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The origins of vertical phase separation and their implication on the device efficiency of poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid
methyl ester (P3HT:PCBM) based solar cells, with both regular and inverted structures, were investigated. We found that the light irradiation and
the filtration processes during the device fabrications are two key steps that induce the vertical phase separation in the active layers. Upon light
irradiation, the devices with inverted structures exhibit improved power conversion efficiency, whereas the regular devices show degradation. The
inverted devices spun cast with filtered P3HT:PCBM solution also present a better improvement as compared to regular devices. X-ray and
ultraviolet photoemission spectroscopies indicate that both illumination and filtration enhance the vertical phase separation of the blend film with
additional PCBM segregated to the bottom interface. © 2014 The Japan Society of Applied Physics

1. Introduction

Bulk heterojunction (BHJ) polymer solar cells based on a
mixture of conjugated polymers and fullerene derivative have
the potential advantages of low-cost, lightweight, and
flexibility. The interpenetrating network of the donor—accep-
tor blend offers large interfacial area for efficient charge
separation and transport, leading to relatively high power
conversion efficiencies.'> However, a nano-scale phase
separated morphology has also been observed in several
polymer blend systems, resulting in an inhomogeneous
distribution of the donor and acceptor components.®)
Concerning poly(3-hexylthiophene):[6,6]-phenyl C61-buty-
ric acid methyl ester (P3HT:PCBM) blends, the vertical
phase separation due to the different surface energy of the
two components results in a P3HT-rich surface on the air side
and PCBM-rich area near the organic/substrate interfaces.
This finding suggests that it would be non-ideal for electron
collection at the low work function top cathode for the
regular-structure devices but would rather make inverted-
structure devices, with anode on the top surface, a more
promising choice for better energy level alignments.”®
Therefore, several studies have been conducted to investigate
the parameters influencing the formation of vertical phase
separation, such as post annealing, blend composition,
viscosity, solvent evaporation rate or substrate surface
energy.” '3 However, there is no report on the change of
vertical phase separation due to filtration and illumination,
which are two steps that most of the organic solar cell devices
would be endured during the fabrication processes and the
characterizations. The alteration of vertical phase separation
resulting from filtration and illumination might lead to
opposite influences on the performance of P3HT:PCBM
based devices with conventional or inverted structures.

In this work, we report that filtration of the P3HT:PCBM
solution and illuminating on the devices will enhance the
vertical phase separation which can greatly improve the
performance of the inverted device but degrade the perform-
ance of the regular device. The inverted devices, being
irradiated with AM1.5G illumination for 30 min, exhibit an
evident improvement of power conversion efficiency (PCE)
value from 2.7 to 3.4% due to the increase of open-circuit
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voltage (V;.) and the raise of fill factor. The inverted devices
spun cast with filtered P3HT:PCBM solution also present a
significant increase in V. and fill factor. The X-ray photo-
emission spectroscopy (XPS) measurement demonstrates that
PCBM diffuse and segregate more toward the bottom parts of
the blend film either with the filtration of the active layer
solution or after being irradiated with simulated solar
illumination. The results are also supported by atomic force
microscopy (AFM) and X-ray diffraction (XRD) measure-
ments. The possible mechanisms which lead to enhanced
vertical phase separation are also discussed.

2. Experimental procedure

The organic solar cell devices were fabricated with the
following procedures. For the regular structure, a layer
of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) was firstly spin-coated onto the pre-cleaned
indium-tin-oxide (ITO) substrate treated with UV-ozone
for 15min. Lithium fluoride (LiF 15A) and aluminium (Al
600 A) were thermally-evaporated as the cathode. For the
inverted structure, a thin layer of 0.05 wt % cesium carbonate
(Cs,CO3) was firstly spin-coated at 6000 rpm onto the pre-
cleaned ITO substrate and was annealed at 150 °C for 20 min
in a nitrogen-filled glove box. The P3HT:PCBM film with
1:1 weight ratio dissolved in 1,2-dichlorobenzene (DCB)
was then cast on the Cs,COj5 at 900 rpm for 40 s. Some of the
devices were spun cast with P3HT:PCBM solution filtered
with 0.45pum syringe filter with poly(vinylidene fluoride)
(PVDF) membrane. The samples were then loaded into the
vacuum chamber and molybdenum trioxide (MoOs 15 A) and
silver (Ag 800 A) were thermally-evaporated as the anode
with an active area of 5.5 mm?.

The samples for XPS and AFM analysis were prepared with
the same Cs,COj3; and P3HT:PCBM blend solution. To access
the active layer and bottom electrode interface, Cs,CO; was
dissolved in the water to make the P3HT:PCBM film detach
from the substrates. The floating films were then transferred to
the gold coated silicon substrates with the buried surface on
top. This lifting off method was first proposed by Xu et al.”)
The samples for UPS measurements were prepared in the
same way as the samples for making devices before the
deposition of MoO3/Ag and for XPS measurement.

© 2014 The Japan Society of Applied Physics
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Table I. The performance of solar cell devices with different treatments corresponding to Fig. 1.
Voe Jse FF PCE R R
V) (mA/cm?) (o) (%) (Qem’) (Qem’)
Regular Pristine 0.593 9.91 0.588 3.46 454 8.5
Trradiated 0.583 9.57 0.589 3.29 440 10.7
Filtered 0.599 9.59 0.583 3.35 534 9.4
Inverted Pristine 0.560 9.63 0.508 2.74 475 12.9
Irradiated 0.582 9.56 0.573 3.35 1587 9.0
Filtered 0.591 9.20 0.616 3.19 745 10.5
Photoemission measurements were carried out under a base (a) 2
pressure at the order of 107" Torr. The valence-band ultra- 0
violet photoemission spectra were carried out with He 1 T 2l
(21.2 eV) as excitation sources, which is a useful technique for *& i
investigate the energy level alignment at the interfaces.' The E
photoelectrons emitted from the sample were captured by a 2 I
hemispherical analyzer with an overall resolution of 0.05 ¢V, _ﬁ S
as determined from the width of the Fermi step measured on a £ 0
sputter-cleaned gold substrate. The XPS core level spectra E ol :m?&u o
were measured via Mg Ka (1253.6eV) photon lines. The 2 ul o Ritead
resolution of UPS and XPS are 0.15 and 0.5 eV, respectively. . —
-02 00 02 4 6 08
3. Results and discussion Voltage (V)
The current density versus voltage (J—V) curves of organic ) 2

solar cells under AMI1.5G illumination measured in a
nitrogen-filled glove box is shown in Fig. 1 and the key
parameters are summarized in Table I. The reference devices
are spun cast with a non-filtered P3HT:PCBM solution to be
compared with the post-treatment of light exposure and pre-
treatment of the filtration of P3HT:PCBM solution. For the
device with a conventional structure of ITO/PEDOT:PSS/
P3HT:PCBM/LiF/Al [Fig. 1(a)], the ¥, decreases from 0.59
to 0.58 V which drops the PCE from 3.46 to 3.29% after
AM1.5G illumination for 30 min. This result is consistent
with the report by Kawano et al.,'> which suggests that the
degradation is caused by carrier accumulation at the vicinity
of the electrodes. The accumulated carriers induce reverse
bias and drop the ¥, gradually under illumination. However,
the device with an inverted structure of ITO/Cs,COs/
P3HT:PCBM/MoO3;/Ag, shown in Fig. 1(b), presents a
performance improvement after AM1.5G illumination for
30 min. The ¥, increases from 0.56 to 0.58V, and the fill
factor also improves from 0.51 to 0.57, which raises the PCE
from 2.74 to 3.35%. The slight decrease in short circuit
current (Jy) (from 9.62 to 9.56 mA/cm?) with a three-fold
increase in shunt resistance indicates the decrease of the
leakage current. This result indicates that the illumination has
improved the interface morphology between active layer and
the electrode of the inverted structure, which can avoid the
accumulation of photo-generated carrier and even enhance
the PCE. For the inverted structure device spun cast with
filtered P3HT:PCBM solution, as shown in Fig. 1(b), a signi-
ficant increase in V. (from 0.56 to 0.59V) and fill factor
(from 0.51 to 0.62) are also obtained. The conventional struc-
ture device, on the other hand, does not show the obvious
improvement in V. and fill factor with filtered P3HT:PCBM
solution [Fig. 1(a)]. This result indicates that illumination on
devices and filtration of the active layer are beneficial to the
inverted structure rather than conventional one, which is
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Fig. 1. (Color online) J-V characteristics of the regular and inverted
solar cells under AM1.5G illumination measured in a nitrogen-filled glove
box. (a) Regular devices with structures of ITO/PEDOT/P3HT:PCBM/
LiF/Al (b) Inverted devices with structures of ITO/Cs,CO;/P3HT:PCBM/
MoOs/Ag.

consistent with the advantage of the inverted structure over
the conventional structure in terms of the vertical phase
separation. Both illumination and filtration of the active
solution lead to less leakage current and larger V. for devices
with inverted structures, which can be attributed to improved
interface morphology for the inverted devices. The phe-
nomenon of improving efficiency by time for inverted struc-
ture is also observed which pushes the device efficiency to
3.77% after three days from fabrication. The improving of V5,
and fill factor implies that the growth of efficiency might also
be due to the enhancement of vertical phase separation. With
more PCBM accumulates near the cathode, a better surface
contact is formed to extract photo-generated electrons from
PCBM, block the holes leakage from P3HT, and thus
increase the Vj..'?

© 2014 The Japan Society of Applied Physics
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Fig. 2. (Color online) UPS spectra near valence bands of the bottom and

top surface of P3HT:PCBM active layers.

To investigate how the vertical phase separation evolved
with different process, the valence band spectrum of the top
surface and bottom surface of the active layer measured via
UPS are shown in Fig. 2. The spectrum of the top surface of
the P3HT:PCBM film is almost the same as that of pristine
P3HT, with a peak located at 3.5eV and a tail extending to
0.6eV below the Fermi level. The spectrum of the bottom
surface, on the other hand, does not show the signature peak
of P3HT, indicating the lack of P3HT at the bottom surface.
The spectrum does not present the PCBM peak as expected
since PCBM signals would be more observable with thermal
evaporation instead of spin coating, which would result in
less order in molecular arrangement. Since the P3HT-rich
surface near the cathode is not energetically favorable for
electron transport, the electrons might be blocked and
accumulate at the interface instead of being collected by
the electrode.'> This result is consistent with our observation
of the regular structure device degradation under illumination
for 30 min. It is noteworthy that the UPS result of Fig. 2 was
obtained from the sample without illumination and filtration
to demonstrate the phenomenon of vertical phase separation
via comparing the valence band spectrum between top
surface and bottom surface of the active layer, instead of
comparing the difference between the samples with and
without illumination and filtration.

To confirm that the illumination and filtration of the active
solution indeed cause different degree of vertical phase
separation, the sulfur (S) 2p spectra of the buried interfaces
measured via XPS are shown in Fig. 3. The active layer was
lifted off and transferred to the Au coated Si substrate with
the buried surface on top since the buried surface shows a
more distinct variation of surface composition.” Since the
carbon (C) 1s signal is contributed by both P3HT and PCBM,
we compare the S 2p spectra to determine the relative con-
centration of P3HT and PCBM. In Fig. 3, the peak at around
164 eV is assigned to the thiophene S atoms in P3HT. The
peak around 170 eV is related to S atoms in SO, which was
formed during our fabrication process. Since the XPS spectra
in Fig. 3 is from the bottom surface of the active layer
fabricated in the structure of ITO/Cs,CO;/P3HT:PCBM, the
origin of SO, comes from the reaction of Cs,CO3 with sulfur
atoms in P3HT, which represents the bonding between the
sulfur atoms connect with oxygen at the interface between the
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Fig. 3. (Color online) XPS spectra of the S 2p core-level obtained from

the bottom surface of P3HT:PCBM films spin coated on Cs,COs5 (a) without
any treatment, (b) with filtration of the P3HT:PCBM solution, and
(c) illuminated after 30 min.

Cs,CO;3 and the active layer. Moreover, the fabrication
process of the Cs,CO; layer for these prepared samples are
the same and we do not expect the filtration or illumination
would change the bonding of S and O, therefore the signals
of SO; in all three samples should be at the same level and
can be set as the reference. Thus, taking the peak around
170 eV as reference, the intensity of S 2p peak has decreased
dramatically after illumination for 30 min [Fig. 3(c)], indicat-
ing that the PCBM concentration at Cs,CO3/polymer surface
is relatively enhanced with light illumination. The irradiation
which heats up the device to around 60 °C provides PCBM
molecules with kinetic energy to diffuse and enhance the
vertical phase separation.'” Moreover, Cs,CO; layer has
been reported to form a strong dipole,'® which can induce
dipole—dipole interaction with PCBM and thus lead to further
accumulation of PCBM at the Cs,CO;/polymer interface.
The increasing amount of PCBM near the anode improves
the charge transport at the interface, suppresses the degrada-
tion caused by irradiation and even improves the PCE.!")
This mild annealing process by irradiation induces more
remarkable vertical phase separation, which enhances the
performance of inverted-structure devices but accelerates the
degradation of regular-structure devices. Recently, the study
of vertical phase separation with pre-annealing temperature
above 150 °C has been reported. Our result suggests that the
low temperature of the sunlight radiation with the dipole
formed by Cs,COj; layer can effectively increase the vertical
phase separation of the inverted solar cell.'® For the film
spun cast with filtered P3HT:PCBM solution, it can also be
observed that the intensity of S 2p also bears a decrease in
S 2p intensity, indicating that the PCBM concentration at
Cs,CO3/polymer surface is higher. The XPS data proves that
the filtration and irradiation will enhance the vertical phase
separation which is one of the major reasons for the
performance improvement of the inverted-structure device.

© 2014 The Japan Society of Applied Physics
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Fig. 4. (Color online) AFM height images of the bottom surface of the
P3HT:PCBM film spin coated on Cs,COs (a) without any treatment, (b) with
filtration of the P3HT:PCBM solution, and (c) illuminated after 30 min.
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Fig. 5. (Color online) XRD signals from the active layers with different
processes.

To understand the morphology evolution with different
treatment, AFM was also applied to evaluate the bottom
surface of the active layer. Figure 4 shows the height images
of the Cs,CO;/polymer surface. The as-fabricated film spun
cast with solution without filtration is taken as reference with a
root mean square (RMS) roughness of 6.27 nm, shown in
Fig. 4(a). In comparison, Fig. 4(b) presents that the film spun
cast with filtered P3HT:PCBM solution has relatively small
grain size and a smoother surface with a RMS roughness of
4.93nm. This result shows that the filtration process has
altered the nanostructure of the organic layer. The filtration
process might have weed out the impurities and some of the
larger P3HT polymers which are less soluble in DCB and
therefore results in a more suitable condition for P3HT and
PCBM crystallization. As P3HT and PCBM are mixed more
homogeneously with smaller size in DCB, the vertical phase
separation is enhanced during the solvent evaporation process
since both P3HT and PCBM can move more freely and
accumulate at the interface to achieve the minimum overall
energy,®?? which is coincident with XPS result. For the film
irradiated for 30 min, the AFM result, which is shown in
Fig. 4(c), does not show a distinct difference with the one
before irradiated. The temperature of the irradiation is not high
enough to reach the glass-transition temperature of P3HT
to re-crystalize but can provide PCBM with enough energy to
diffuse and accumulate more at the bottom interface.

In order to understand the crystallization of P3HT
molecules under different processes, the XRD measurement
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has also been carried out on the active layers, including
the as-fabricated samples, samples with post treatment or
filtration, and samples with both post treatment and filtration.
As shown in Fig. 5, the XRD data reveals that the intensity of
the P3HT (100) peaks from the sample with both post
treatment and filtration is the highest, indicating that it is
more favorable for the polymer to crystallize and form phase
separation after both post treatment and filtration.

4. Conclusions

In conclusion, the influences of filtration of the active layer
solution and the illumination on both regular and inverted
devices are studied. A detailed XPS analysis reveals that
both treatments lead to more remarkable vertical phase
separation of the donor and acceptor components, with less
P3HT but more PCBM molecules segregate at the bottom
interface. This observation is consistent with the opposite
trend of device performance demonstrates by inverted
devices and regular devices. Compared to the degradation
of regular devices, the inverted devices exhibit an evident
improvement in PCE value from 2.7 to 3.3% after 30 min
of illumination. The device with inverted structure benefits
from the illumination and filtration in terms of vertical
phase separation, resulting in improvement in device
performance.
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