourthly, after annealing
the P3HS:PCBM films, the spectral shape of the CdC
mode clearly consists of two components (Figure 4d)
with a distinctive high-energy shoulder, different from
the annealed P3HT:PCBM films (Figure 4e). These
results indicate that there is still a significant amount
of disordered P3HS phase present in annealed P3HS:
PCBM blend films.

Furthermore, we monitored the Raman dispersion
(the degree of the Raman mode shift as a function of
excitation wavelength) of the CdC modes. Raman
dispersion has been demonstrated as a useful way
to probe the degree of molecular order, with larger
Raman dispersion implying the presence of a higher
fraction of disordered P3HT phase in P3HT:PCBM
films.6 As shown in Figure 5a,b, neat pristine P3HS
films feature much larger Raman dispersion than P3HT
films. The Raman dispersion of neat P3HS film was
reduced significantly when the films were annealed,
indicating a reduction of the disordered fractions dur-
ing the thermal treatment, consistent with the WAXS
data (Figure 3a). In contrast, the relatively small Raman
dispersion of P3HT films remained mostly unchanged
after thermal annealing, suggesting a higher fraction of
ordered phase already formed during casting.

The Ramandispersions of both P3HS and P3HT after
blending with PCBM is dramatically increased, indicating

that PCBM has a vitrifying effect on these two poly-
mers (i.e., hinders their ordering). We note that the
Raman dispersion of P3HS:PCBM film is 36 cm�1, which
is considerably larger than that of P3HT:PCBM film
(23 cm�1), again confirming P3HS:PCBM film being
more disordered than P3HT:PCBM film. After thermal
annealing, the Raman dispersions of both P3HS:PCBM
and P3HT:PCBM blend films are reduced and become
similar to that of annealed P3HS and annealed P3HT
films, respectively, indicating a dramatic recovery in
the degree of molecular order. However, the annealed
P3HS:PCBM film is still more disordered than annealed
P3HT:PCBM film, witnessed by more significant changes
in its Raman spectra as a function of excitation wave-
length (Figure 6). In general, as the excitation wave-
length gets shorter (higher energy), the intensity of the
higher energy component of the CdC mode of both
annealed P3HS:PCBM and P3HT:PCBM films increases.
It is due to the fact that the disordered component
(absorbing at higher energies) becomesmore resonant
with the excitation wavelength. For the annealed
P3HS:PCBM film, there is also a small monotonic peak
shift of the low energy component of the CdCmode to
higher wavenumber with increased excitation energy
(from 1419 cm�1 for 785 nm to 1423 cm�1 for 457 nm).
These peak shifts are well-correlated with the increase
in intensity of the high-energy component of the CdC
mode, resulting from enhanced contribution from the
disordered phase. Interestingly, the increase in the

Figure 5. Raman dispersion curves of (a) P3HS and P3HS:
PCBM films (pristine and annealed) and (b) P3HT and P3HT:
PCBM films (pristine and annealed). Two peak positions of
CdC mode under 457 nm excitation are indicated for
annealed P3HS:PCBM blend films in (a).
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Raman signal intensity due to the disordered phase is
significantly stronger for the annealed P3HS:PCBM film
than the annealed P3HT:PCBM film, confirming a higher
fraction of disordered P3HS phase still existing in the
annealed P3HS:PCBM film. It is important to note that
the relative Raman cross section (σrel) of the ordered
and disordered phases in P3HS versus that of P3HT
needs to be considered to fully quantify the different
degree of molecular order in these two polymers.6

In summary, the Raman results (RRS, Raman disper-
sion, and Raman spectra as a function of excitation
wavelength) all suggest that P3HS and P3HS:PCBM
films (pristine and annealed) comprise lower fractions
of ordered phase than the corresponding P3HT and
P3HT:PCBM films. WAXS provides complementary in-
formation on these fractions with respect to their
crystalline quality, which indicates that the crystalline
domains of P3HS have better lamellar packing order. It
is also important to note that while there are no
significant changes in the low-energy absorption after
P3HS or P3HT was annealed (Figure 1a,b), there are
obvious differences in their XRD diffractograms and
resonant Raman spectra. These results indicate that the
traditional way of using the low-energy absorption
features to estimate degree of molecular order needs
to be re-examined.21

Optical Micrographs of Annealed Blend Films. Figure 7
shows the optical micrographs of the annealed P3HS:
PCBM and P3HT:PCBM films. Annealed P3HS:PCBM
films were found to be entirely featureless in con-
trast to the significant amount of PCBM aggregation

observed in annealed P3HT:PCBM films. This observa-
tion is consistent with the RRS data, suggesting the
presence of a higher fraction of disordered polymer
phase in annealed P3HS:PCBM films. Indeed, the mis-
cibility of PCBM has been reported to be higher in the
disordered regions of polymers,7,18,22,23 which tend to
suppress fullerene aggregation.

DFT Simulations. To understand the effect of the
sulfur-to-selenium substitution on themolecular struc-
ture and electronic properties, a series of density func-
tional theory (DFT) calculations using oligomers from
3 to 7 units length were performed (full details on
the calculation methods and results are described in
the Supporting Information). In all of the calculations,
the long hexyl side chains were replaced by methyl
groups to reduce computation time. From the analysis
of inter-ring dihedral angles and inter-ring C�C bond
lengths of the optimized structures (Figure S4 and
Table S3), we find that the selenium molecules are
more planar than their thiophene counterparts. For
example, the smaller inter-ring dihedral angles of
∼13�33� in selenophene hepatmer (7Se) were found
compared to ∼25�36� in thiophene heptamer (7T).
A reduction in the inter-ring C�C bond lengths from
∼1.448 to 1.454 Å between thiophene units to
∼1.439�1.448 Å between selenophene units was also
observed. The more planar chain conformation of
P3HS oligomers is consistent with the higher tendency
of P3HSmolecules to form higher ordered phases than
the P3HT molecules, as shown in the solution absorp-
tion spectra, solution Raman spectra, and WAXS data.
As well as the structural changes, the calculations
indicate a reduction in the HOMO�LUMO band gap
upon selenium substitution (from∼3.0 to∼2.5 eV in 7T
and 7Se, respectively), which is qualitatively consistent
with the trend observed in the optical absorption
(Figure 2a). Furthermore, by performing vibrational
frequency calculations on the optimized structures,
the effects of selenium atom substitution on the
Raman spectra were simulated. A shift to lower
wavenumbers of the main CdC and C�C vibrational
modes was observed in the selenophene molecules
(Figure S6a), again consistent with our experimental
results (Figure 4a). Finally, the effect of molecular order
on Raman peak positions was investigated bymonitor-
ing the changes in vibrational frequencies while in-
creasing the chain length or modifying the backbone

Figure 7. Optical images of the thermal annealed P3HS:
PCBM (left) and P3HT:PCBM (right) films.

Figure 6. Raman spectra of the CdC mode of (a) annealed
P3HS:PCBMblend and (b) annealedP3HT:PCBMfilms, under
different excitation wavelengths.
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planarity (Figure S6b�e). Previous studies on P3HT
have shown that a peak shift of the CdC Raman mode
to lower energies, as well as the increase in the IC�C/
ICdC ratio, can be used as an indicator for increased
molecular order.6,19 The calculation results indicate
that these relationships are preserved in selenophene
oligomers, reinforcing the qualitative relationship be-
tween CdC Raman peak shift to lower wavenumber (or
the increase in IC�C/ICdC ratio) and an increase in
molecular order.

Morphological Models and Device Performance. On the
basis of experimental measurements (absorption,
WAXS, Raman and optical micrographs) and the cross-
check with DFT calculations, we propose simplified
morphological models for the blend films (pristine
and annealed), as shown in Figure 8. Here, our main
focus is on the difference in the quality of the lamellar
packing order, the fraction/quantity of disordered
phase, and the intermixing with PCBM in the blend
films. For a thorough morphological model, advanced
XRD techniques as well as information on the vertical
distribution of the phases are required. It is also worth
noting that recent results of Klein suggest that the
P3HS domains in annealed P3HS:PCBMbulk films are in
the form of nanowhiskers,24 similar to that of P3HT
domains in annealed P3HT:PCBM films.25

As shown in Figure 8, the pristine and annealed
P3HS:PCBM films comprise a crystalline phase of better
lamellar packing order but contain a larger fraction of
disordered phase than the pristine and annealed
P3HT:PCBM films. It is not clearly understood at the
moment why the molecular conformational order is
not directly reflected in long-range intermolecular order
in P3HS-based films, that is, producing lower molecular

conformational order (Raman) but still showing higher
long-range order (XRD). We notice that a similar ob-
servation has been previously reported in the P3HT
system; for example, P3HT can have higher long-range
order (XRD) but lower molecular conformational order
(or vice versa) in P3HT/multiwalled carbon nanotube
composites.26 Here, the molecular conformational
order of P3HT was measured by Fourier transform infra-
red spectroscopy (FTIR). Since the disordered portion
of the polymers can intermix relatively well with PCBM,
formation of large PCBM crystals is prevented in
annealed blends with P3HS. This is consistent with
studies by Ballantyne et al., in which they showed that
the polymer-rich domains in P3HS:PCBM blend films
are less polymer-pure than those in P3HT:PCBM blend
films.18

The VOC values of P3HS:PCBM and annealed P3HS:
PCBM solar cells are slightly smaller than those of the
P3HT:PCBM and annealed P3HT:PCBM solar cells (0.61
vs 0.68 V for non-annealed devices and 0.54 vs 0.60 V
for annealed devices) (see Figure S3 and Table S2 in
Supporting Information). It has been suggested that
the dominant charge carrier loss pathway limiting the
VOC of P3HS:PCBM devices is nongeminate recombina-
tion.27,28 The smaller VOC of P3HS:PCBM devices may
then be attributed to the more intimate mixing be-
tween P3HS and PCBM, which may reduce the prob-
ability of charges being extracted and thus increase
nongeminate recombination.

The short-circuit current densities of pristine and
annealed P3HS:PCBM solar cells are both considerably
smaller than those of pristine and annealed P3HT:
PCBM solar cells (2.1 vs 4.8 mA/cm2 for non-annealed
devices and 6.7 vs 8.7 mA/cm2 for annealed devices).
These results are consistent with the higher disordered
fraction (although better lamellar packing order) in the
P3HS:PCBM films than the P3HT:PCBM films, which
may significantly reduce the efficiency of charge trans-
port. Besides, PCBM molecules mix better with the
higher fraction of disordered phase in P3HS, which
may inhibit electron extraction to the cathode (induc-
ing electron traps). It is worth noting that such trap
states need to be taken into account to correctly
describe the charge carrier decay dynamics and the
current�voltage response in P3HS:PCBM and P3HT:
PCBM devices.27,29,30 There is a more significant in-
crease in short-circuit current density in the P3HS:
PCBM device (3.2 times) after thermal annealing than
that of the P3HT:PCBM device (1.8 times), consistent
with the more significant increase in lamellar packing
order of P3HS (which enhances absorption and charge
carrier mobility13) comparedwith that of P3HT in P3HT:
PCBM films after thermal annealing (Figure 3a,b).
However, short-circuit current density of the annealed
P3HS:PCBM devices is still lower than that of the
annealed P3HT:PCBM devices, agreeing with the higher
disordered fraction still existing in an annealed

Figure 8. Schematic morphological models (simplified) of
P3HS:PCBM and P3HT:PCBM films (pristine and annealed).
The rectangular blocks represent the polymer backbones
involved in lamellar packing. Curved lines represent dis-
ordered polymer chains, and dots/ellipsoids represent
PCBM molecules/aggregates. This figure illustrates that
P3HS:PCBM films have better lamellar packing order but
less quantity of this higher molecular order phase than the
corresponding P3HT:PCBM films.
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P3HS:PCBM device and/or the non-optimized phase
separation. The non-optimized phase separation (too
inmate mixing) is consistent with the faster bimolecu-
lar recombination in P3HS:PCBM than in P3HT:PCBM
blend devices.18

There is no change in the fill factor of P3HS:PCBM
devices after thermal annealing, in contrast to the
significant increase in the fill factor of P3HT:PCBM
devices after thermal annealing, consistent with the
similar morphologies before and after annealing the
P3HS:PCBM films (large-scale PCBM aggregation is
suppressed). However, the still intimate mixing of
P3HS molecules with PCBM molecules after annealing
the blend film may suppress optimized pathways for
charge collection, consistent with its lower fill factor
than the annealed P3HT:PCBM device.31 Interestingly,
our proposed morphological models of the films
(although simplified) are sufficient to explain the dif-
ference in the device parameters of the P3HS:PCBM
and P3HT:PCBM devices.

CONCLUSIONS

We show that substituting the sulfur atoms at the
thiophene rings of poly(3-hexylthiophene) (P3HT) by

selenium atoms (P3HS) enhances the tendency of the
molecules to aggregate and to form better quality
crystals (better lamellar packing order). However, the
overall ordered fraction of films comprising P3HS is
lower than that of films comprising P3HT. The higher
fraction of disordered phase in P3HS:PCBM films favors
the mixing of PCBM molecules with P3HS during ther-
mal annealing, suppressing the formation of micro-
meter-sized PCBM aggregates, differently from an-
nealed P3HT:PCBM films. We develop simple mor-
phological models for the blend films which agree well
with the device performance of P3HS:PCBM and P3HT:
PCBM solar cells (both pristine and annealed). The
higher tendency of P3HS molecules to aggregate and
form better ordered phase is consistent with the more
planar chain conformation calculated using DFT.
Furthermore, our study clearly demonstrates resonant
Raman spectroscopy as a simple, powerful structural
probe which is sensitive not only to ordered phase (as
similar to X-ray based methods) but also to disordered
phase of molecules. Hence, it provides important
information on “fraction/quantity of ordered phase”
which is not easily accessible using traditional XRD
techniques.

METHODS
Film Preparation. P3HS was synthesized by following reported

procedures:11 P3HT was purchased from Merck Chemicals. The
weight-average (Mw) and number-average (Mn) molecular
weights, polydispersity index (PDI), and regioregularity (RR)
were 68.5 kg/mol, 39 kg/mol, 1.76, and 98%, respectively, for
the P3HS used here and 54.2 kg/mol, 23.6 kg/mol, 2.29, and
94.2% for the P3HT. PCBM was purchased from API Service, Inc.
All of the materials were used as received. For neat films: 12.5
mg of either P3HS or P3HT was dissolved in 1 mL of chloro-
benzene. The P3HS and P3HT solutions were heated to 80 and
60 �C overnight (with stirring), respectively, to fully dissolve the
materials. The solutions were then spin-coated on quartz sub-
strates at 1500 rpm for 60 s. For the P3HS solution, the solution
and the substrate needed to be kept at 80 �C during the spin-
coating because of the lower solubility of P3HS in chloroben-
zene compared to P3HT. For blend films: 12.5 mg of P3HS (or
P3HT) and 12.5 mg of PCBM were mixed in 1 mL of chloroben-
zene. For dissolution and deposition, identical procedures as
described above for neat systems were followed. Some of the
resulting films were then annealed at 140 �C for 30 min inside a
nitrogen glovebox. Thicknesses of the films are as follows: neat
P3HS ∼ 50 nm, neat P3HT ∼ 45 nm, P3HS:PCBM ∼ 90 nm, and
P3HT:PCBM ∼ 85 nm. The thicknesses were measured with an
Alpha-step 200 profiler (Tencor Instruments).

Solutions. For measurements on solutions, P3HS and P3HT
solutions were prepared at 0.001, 0.01, 0.1, and 1 wt % in
chlorobenzene. The solutions were heated to 80 and 60 �C
overnight (with stirring), respectively, before they were filled
into quartz cuvettes (10 mm optical path) for subsequent
measurements.

UV�Visible Spectroscopy. Absorption spectra were recorded
using a UV�visible spectrophotometer (UV-2550, Shimadzu).

Wide-Angle X-ray Scattering. Measurements were carried out
on thin films using a PANALYTICAL X0PERT-PRO MRD diffracto-
meter equipped with a nickel-filtered Cu KR1 beam and
X0CELERATOR detector, using a current I = 40 mA and an
accelerating voltage U = 40 kV. Data are expressed as a function
of 2θwhere θ is half the scattering angle. The exposure times for

the area detector measurements were 15 and 60 min for the
films comprising P3HS and P3HT, respectively.

Raman Spectroscopy. Raman spectra were recorded at five
different excitation wavelengths: 785, 633, 514, 488, and
457 nm (50� objective) with a Renishaw inVia Raman micro-
scope in a backscattering configuration. The excitation condi-
tions were as follows: at 785 nm, 0.93 mW, acquisition time of
1 s, and data accumulated over five acquisitions; at 633 nm,
0.1mW and acquisition time of 3 s; at 514 and 488 nm, 0.01mW;
at 457 nm, 36 μW. For 514, 488, and 457 nmexcitations, the laser
beam was defocused to a beam diameter of ∼8 μm to avoid
photodegradation of the samples, and the data acquisition time
was 20 s, with the data accumulated over three acquisitions. The
Raman spectra were background-corrected and obtained by
averaging the spectra obtained at three different regions in
each sample. The spectra at the different regions are very
similar, demonstrating the reproducibility of the results. The
spectral resolution of the instrument is ∼1 cm�1. For Raman
measurements on the solutions, 457 nm excitation was used to
reduce the strong fluorescence background. The excitation
power is 0.18�1.8 mW, and acquisition time is 1�10 s, with
the data accumulated over five acquisitions in most cases.

Optical Microscopy. Optical micrographs were obtained using
an optical microscope (Leica) with a 50� objective.

Device Fabrication and Characterization. Indium tin oxide (ITO)-
coated glass substrates were cleaned with detergent (Mucasol),
acetone, and isopropyl alcohol. Poly(3,4-ethylenedioxythio-
phene)-poly(styrene sulfonate) (PEDOT:PSS, Baytron P TP AI
4083, Bayer AG) was spin-coated on top of the substrates,
resulting in layers with a thickness of 30 nm. The films were
then annealed at 120 �C for 30 min. The P3HS:PCBM and P3HT:
PCBM solutions were spin-coated on top of the PEDOT:PSS films
with the same spin-coating conditions as stated above, result-
ing in layers with a thickness of ∼100 nm. Some of the films
were thermally annealed at 150 �C for 20 min. Ca (20 nm)/Al
(80 nm) electrodes were thermal evaporated onto the films to
complete thedevices. Performanceof the solar cells (encapsulated
inside nitrogen chambers) was measured under AM 1.5 condi-
tions at 100 mW/cm2.
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