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Improvement of the photovoltaic efficiency via exposure of organic poly(3-hexylthiophene)
(P3HT) and phenyl-Cg;-butyric acid methyl ester (PCBM) devices to solvent vapor at room
temperature is reported. In situ photoluminescence (PL) and Raman spectroscopy, in conjunction
with ex situ optical absorption and atomic force microscopy, have been used to provide insight
into the nanoscale morphological changes occurring during solvent vapor annealing. We found
that in 1 : 1 composites of P3HT : PCBM, suppression of PL, narrowing in line-width of the
1442 cm~ ! P3BHT Raman peak, and strong modifications in the optical absorption spectra were
observed during solvent vapor annealing, while minimal changes occurred in pure P3HT films.
We attribute these spectral modifications to de-mixing of PCBM and subsequent stacking of
P3HT in coplanar conjugated segments, similar to what is observed during thermal annealing.

1. Introduction

Organic photovoltaics are promising alternatives to their
inorganic counterparts' because they can be prepared simply
from solution on flexible substrates which, in principle, should
compensate for their lower efficiency. The most successful
organic photovoltaic system to date exploits the properties of
the soluble fullerene derivative, phenyl-Cg;-butyric acid methyl
ester (PCBM), as an electron acceptor and a conducting poly-
mer, poly(3-hexylthiophene) (P3HT), as an electron donor.' ™
Efficiencies of solar cells based on bulk heterojunctions of
P3HT and PCBM have been reported to range from 3-5%"°
when devices are prepared on rigid substrates in inert environ-
ments. There is great experimental interest in P3HT : PCBM
and other organic photovoltaic devices because theoretical
studies have predicted efficiencies as high as 11%."

Thermal annealing of P3HT : PCBM bulk heterojunction
devices is a critical step for improving their efficiency.®? It
has been demonstrated (through post experimental analysis)
that thermal annealing strongly affects the morphology of
the nanocomposite layer via de-mixing of PCBM'®'" and
stacking of P3HT in coplanar conjugated segments.*!® In
thermal annealing, relatively high temperatures ranging from
120 °C to 150 °C are often used,">? which limits the use of
some inexpensive plastic substrates. Recently, Dickey et al.'®
reported an improvement in the performance of organic
3-ethyl-silylethynyl anthradithiophene (TES ADT) transistors
via room temperature solvent vapor annealing (that is,
exposing the deposited organic layers to solvent vapor).
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Electroluminescence of P3HT has also been shown to improve
with exposure to CHCl; vapor.'® The beneficial effect of better
structural order attained through solvent vapor annealing
suggests that the same method could also improve the perfor-
mance of P3HT : PCBM solar cells. Indeed, recently it has
been reported that exposing P3HT : PCBM photovoltaic
devices to solvent vapor along with a subsequent thermal
annealing step leads to an improvement in efficiency.?® The
improvement is better than thermal annealing alone. It has
also been demonstrated that slow evaporation of the solvent
leads to a dramatic improvement in performance.” The latter
may be comparable to solvent vapor annealing since the slow
evaporation soaks the organic layer in the solvent vapor,
allowing the P3HT : PCBM to rearrange in an ordered
manner. Although slow evaporation of solvent, referred to as
solvent annealing, was first reported by Li ef al.,” we demon-
strate that exposure to solvent vapor even after the films have
dried leads to an improvement in device performance. An
additional difference between our work and that reported
in ref. 7 is that annealing with the solvent vapor leads to
improvement in device properties within less than a minute in
contrast to slow evaporation which can take up to 20 minutes.
Finally, the most significant difference between our work and
previous reports is that we clearly demonstrate spectroscopic
effects occurring during solvent vapor annealing and through
in situ Raman spectroscopy show that ordering of the P3HT
matrix is likely to be the primary cause of the enhancement
in device performance. Although the use of solvent vapor
annealing to improve device performance has been previously
reported, little is known about the morphological transforma-
tions occurring during such a process, and on the spectroscopic
signatures which might be used to recognize them.

In this paper, we elucidate the mechanisms responsible for
the improvement in P3HT : PCBM photovoltaic cell efficiency
by solvent vapor annealing. We have utilized in sitzu Raman
and photoluminescence spectroscopies to monitor structural
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and optoelectronic changes in the P3HT : PCBM during the
annealing. In addition, we have employed ex situ ultraviolet-
visible (UV-VIS) spectroscopy and atomic force microscopy
(AFM) to characterize the P3HT : PCBM nano-composites.
Specifically, the structural changes occurring during solvent
vapor annealing of P3HT : PCBM solar cells in solvent
vapor at room temperature are described. The efficiencies of
the devices tested in this study increased from 0.8% (for
as fabricated devices) to 2.6% (with some devices achieving
efficiencies up to 3.0%) after solvent vapor annealing, com-
parable to values we routinely obtain after thermal annealing.
Furthermore, both the morphological changes and the
maximum efficiency of P3HT : PCBM devices were found to
saturate within 30 seconds to 3 minutes of exposure to the
solvent vapor.

2. Experimental

The organic solar cells were prepared by depositing a mixture
of as-received P3HT (regioregularity 98.5%, Rieke Metals,
Inc.) and PCBM (purity > 99.5%, American Dye Source, Inc.)
on to an indium-tin oxide (ITO) layer (<20 Q [J~! resistance,
>85% transmittance) on poly(ethylene terephthalate) and glass
substrates covered with a 50 nm thick poly(3,4-ethylenedioxy-
thiophene) : poly(styrenesulfonate) (PEDOT : PSS) layer.
Specifically, a 10 mg mL ™' solution at 1 : 1 weight ratio of
P3HT to PCBM in chloroform or chlorobenzene was spin-
coated at 1000 rpm, resulting in a 100-120 nm active layer.
Thermally evaporated aluminium was used for the top
contact electrodes. The photovoltaic characteristics were
evaluated under a Newport AM1.5 solar simulator operated
at 100 mW cm 2 External quantum efficiency (EQE)
measurements were performed using a halogen light source
with an Oriel Cornerstone 130 monochrometer and Newport
1830-C power meter.

The in situ morphological and optoelectronic changes in the
P3HT : PCBM layers were observed by monitoring the
changes in the Raman and photoluminescence (PL) features
using a Renishaw InVia spectrometer operating at 1.57 eV
excitation (power: 1 mW). Each spectrum was recorded using a
3 second integration time and care was taken to avoid laser
soaking of the sample. The experimental configuration used
to perform solvent vapor annealing while simultaneously
measuring the PL and Raman features is shown in Fig. la.
A special sample holder was fabricated in which the substrate
was placed upside down in the top cap of a Petri dish filled
with the solvent. This allowed the laser to pass through the
PET and ITO layers from the top to the P3HT : PCBM layer
while being exposed to the solvent vapor. The choice of a
low excitation energy (E; = 1.57 eV) strongly favors the
observation of the Raman and PL arising from P3HT while
suppressing the PL from PCBM which has a much larger
optical gap. While 1.57 eV is below the optical absorption edge
of P3HT,?! a broad PL background was identified in both
P3HT and P3HT : PCBM samples. Control measurements on
PET, ITO and PCBM alone were performed in order to
discount the contribution to the PL from these materials in the
system. No similar background could be identified in any
material other than P3HT. Additionally, all measurements
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Fig. 1 (a) Schematic of the experimental configuration used to
perform solvent vapor annealing while simultaneously measuring the
PL and Raman features. (b) Schematic of radiative recombination
mechanism of polaron—exciton pairs into Franck—Condon (FC) states
(adapted from ref. 27).

were repeated after annealed samples had been thoroughly
dried in air to ensure that there was no contribution to the PL
from the solvent. Although the exact origin of the PL in P3HT
using 1.57 eV excitation is debatable, the intensity of the
P3HT : PCBM PL background varied sub-linearly with laser
power in the 0.01-1 mW range, suggesting the material is
weakly absorbing due to mid-gap defect mediated states and
subsequent radiative decay.??>*

PL in conjugated thiophenes has been suggeste to arise
from radiative recombination of polaron—exciton pairs into
Franck-Condon (FC) states, as sketched in Fig. 1b. Therefore,
the shift of the PL peak with respect to the excitation energy
provides information about the polaron—exciton binding
energy (2U, as indicated in Fig. 1b).?” Therefore, PL spectro-
scopy can be a powerful tool for the investigation of the
nature, the binding energy, and the degree of confinement of
the electronic states in photoexcited P3HT. It should be noted
that for some of our in situ Raman and PL measurements
reported here, the PEDOT : PSS layer was omitted in order to
avoid masking of P3HT features which overlap with those of
PEDOT. Additional films of pure P3HT were also deposited
and analyzed for comparison. Tapping mode atomic force
microscopy (AFM) (Digital Instruments Nanoscope) and
optoelectronic measurements (using a Perkin-Elmer Lambda
20 transmittance spectrophotometer for the solutions and a
Jobin-Yvon UVISEL spectral ellipsometer coupled with a
multilayer model for the solid films) were also performed.

d25—27

3. Results and discussion
3.1 Photovoltaic efficiencies

The current density versus voltage curves under AMIL.5
illumination (100 mW cm ?) for a photovoltaic device
fabricated and solvent vapor annealed using chlorobenzene
are shown in Fig. 2a. Similar characteristics and improvements
in efficiency were also obtained for devices fabricated with and
annealed in chloroform. Typical diode characteristics are
observed for before and after solvent annealing measurements.
A close observation of the high current region at positive
voltages indicates that the vapor annealing leads to an
improvement in transport due to ordering of the P3HT (see
discussion below). The short circuit current increases by more
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Fig. 2 (a) Current density versus voltage plot for P3HT : PCBM photovoltaic devices before (squares) and after 2 minutes of solvent vapor
annealing (circles) with chlorobenzene. (b) External quantum efficiency (EQE) measurements for as deposited, solvent vapor annealed and

thermally annealed devices.

than twofold (from ~4.4 to 10.9 mA cm ™ 2) while the fill factor
increased from 36% to 44%, resulting in an efficiency of
approximately 2.6%, comparable to other reports in the
literature.?® Efficiency of thermally annealed (performed under
standard conditions up to 140 °C as described in ref. 28)
devices was approximately 2.8%. The EQE measurements for
as deposited, solvent annealed and thermally annealed devices
are plotted in Fig. 2b. The solvent vapor annealed device
shows a maximum EQE of ~56% (at 555 nm), twice that of
the as deposited device which had an EQE of ~28% (at
540 nm). Similar improvements in EQE can be seen across the
entire spectrum below approximately 650 nm which suggests
improved exciton dissociation and charge transport attribu-
table to increased order in the matrix. While the maximum
EQE for a thermally annealed device was ~67%, this device
required an annealing temperature of 140 °C which may not
suitable for most flexible substrates without incurring damage
or degrading the material life expectancy. EQE measurements
for devices thermally annealed at temperatures less than
140 °C were lower than those for solvent annealed devices,
as shown in Fig. 2b. The highest efficiency values were
obtained on ITO/glass substrates for both annealing treat-
ments. [t must also be mentioned that of the numerous devices
we tested, both types of annealing treatments (thermal and
solvent vapor) yielded similar improvements in efficiency.
The maximum value of efficiency we obtained was 3% but
most devices yielded values of ~2.6%. We have found that
efficiencies of devices prepared under similar conditions can
vary from 2.0% to 3.0%. The wide variation in device
performance is typical for our devices and likely related to
factors such as aging of raw materials and exposure to air
during measurements.

3.2 Optoelectronic spectroscopy

Further information on the mechanism responsible for the
enhancement in efficiency by solvent vapor annealing can be
inferred from additional ex situ optoelectronic characterization
of the devices. Qualitatively, we observed that the color of
P3HT films spin-coated in the absence of PCBM is purple and
does not change upon solvent vapor annealing. In contrast, the

P3HT : PCBM films are orange immediately after spin coating
but become purple during the first 30 seconds of solvent vapor
annealing. These effects can be quantitatively verified using
UV-VIS absorption spectroscopy. The optical absorption
spectra of as deposited thin films and their respective starting
solutions are compared in Fig. 3a. It can be observed that the
absorption edges of the P3HT : PCBM solution and thin films
are similar. In contrast, the optical absorption edge of the
P3HT films is strongly red-shifted. The effect of solvent vapor
annealing on the absorption spectra of the thin films is
compared in Fig. 3b. It can be seen that the spectra of pure
P3HT, which are red-shifted during solidification (Fig. 3a), are
insensitive to solvent vapor annealing. In contrast, for the
P3HT : PCBM films the absorption coefficient above ~ 510 nm
is observed to red-shift upon solvent vapor annealing and is
comparable to that of pure P3HT. It can also be observed from
Fig. 3b that the absorption features related to PCBM do not
change upon solvent vapor annealing and are present only
below 400 nm (i.e. >3 ¢V).%° Thus, the changes in the observed
optical absorption edges during solidification and solvent
vapor annealing are mainly due to structural modifications in
the P3HT, in agreement with observations of Chirvase et al®
and others.*® Further support for the structural changes
described above can also be seen in the development of the
shoulder near 600 nm in P3HT : PCBM films which is absent
in the as deposited P3HT : PCBM film. However, upon solvent
vapor annealing, this shoulder becomes apparent in the
P3HT : PCBM film with an absorption coefficient of ~2 x
10* cm™!. Higher absorption at this wavelength has been
described as a vibronic feature generally explained by
increased ordering of intra-chain interactions and higher
crystallization in P3HT.*'3? Such structural ordering,
although prevented during the deposition of P3HT : PCBM
films, is favored during solvent vapor annealing and provides
beneficial effects on the photovoltaic device efficiencies.

3.3 Atomic force microscopy

The physical changes in the morphology of the P3HT : PCBM
films before and after solvent vapor annealing observed by
AFM are shown in Fig. 3¢ and d, respectively. The as
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Fig. 3 (a) Comparison of absorption spectra of P3HT and P3HT : PCBM in solution and as deposited thin solidified films. (b) Comparison of
absorption spectra of as deposited thin films and solvent annealed thin films of P3HT and P3HT : PCBM. AFM height images of (c) as deposited

and (d) solvent vapor annealed P3HT : PCBM thin films.

deposited thin films appear featureless while detailed topo-
graphical analysis of the solvent vapor annealed films revealed
that clusters of 10-20 nm are prominent on the surface. The
AFM image after solvent vapor annealing exhibiting more
surface features than the as deposited films is shown in Fig. 3d.
Although the topography in Fig. 3d is not absolutely
conclusive, the image is comparable to those reported in the
literature'!'? for films showing dramatically improved efficien-
cies. It should be noted that no change in morphology by
AFM upon solvent vapor annealing was observed in pure
P3HT films which always appear smoother.

This interpretation of the optoelectronic spectra and the
AFM images is consistent with a similar explanation for
structural modifications of P3HT : PCBM during thermal
annealing.”!” In particular, Yang et al.'” showed by means of
transmission electron microscopy (TEM) that thermal anneal-
ing leads to de-mixing of P3HT and PCBM via formation of
PCBM-rich regions, allowing the reorganization of the
residual P3HT phase in stacked coplanar conjugated segments.
The reorganization is prevented in the as deposited P3HT :
PCBM films because of the rapid solidification and intercala-
tion of PCBM. In solvent vapor annealed P3HT : PCBM
however, ordering can occur via the diffusion of solvent vapor
which softens the organic nanocomposite, allowing the
migration of PCBM and the subsequent reorganization of
P3HT. Indeed, solvent vapor annealing may be comparable
to controlled evaporation of the solvent after deposition
which has also been demonstrated to improve the solar cell

efficiency, presumably by allowing ordering to occur.” We
suspect that the observed changes in the optical absorption
edge may also be due to stacking and subsequent m-conjuga-
tion of the P3HT segments.

3.4 Photoluminescence

The PL and Raman spectra of P3HT and P3HT : PCBM films
before and after solvent vapor annealing are compared in
Fig. 4a. It can be seen that the polaron—exciton binding energy
in our P3HT : PCBM samples remains at 2U ~ 0.2 eV,
irrespective of the annealing time and the presence of PCBM.
However, a closer examination and careful fitting of the
PL curves show that a small decrease of approximately
0.015 eV occurs with solvent vapor annealing. In P3HT,
the polaron—exciton confinement parameter (y) can be
extracted from the energy in the absorption spectrum where
o = 10* em ™! (Eps) and the correlation energy (U) using the
formula:?7-%34

p=(1 = 2UlEg)sin~ (1 — 2UIE)[1 — (1 — 2UIEe)’ 1™ Y2 (1)

Substituting the energy where o = 10* cm™! (Ey) from
measurements in Fig. 3a and b and values for 2U into eqn (1),
y is found to remain relatively constant at ~2.4. Although
the exciton delocalization is expected to increase with
ordering, our result for the confinement parameter remaining
relatively unchanged is not surprising. This can be attributed
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Fig. 4 (a) PL and Raman spectroscopy results of pure P3HT and P3HT : PCBM before and after solvent vapor annealing. Peaks marked with
stars (*, **) correspond to PET and ITO, respectively. The 715 cm ™', 1380 cm ™' and 1440 cm ™' Raman peaks indicated by squares are assigned to
the P3HT C-S-C ring deformation, C—C skeletal stretching and C=C ring stretching, respectively.*® (b) Summary of the PL intensity versus the
solvent vapor annealing time for pure P3HT and P3HT : PCBM. (c) The 1350-1500 cm~! Raman region of P3HT and P3HT : PCBM devices
before and after solvent vapor annealing. (d) Summary of the FWHM of the 1440 cm ™' Raman C=C peak versus the solvent vapor annealing time

for pure P3HT and P3HT : PCBM.

to the fact that the PL in our solvent vapor annealed samples is
very low, making it difficult to obtain precise values for 2U.
The low PL intensity is due to the fact that the excitation
energy (1.57 eV) used here is well below the band gap of the
P3HT so that the absorption is mediated by low density mid-
gap states. Analysis using higher energy excitation (e.g. 2.41 eV
argon laser) closer to the band gap of P3HT would likely yield
an increase in y. The decrease in the values of 2U and increase
in y are generally correlated to increased delocalization with
ordering similar to what we observe with solvent vapor
annealing.>”**3° While the confinement parameter values
obtained here are higher than those found in the literature, it
has been shown that increased degrees of regioregularity of
P3HT (from 50% to 80% regioregularity) leads to an increase
in values of 7.2’ As the material used in this work is up to
98.5% regioregular, we believe these values to be reasonable.

The evolution of the PL peak intensity as a function of the
solvent vapor annealing time is plotted in Fig. 4b. Unlike the
degree of confinement which was not significantly affected by
the presence of PCBM or by solvent vapor annealing, the PL
intensity is strongly quenched by solvent vapor annealing in
P3HT : PCBM films. Furthermore, the decrease in PL in the
P3HT : PCBM films mostly occurs in the first minute of
solvent vapor annealing, correlating to the improvement in the
device efficiency. Although the PL intensity also decreases in
P3HT films, the effect is less dramatic than in the P3HT :
PCBM material.

3.5 Raman spectroscopy

Returning to Fig. 4a, a number of Raman peaks superimposed
on the broad PL spectra can also be observed. Raman spectra
recorded from bare substrates allow us to assign the peaks
marked with stars (¥, **) to PET and ITO, respectively. The
715 cm ™', 1380 cm ! and 1440 cm ™' Raman peaks indicated
by squares are assigned to the P3HT C-S-C ring deformation,
C-C skeletal stretching and C=C ring stretching, respec-
tively.36 No Raman features attributable to PCBM, such as the
A, 1469 cm™~ ! mode of fullerenes, could be resolved. In order
to extract additional information from the Raman spectra, we
compare the 1350-1500 cm™! region of P3HT and P3HT :
PCBM devices before and after solvent vapor annealing in
Fig. 4c. It can be seen from Fig. 4c that while the Raman shift
of the C=C peak is almost constant, interesting effects on the
full width at half maximum (FWHM) of the peak can be
observed. In pure P3HT, the FWHM decreases insignificantly
(from 24 cm ™! to 20 cm ™ ') with solvent vapor annealing, as
shown in Fig. 4d. This minor change in the FWHM is
consistent with the negligible changes observed in the optical
absorption spectra, sample morphology and the minor
decrease in PL intensity. In contrast, in P3HT : PCBM films,
the C=C signal before solvent vapor annealing is much broader
(about 32 cm ™) which narrows to 22 cm ™! after solvent vapor
annealing, close to the 20 cm ™' FWHM of pure P3HT films.
Once again, the relatively more dramatic decrease in the
FWHM occurs within the first minute of solvent vapor
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annealing. Furthermore, since the Gaussian widths of the
Raman lines in heterogeneous systems are a measure of their
disorder,”” we can infer that solvent vapor annealing strongly
reduces the disorder in P3HT : PCBM, consistent with
stacking of conjugated P3HT segments, resulting in properties
close to those of pristine P3HT.

4. Discussion

Based on the above data, it is plausible that solvent vapor
annealing of P3HT : PCBM leads to substantial ordering in the
polymer so that the optoelectronic, morphological, PL and
Raman characteristics are comparable to those of highly
ordered P3HT. This is due to the strong reduction in disorder
via segregation of PCBM into PCBM-rich regions and stack-
ing of P3HT chains. These structural changes have a beneficial
effect on the solar cell performance (see Fig. 2) which can be
explained by the enhanced transport of the carriers through
ordering of the P3HT : PCBM matrix.'” The manifestation of
the enhanced transport due to ordering of the P3HT layer can
be seen as higher dark current in Fig. 2a (note that the high
current region at positive voltages is primarily dominated by
the dark current even under illumination). In addition to better
transport, the modification of the morphology of the interface
between PCBM and P3HT due to solvent vapor annealing
will also play an important role in charge dissociation, as
demonstrated by Bissler and co-workers®® and Koehler and
co-workers for thermal annealing.®

The improvement in the solar cell device efficiency may
also arise from an additional mechanism occurring during
solvent vapor annealing. Based on our measurements, we
have developed the energy diagram shown in Fig. 5 for the
photovoltaic devices. In the as deposited P3HT : PCBM films
(dotted line in the P3HT energy levels in Fig. 5), the presence
of PCBM prevents the stacking of P3HT so that the optical
gap and excitonic levels are similar to those of P3HT in
solution. Specifically, assuming a mid-gap energy of 4.3 eV for
P3HT, the lowest unoccupied molecular orbital (LUMO)

a0 _
E— 5
; I =

S10(FC) <

ITO PEDOTP3HT

Fig. 5 Energy level diagram based on our measurements before and
after solvent vapor annealing. The P3HT LUMO level shifts down-
ward as indicated by the vertical arrows, increasing the possibility of
electron transfer into PCBM and hole transfer into ITO, as indicated
by the curved arrows.

equilibrium level for unannealed P3HT is at E; [S;.(eq)]
~ 3.3 eV compared to the acceptor level of PCBM at
~3.75 eV.2'" The decrease in the optical gap (from
absorption spectroscopy) indicates that the LUMO of P3HT
after solvent vapor annealing is closer to the acceptor state of
the PCBM, as shown in Fig. 5. Thus, there will be a shift in the
probability of the radiative recombination of the electron-hole
pair (which creates the PL observed in Fig. 4a) to the charge
transfer from the LUMO of the P3HT to the LUMO of the
PCBM making the transition indicated by the curved arrows
in Fig. 5 more likely. It should be noted that the shift in the
LUMO of P3HT in relation to that of PCBM represented in
Fig. 5 is sufficiently large to enhance the transitions indicated
by the curved arrows but is sufficiently small to have any
impact on the exciton dissociation. Thus, the improvement
in the device efficiency with solvent vapor annealing can be
described broadly by the schematic in Fig. 5. While the
changes in the correlation energy (U) and polaron—exciton
confinement parameter (y) after solvent vapor annealing are
not substantial, they do suggest improvement in exciton
delocalization. Furthermore, additional improvement in solar
cell efficiency would be provided by increased absorption
between 570 nm and 615 nm.

5. Conclusions

In conclusion, we have demonstrated that solvent vapor
annealing of P3HT : PCBM at room temperature leads to a
marked increase in the ordering of P3HT, presumably due to
de-mixing of PCBM, as also observed by TEM.'® The more
ordered structure provides better transport for holes through
the more crystalline P3HT and electrons via hopping through
the PCBM, comparable to what occurs during thermal
annealing. The dissociation of excitons and ordering of the
P3HT have been observed using in-situ photoluminescence
and Raman spectroscopies. We discovered that the morpho-
logical changes which correlate to the improvement in the
efficiencies of our solar cells occur within minutes of solvent
vapor annealing. Exposure to the solvent vapor for longer
periods does not change the structure or the device perfor-
mance. Therefore, solvent vapor annealing might be an
alternative to thermal annealing for improving the P3HT :
PCBM photovoltaic performance, especially for temperature
sensitive substrates.
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