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ABSTRACT: Additional photon-harvesting by hole transporting
materials in Sb2S3-sensitized solar cell is demonstrated through the
formation of electron channels in the hole transporter such as
P3HT (poly(3-hexylthiophene)) and PCPDTBT(poly(2,6-(4,4bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt4,7(2,1,3-benzothiadiazole)) that can act as both a hole conductor
and light absorber. As a result, the short-circuit current density is
improved with an increment in overall efficiency. These findings
provide new insights into use of light-absorbing conjugated
polymers as a hole conductor in the inorganic−organic
heterojunction sensitized solar cells.
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state Sb2S3-sensitized solar cell with conjugated polymers as
hole-transporting materials (HTMs) like P3HT (poly(3hexylthiophene)) and PCPDTBT (poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3benzothiadiazole))19,20 and a liquid-type Sb2S3-sensitized solar
cell working in a cobalt redox electrolyte.21 Unlike Sb2S3-based
ETAs and sensitized solar cells using wide bandgap holetransporting materials without significant absorption of visible
light,17,18 the Sb2S3-sensitized heterojunction solar cell revealed
a lower external quantum efficiency (EQE) in the specific
wavelength range of 450−650 nm because the P3HT holeconducting polymer coabsorbs light in this wavelength range
and the charge carriers generated by P3HT are not completely
transferred to either the photoanode or Au counter
electrode.19,21 Therefore, we cannot avoid EQE loss in the
absorption region caused by the P3HT hole-conducting
polymer as long as the generated charge carriers in P3HT are
not extracted efficiently. How then can we avoid EQE loss from
the coabsorbed light by P3HT in Sb2S3-sensitized heterojunction solar cells? Intuitively, the answer will be to find new
hole-conductors having a nonoverlapping absorption band with
Sb2S3, such as wide or low bandgap materials, or to find a way
to recover the EQE lost by P3HT coabsorption via extraction
of the generated electron−hole pairs in P3HT to the
photoanode and photocathode. Herein, we propose an efficient

norganic-semiconductor-based extreme thin absorbers
(ETAs) or sensitized solar cells have been considered as
promising next generation solar cells whose performance could
exceed conventional dye-sensitized solar cells (D-SSCs) since
Grätzel et al.1−3 developed highly efficient solar cells with a
power conversion efficiency over 11% under 1 sun illumination.
Metal chalcogenides in particular, such as CdS, CdSe, CdTe,
PbS, PbSe, and Sb2S3, have been extensively studied as new
light absorbers or sensitizers to replace conventional
ruthenium/organic sensitizers in order to attain high-device
performance because such inorganic metal chalcogenides have
unique properties such as a higher extinction coefficient than
ruthenium/organic dyes, easy charge separation by a large
dipole moment, convenient bandgap tuning by the quantum
confinement effect, multiple exciton generation, and good
stability.4−12
Among the metal chalcogenides, Sb2S3 seems to be a very
attractive material as a light absorber because it has a strong
absorption coefficient (1.8 × 105 cm−1 in the visible region)
and an appropriate bandgap (Eg = 1.7 eV).13−16 Crystalline
Sb2S3 (stibnite) has been deposited on mesoporous TiO2 (mpTiO2) by chemical bath deposition (CBD).14−16 Itzhaik et al.17
have reported Sb2S3/CuSCN ETA solar cells with a power
conversion efficiency of 3.4% under 1 sun irradiation, and
Moon et al.18 have also reported a power conversion efficiency
of 3.1% for solid-state Sb2S3-sensitized solar cells comprising
mp-TiO2/Sb2S3/spiro-MeOTAD (2,2′,7,7′-tetrakis(N,N-di-pmethoxyphenylamine)-9,9′-spirobi-fluorene). Recently, we reported a high efficient inorganic/organic heterojunction solid© XXXX American Chemical Society
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device with electron channel (II) only we deposited the same
P3HT and P3HT/PCBM film on a FTO/bl-TiO2/Sb2S3
substrate in which the Sb2S3 is deposited on the FTO/blTiO2 substrate by CBD. The scanning electron microscopy
(SEM) cross-sectional image of the FTO/bl-TiO2/Sb2S3
substrate in Figure 1b and Supporting Information Figure S1
confirms that the surface of the FTO/bl-TiO2 substrate is fully
covered by Sb2S3 thin film and, consequently, we can selectively
form the electron channel (II).
Figure 2c shows the EQE spectra of the model devices for
electron channels (I) and (II). The spectrum for the FTO/blTiO2/P3HT (b-T/P) device without electron channel (I)
shows that the generated electron−hole pairs in P3HT are not
effectively transported to the bl-TiO2 layer owing to an
insufficient interface area at the n−p junction and inefficient
charge transport. Even if we replace this bilayer-type (b-T/P)
device with an inorganic−organic bulk heterojunction (I-O
BHJ) type (mp-TiO2/P3HT: acceptor/donor) cell, the
performance of the I-O BHJ cell is only slightly better than
that of the bilayer-type cell. This implies that the poor device
performance is mainly caused by inefficient charge transport
between bl-TiO2 (or mp-TiO2) and P3HT and not by
insufficient interface area of the n−p junction. On the contrary,
the FTO/bl-TiO2/P3HT/PCBM (b-T/P-P) device with
electron channel (I) shows greatly improved EQE values.
This is not surprising because this device structure is similar to
an inverted organic photovoltaic (OPV) cell. However, it
should be noted that the newly formed PCBM electron channel
bridging bl-TiO2 and P3HT plays a critical role in transporting
the generated charge carriers in P3HT into bl-TiO2. It is wellknown that the generated charge carriers in P3HT are
efficiently separated at the P3HT/PCBM interface, and
electrons are injected into PCBM; however, the charge transfer
at bl-TiO2/P3HT is not efficient under our device conditions.
In addition, this shows that the separated electrons at the
P3HT/PCBM interface are efficiently transported to the blTiO2 layer via the PCBM electron channels. Therefore, PCBM
is a good candidate for satisfying the previously mentioned
conditions. On the other hand, the FTO/bl-TiO2/Sb2S3/P3HT
(b-T/S/P) device without electron channel (II) reveals better
EQE values than the FTO/bl-TiO2/Sb2S3/P3HT/PCBM (bT/S/P-P) device with electron channel (II), as shown in Figure
2c. The deterioration of the EQE values of the b-T/S/P-P
model device compared to the b-T/S/P model device might be
attributed to the reduced effective contact interface between
Sb2S3 and P3HT or to the inefficient charge transfer between
Sb2S3 and PCBM electron channel (II) having electrons
injected from P3HT coabsorber. From the band energy
diagram in Figure 1b, the charge transfer at the Sb2S3/PCBM
interface might be favorable, and, consequently, the reduced
effective interface of Sb2S3/P3HT will mainly deteriorate the
EQE values because generated holes cannot be effectively
transferred to P3HT by the reduced contact area with Sb2S3.
From the above model experiments, it is expected that we can
transport, more efficiently, the generated electron−hole pairs in
P3HT through the PCBM electron channel (I), and as a result
the EQE lost by absorption of P3HT will be recovered by the
construction of the PCBM electron channel. The corresponding current density−voltage (J−V) curves of the model devices
match well with their EQE spectra, as shown in Figure 2d.
With the conviction that the PCBM electron channel can
recover the EQE lost by coabsorption of P3HT, we fabricated
the FTO/mp-TiO2/Sb2S3/P3HT (T/S/P) and FTO/mp-

way to recover the EQE lost by P3HT coabsorption in Sb2S3sensitized heterojunction solar cells through the latter option.
Furthermore, we demonstrate panchromatic light harvesting in
TiO2/Sb2S3/PCPDTBT(PCBM) devices by the same approaches.
In our previous study, we found that the generated electron−
hole pairs in Sb2S3 could be efficiently transported into the
TiO2 electron conductor and P3HT hole-conducting layer; at
the same time, the generated charge carriers in P3HT could be
partially transported into TiO2 and Sb2S3 for electrons and the
Au electrode for holes.19 Here, we conceive that if we can locate
the electron channels bridging TiO2 and bulk P3HT then we
can recover the EQE lost by absorption of P3HT as long as the
electron channels satisfy the following conditions: (i) the
generated electron−hole pairs in P3HT can be efficiently
separated at the P3HT/electron channel interface; (ii) the
separated electrons are effectively injected into the electron
channel and are safely delivered to either TiO2 or Sb2S3; (iii)
the delivered electrons through the electron channel should be
more efficiently injected to either TiO2 or Sb2S3 than the
electron injection from P3HT to either TiO2 or Sb2S3; and (iv)
the recombination at the newly formed Sb2S3/electron channel
interface should be insignificant (in other words, the lowest
unoccupied molecular orbital (LUMO) energy level of the
electron channel should be higher than the conduction band
energy level of Sb2S3 to prevent reverse-directed electron
transfer from Sb2S3 to the electron channel). On the basis of
this concept, we chose a PCBM ([6,6]-phenyl-C61-butyric acid
methyl ester) as a model electron channel because PCBM is
known as one of best electron acceptors compatible with the
P3HT electron donor in bulk heterojunction (BHJ) solar cells,
and the LUMO energy level is located at ca. −3.7 eV.22 Figure
1 shows a schematic illustration of the device structure and its

Figure 1. (a) Schematic illustration of the device structure and (b) its
energy band diagram.

energy band diagram. The energy positions of the TiO2/Sb2S3/
P3HT and PCBM was depicted from reported values.19−24
It appears to be difficult to selectively locate the electron
channels on an individual TiO2 or Sb2S3 surface; consequently,
the PCBM electron channels might be nonselectively formed as
shown in Figure 1a. Thus, we need to determine which electron
channel, either channel (I) or (II) in Figures 1a and 2a, is more
desirable to efficiently deliver the generated charge carriers in
P3HT. To compare the effect of the constructed electron
channels (I) and (II), we designed model systems that formed
channel (I) or (II) selectively. For a model device with electron
channel (I) only, we deposited a P3HT (15 mg/1 mL of 1,2
dichlorobenzene) and a P3HT/PCBM (1:0.7 wt/wt: 15 mg/
10.5 mg in 1 mL of 1,2 dichlorobenzene) film on a dense TiO2
blocking layer (bl-TiO2) of FTO (fluorine-doped SnO2)
substrate by spin coating. On the other hand, for the model
B
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Figure 2. (a) Schematic device structure of the model experiments for channels (I) and (II); (b) cross-sectional SEM image of Sb2S3 film deposited
on bl-TiO2/FTO; (c) the EQE spectra of the model devices and (d) their I−V curves. The following abbreviations are used in the figure: b-T = blTiO2, S = Sb2S3, P = P3HT, and P-P = P3HT/PCBM.

Figure 3. (a) EQE spectra: the region marked by the blue lines is the EQE difference between the T/S/P-P and T/S/P samples. (b) J−V curves at
100 mW/cm2 light illumination (photo) and no illumination (dark). (c) Transmission spectra: the inset shows the transmission difference between
the T/S/P(-P) and T/S/P samples. (d) PL spectra. The following abbreviations are used in the figure: T = mp-TiO2, S = Sb2S3, P = P3HT, and P-P
= P3HT/PCBM.

the generated charge carriers in P3HT to mp-TiO2).
Supporting Information Figure S3 shows the EQE spectra of
the T/S/P and T/S/P-P devices at different CBD times (0, 1,
and 1.5 h). As the CBD time increases, the amount of Sb2S3
deposited on mp-TiO2 increases. These EQE spectra clearly
indicate that the T/S/P-P samples with the PCBM electron
channel always reveal higher EQE values than the T/S/P

TiO2/Sb2S3/P3HT/PCBM (T/S/P-P) devices. Figure 3a
shows the EQE spectra of the T/S/P and T/S/P-P devices
and clearly confirms that the PCBM electron channel
substantially recovers the EQE loss caused by absorption of
P3HT (additional EQE spectra of different samples are shown
in Supporting Information Figure S2, confirming that the newly
constructed PCBM electron channel could additionally extract
C
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Figure 4. (a) EQE spectra for devices fabricated without and with PCBM in PCPDTBT and (b) J−V curves of mp-TiO2/Sb2S3/PCPDTBT-PCBM
device.

cannot effectively contribute to the light harvesting at the
shorter wavelength region in mp-TiO2/Sb2S3/P3HT(PCBM)
devices. The identical transmission spectra for T/S/P and T/S/
P-P mean that the light-harvesting efficiency of both cells is the
same. Hence, the improved EQE value achieved by the
constructed PCBM electron channel is attributed to the
enhanced charge injection or charge collection efficiency. The
different transmission spectra for T/S and T/S/P (or T/S/PP), shown in the inset of Figure 3c, corresponds to the
absorption by P3HT, and the absorption region agrees well
with the EQE loss region in Figure 3a. In order to support that
the charge carriers in P3HT generated by coabsorption could
be more efficiently transported via the constructed PCBM
electron channel, we checked the photoluminescence (PL)
spectra of the T/S, T/S/P, and T/S/P-P devices under
excitation by 530 nm wavelength light, as shown in Figure 3d.
The depressed PL spectrum of the T/S/P-P sample compared
to the T/S/P sample indicates that the generated charge
carriers in P3HT are more efficiently separated in the T/S/P-P
sample as a result of the constructed PCBM electron channel.
This might be attributed to the fact that the generated charge
carriers in P3HT are more efficiently separated at the P3HT/
PCBM interface than at the P3HT/mp-TiO2 interface. From
the transmission, EQE, and PL spectra, we can conclude that
the constructed PCBM electron channel could improve the
charge injection and charge collection efficiencies.
Efficient charge collection through PCBM electron channel
was successfully applied to the low band gap hole conducting
polymer to harvest additional sunlight. For this purpose, we
used PCPDTBT in the place of P3HT. Figure 4a confirms that
the light absorbed by PCPDTBT/PCBM in a near-infrared
region contributes to generate additional charges from the
comparison of the EQE spectra for devices fabricated without
and with PCBM in PCPDTBT. The use of the low band gap
hole conducting polymer assisted by PCBM electron channel
enables the Jsc of the cell to be reached 16 mA/cm2 and 6.3% of
power conversion efficiency (η) under air mass 1.5 global
(AM1.5G) illumination with the intensity of 100 mW/cm2, as
shown in Figure 4b. To the best of our knowledge, this cell
provides the highest values of overall conversion efficiency ever
reported in the inorganic semiconductor-sensitized solid-state
solar cells.
In summary, we could effectively overcome the filter effect
caused by absorption of P3HT in the visible range through the
formation of electron channels in a hole-conducting material.
The newly constructed PCBM electron channel bridging mpTiO2 and P3HT could additionally transfer the generated
charge carriers in P3HT to mp-TiO2. From model experiments,

samples without an electron channel. This result agrees well
with the model experiments because the newly constructed
PCBM electron channel bridging P3HT and mp-TiO2 could
more effectively transport the generated charge carriers in
P3HT to mp-TiO2 as a result of more efficient charge transfer
in the PCBM/P3HT interface than the mp-TiO2/P3HT
interface. In the case of samples having a lower concentration
of Sb2S3 for short CBD time periods (0 h, 1 h, and 1.5 h), the
EQE values of samples with PCBM electron channels are
higher than those without electron channels across the whole
visible region because the unabsorbed light is coabsorbed by
P3HT, and consequently the P3HT generates charge carriers
that are transported through the PCBM electron channel. The
gradual decrease of the EQE difference between the samples
with electron channels and those without electron channels
along with the CBD time period is attributed to the gradual
increase of absorption by Sb2S3 deposited on mp-TiO2.
Accordingly, the Sb2S3 prepared by 2 h of CBD absorbs most
of the light, and the light not absorbed by Sb2S3 is absorbed by
P3HT. As expected from the EQE spectra, the short-circuit
current density (Jsc = 14.2 mA/cm2) of the T/S/P-P device is
higher than the short-circuit current density (Jsc = 13.4 mA/
cm2) of the T/S/P device, as shown in Figure 3b. By
integrating the difference between the EQE spectra (the region
marked by the blue lines in Figure 3a), we can expect that a Jsc
of 1.0 mA/cm2 under an illumination of 100 mW/cm2 can be
generated. This agrees well with the Jsc difference (0.8 mA/
cm2) of the T/S/P-P and T/S/P devices. Accordingly, the
overall power conversion efficiency of T/S/P-P (η = 5.0%) is
improved more than that of T/S/P (η = 4.9%), although the fill
factor of the T/S/P-P (65.3%) device is slightly lower than that
of T/S/P (67.1%). Therefore, the improved overall power
conversion efficiency was mainly attributed to the recovered
EQE by the constructed PCBM electron channel bridging
P3HT and mp-TiO2, and the slight deterioration of the fill
factor might be attributed to the reduced effective contacting
interface between Sb2S3 and P3HT as a result of formation of
PCBM electron channel (II).
To confirm that the major contribution to the device
efficiency is the constructed PCBM electron channel, we
compared the transmission spectra of each device, as shown in
Figure 3c, because the EQE value is the product of the lightharvesting, charge injection, and charge collection efficiencies.
An absorption by P3HT/PCBM in mp-TiO2, as can be seen in
the transmittance measured from T/P-P, at the shorter
wavelength region below 550 nm is relatively low. This is
ascribed by a low molar absorption coefficient of P3HT,
compared to the Sb2S3.24,25 This indicates P3HT/PCBM
D
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we found that PCBM electron channel (I) bridging mp-TiO2
and P3HT is more positive than electron channel (II) bridging
Sb2S3 and P3HT because electron channel (II) might hinder
the efficient hole extraction from Sb2S3 to P3HT as a result of a
reduced effective interface between Sb2S3 and P3HT. Moreover, we could collect additional charge produced by
PCPDTBT as low band gap hole conducting polymer that
can absorb light in a near-infrared region. We believe that the
present findings provide novel directions for achieving highefficiency solid-state solar cells using hole-conducting materials.
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