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Air-stable inverted structure of hybrid solar cells using a
cesium-doped ZnO electron transport layer prepared by
a sol–gel process

Seungchul Kwon,†a Kyung-Geun Lim,†b Myungsun Shim,c Hong Chul Moon,a

Jicheol Park,a Gumhye Jeon,a Jihyun Shin,a Kilwon Cho,c Tae-Woo Lee*b

and Jin Kon Kim*a

We have developed an air-stable inverted structure of poly(3-hexylthiophene) (P3HT) : cadmium selenide

(CdSe) hybrid solar cells using a cesium-doped ZnO (ZnO:Cs) electron transport layer. The ZnO:Cs layer was

simply prepared at low temperature by the sol–gel process using a ZnO solution containing cesium

carbonate (Cs2CO3). With increasing Cs-doping concentration, the conduction band edge of ZnO is

decreased, as confirmed by scanning Kelvin probe microscopy. The energy level of ZnO:Cs is effective for

electron transport from CdSe. Consequently, the power conversion efficiency (PCE) of the inverted

P3HT : CdSe hybrid solar cells using the ZnO:Cs electron transport layer is 1.14%, which is significantly

improved over that (0.43%) of another device without Cs. X-ray photoelectron spectroscopy analysis

revealed that the amount of CdSe on the substrate (or the bottom surface) is larger compared with the

air (or top) surface regardless of the P3HT : CdSe weight ratio. The vertically inhomogeneous

distribution of CdSe in the hybrid solar cells gives better charge transport from CdSe to ZnO:Cs in the

inverted structure of the device compared with that in the normal structure. As a result, the inverted

hybrid solar cell consisting of 1 : 4 (wt/wt) P3HT : CdSe shows the best efficiency, while the best

efficiency of a normal hybrid solar cell is achieved at 1 : 9 (wt/wt) P3HT : CdSe.
Introduction

Organic-based photovoltaic cells have been attracting immense
attention as next-generation solar cells due to their excellent
solution processability, low cost, and large area fabrication.
Particularly, inorganic nanocrystals combined with an organic
semiconducting material (electron donor) are of great interest
for use as a light-absorbing electron acceptor, because of their
efficient charge transport,1 tunable band gap depending on size
and shape,2 high absorption coefficient,3 good stability of
nanostructures,4 and efficient charge transfer from an organic
donor with S atoms (for instance, poly(3-hexylthiophene)
(P3HT)) to inorganic nanocrystals due to strong coordination
interaction between S atoms in the organic donor and inorganic
nanocrystals.5 Especially, elongated nanostructures of inor-
ganic nanocrystals such as nanorods1 and tetrapods6 have been
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widely used for hybrid solar cells due to the effective electron
transport. Recently, a signicant improvement in the device
performance has been achieved using PbS,7 CdS,8 and CdTe.9

Additionally, ternary CdxHg1�xTe10–12 and quaternary
Cu2ZnSnSe4 nanocrystals13 have been explored for hybrid solar
cells because of their low-toxicity, appropriate band gap (1.0–
1.5 eV), and relatively abundant component elements.

Conventional hybrid solar cells (hereaer referred to as
normal hybrid solar cells) typically consist of an organic–inor-
ganic hybrid thin lm sandwiched between poly(3,4-ethyl-
enedioxylthiophene):poly(styrenesulfonate) (PEDOT:PSS) as an
anodic buffer layer on a transparent anode and a metal cathode
with a low work function.1 Acidic and hygroscopic PEDOT:PSS,
however, causes a stability problem in normal hybrid solar
cells.14 Accordingly, the development of the inverted structure of
a device without having PEDOT:PSS is essential for achieving
better device stability.15–17

The efficiency of an inverted hybrid solar cell is signicantly
affected by the morphology of the active layer and the mate-
rials of anodic and cathodic buffer layers. Even though
the inverted hybrid solar cells use inorganic nanocrystals as
the bottom contact unlike the normal hybrid solar cells,18 the
morphology of the active layer at the top and bottom contacts
in the hybrid solar cells has not been studied in detail.
Moreover, anodic buffer layers based on metal oxides such as
This journal is ª The Royal Society of Chemistry 2013
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TiO2 and ZnO having solution processability, environmental
stability, and high electron mobility have been recently
employed at the active layer/cathode interface of the inverted
hybrid solar cells.15–17 However, the sol–gel process for
preparing TiO2 lms requires high annealing temperature
(350–500 �C), which is unsuitable for exible device applica-
tions.15,16 Although TiO2 nanoparticles could be used for the
solution process at room temperature, the nanoparticles are
not stable for the solution process without appropriate
ligands.19 For another inverted device using sol–gel-derived
ZnO prepared at relatively low temperature (�200 �C), the
deposition of an additional fullerene (C60) buffer layer on ZnO
is needed for optimal band alignment with an inorganic
acceptor material (CdTe) because the conduction band edge of
ZnO is considerably lower than the lowest unoccupied molec-
ular orbital (LUMO) of inorganic nanocrystals.17

To match the LUMO of CdSe nanorods, in this study, we
employed a cesium-doped ZnO (ZnO:Cs) electron transport
layer. ZnO:Cs thin lms are fabricated by the sol–gel process at
low temperature (�200 �C) of ZnO solution containing cesium
carbonate (Cs2CO3). X-ray photoelectron spectroscopy (XPS)
analysis revealed that the CdSe concentration in the
P3HT : CdSe hybrid thin lm is higher on the bottom surface
(or the substrate) compared with that on the top (or air)
surface. The vertically inhomogeneous distribution of CdSe
through the lm thickness becomes a favorable morphology
for inverted hybrid solar cells. Due to an efficient electron
transport from CdSe to ZnO:Cs on the ITO glass substrate, the
optimum concentration of CdSe relative to P3HT in the
P3HT : CdSe inverted hybrid solar cell for the best device
performance was 1 : 4 wt/wt P3HT : CdSe, which is much
smaller than that (1 : 9 wt/wt P3HT : CdSe) of normal hybrid
solar cells.
Experimental section
Synthesis of CdSe nanorods

Cadmium oxide (CdO, $99.99%), trioctylphosphine oxide
(TOPO, technical-grade, 90%) and trioctylphosphine (TOP,
97%) were purchased from Sigma-Aldrich. Octylphosphonic
acid (OPA) was purchased from PCI Synthesis. All reagents and
chemicals were used without further purication. CdSe nano-
rods were synthesized according to the literature.20 0.1284 g of
CdO (1.0 mmol), 0.3923 g of OPA (2.0 mmol), and 2.0 g of
TOPO were loaded into a ask and heated to 310 �C under a
nitrogen ow to dissolve CdO in the OPA–TOPO solution. Aer
a transparent solution was obtained, it was cooled down to
120 �C and kept under vacuum for 2 h. The solution was
heated to 320 �C and then the TOP–selenium complex (0.1184
g of selenium (1.5 mmol) in 1.0 g of TOP) was quickly injected
into the ask. This solution was kept at 320 �C for 20 min and
the reaction was stopped by removing the heating mantle.
Hexane (10 ml) was added to the ask to dissolve the nanorods
at 50 �C. Methanol (80 ml) was used to separate the CdSe
nanorods from organic surfactants by centrifugation and
decantation three times, and then the solution was dried and
stored in a vacuum.
This journal is ª The Royal Society of Chemistry 2013
Pyridine treatment of CdSe nanorods

CdSe nanorods were added to anhydrous pyridine (30 ml) and
reuxed at 120 �C for 24 h under a nitrogen ow. Aer pyridine
treatment, the CdSe nanorods were centrifuged with hexane
(120 ml) and redissolved in chloroform (10 ml). The CdSe–
chloroform solution was sonicated for 30 min and then ltrated
using a 1 mm PTFE lter. The ltrated solution was dried and
kept under vacuum.
Synthesis of P3HT

Allyl-end functionalized P3HT (the number average molecular
weight ¼ 29 000 and the polydispersity index ¼ 1.20) was
synthesized in our laboratory21,22 and used without further
purication.
Preparation of ZnO:Cs solution

0.46 M zinc acetate dihydrate (99.999%, Aldrich), 0.46 M etha-
nolamine ($99.5%, Aldrich), and cesium carbonate (Cs2CO3,
99.995%, Aldrich) were dissolved in 2-methoxyethanol (anhy-
drous, 99.8%, Sigma-Aldrich) and vigorously stirred at 70 �C for
24 h in air.
Fabrication of inverted P3HT : CdSe hybrid solar cells

All devices were fabricated on an indium-tin oxide (ITO)-coated
glass. The ITO glass was sequentially cleaned using acetone,
ethanol, Mucasol detergent diluted in deionized water, acetone,
and ethanol in an ultrasonic bath. Next, the ITO glass was spin-
coated with ZnO:Cs sol at 2000 rpm for 60 s and annealed at 200
�C for 30min in air. The P3HT andCdSe (total 33mg) weremixed
in 1,2-dichlorobenzene (DCB, anhydrous, 99%, Sigma-Aldrich,
0.94ml) and pyridine (anhydrous, 99.8%, Sigma-Aldrich, 0.06ml)
and stirred at 50 �C for 12 h. The solution was spin-coated onto
the ZnO:Cs-coated ITO glass substrates at 800 rpm for 90 s,
annealed at 120 �C for 20 min, and then transferred to a high-
vacuum chamber for MoO3 (7 nm)/Ag (100 nm) deposition at
rates of 0.3 Å s�1 and 0.5 Å s�1, respectively, on top of the
P3HT : CdSe blend lms. The active area was 0.06 cm2.
Characterizations

The shape and size of CdSe nanorods were investigated by
transmission electron microscopy (TEM) (JEOL JEM-2100F).
The Cd/S atomic ratio was characterized by XPS (VG ESCALAB
220 iXL system with a mono-chromated Al Ka (1486.6 eV) X-ray
source). The optical properties of the CdSe nanorod lm and
P3HT : CdSe thin lms were characterized using a Cary 5000
UV-Vis-NIR spectrophotometer. The surface potential shi of
ZnO:Cs lms was obtained by scanning Kelvin probe micros-
copy (SKPM) (Kelvin Probe System SKP5050). Atomic force
microscopy (AFM) (Digital Instruments D3000) in the tapping
mode with silicon nitride tips on cantilevers (Nanoprobe) was
used to characterize the surface morphology of ZnO:Cs thin
lms with various Cs/Zn molar ratios.
J. Mater. Chem. A, 2013, 1, 11802–11808 | 11803
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Fig. 2 (a) J–V curves, (b) JSC and VOC, and (c) series resistance (RS) of inverted
P3HT : CdSe hybrid solar cells with various amounts of Cs in the ZnO:Cs layer.
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Results and discussion

Fig. 1(a) shows a schematic for the device structure of inverted
hybrid solar cells based on P3HT and CdSe. Fig. 1(b) and (c) show
the chemical structure of the electron donor (P3HT) and the TEM
image of the electron acceptor (CdSe nanorods with a diameter of
5–6 nm and an average length of�27 nm), respectively. The inset
of Fig. 1(c) shows the histogram of the CdSe nanorod length. In
this inverted structure, ITO and Ag were used as the cathode and
the anode, respectively. High-work-function MoO3 was deposited
on top of the P3HT : CdSe lms as a hole transport layer, while
the ZnO:Cs thin lm with various Cs/Znmolar ratios was used for
an electron transport layer on the ITO glass substrate. The P3HT
and CdSe mainly absorb visible light, resulting in the generation
of photo-excited excitons (electron–hole pairs). Aer exciton
diffusion to the interface of P3HT and CdSe, the electrons and
holes are separated into CdSe and P3HT, respectively, and
transported toward each electrode.

The plots of the current density–voltage ( J–V) characteristics
measured under the solar-simulated air mass (AM) 1.5 G illu-
mination at an intensity of 100 mW cm�2 for the inverted
P3HT : CdSe (1 : 4 weight ratio) hybrid solar cells using ZnO:Cs
electron transport layers with various Cs/Zn molar ratios are
shown in Fig. 2(a). The corresponding characteristics of the
inverted hybrid solar cells depending on the Cs/Zn molar ratios
are summarized in Table 1. The inverted hybrid solar cell using
pristine ZnO without Cs shows an open circuit voltage (VOC) of
0.521 V, a short circuit current density ( JSC) of 2.5 mA cm�2, and
a ll factor (FF) of 32.7%; thus, the power conversion efficiency
(PCE) is 0.43%. A considerably improved performance of the
inverted hybrid solar cell is obtained when the Cs/Zn molar
ratio is 0.094: a VOC of 0.633 V, a JSC of 4.7 mA cm�2, an FF of
38.4%, and a PCE of 1.14%. Particularly, the VOC and JSC of the
device are signicantly enhanced (Fig. 2(b)). One possible
reason for the increased performance of the devices using
ZnO:Cs is the reduction in series resistance (RS) including
contact resistance at the ZnO:Cs/P3HT : CdSe interface.23 To
reveal the JSC enhancement, the RS of inverted hybrid solar cells
depending on the Cs/Zn molar ratio was extracted from the J–V
characteristics (Fig. 2(c) and Table 1). We clearly see a reduction
in RS for the devices using the ZnO:Cs layer. The device using
Fig. 1 (a) Device illustration of the inverted P3HT : CdSe hybrid solar cell. (b) The
chemical structure of P3HT and (c) the transmission electron microscopy (TEM)
image of CdSe nanorods. The inset is the histogram of the CdSe nanorod length.

Table 1 Performance of the inverted devices based on P3HT : CdSe blends using
the ZnO:Cs electron transport layer with various amounts of Cs

Cs/Zn molar
ratio VOC (V)

JSC
(mA cm�2) FF (%)

RS

(U cm2) PCE (%)

0 0.521 2.5 32.7 127 0.43
0.013 0.578 3.1 33.3 103 0.60
0.04 0.613 3.5 35.2 95.4 0.76
0.067 0.633 4.3 34.1 84.6 0.93
0.094 0.633 4.7 38.4 64.2 1.14
0.121 0.472 3.1 24.8 191 0.36

11804 | J. Mater. Chem. A, 2013, 1, 11802–11808
ZnO:Cs with a Cs/Zn molar ratio of 0.094 shows an RS of 64.2 U

cm2, which is almost half of the RS of the device using pristine
ZnO (127 U cm2). The reduced RS is favorable for electron
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) Surface potential of ZnO as a function of the Cs/Zn molar ratio
measured by scanning Kevin probe microscopy (SKPM) and (b) the schematic
energy level diagram for the materials used in the device.
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extraction from CdSe to the ZnO:Cs layer. However, when the
Cs/Zn molar ratio is further increased to 0.121, the PCE
becomes poorer because of the low JSC (3.1 mA cm�2) and low
VOC (0.472 V).

To investigate the poor device performance at a Cs/Zn molar
ratio of 0.121, the surface morphology of the ZnO:Cs lms was
investigated by AFM. As shown in Fig. 3(a)–(c), ZnO:Cs thin
lms with a Cs/Zn molar ratio up to 0.094 show smaller root-
mean-squared (RMS) roughness (�2.5 nm) on ITO glass
substrates. However, as shown in Fig. 3(d), ZnO:Cs with a Cs/Zn
molar ratio of 0.121 shows a very rough surface with an RMS
roughness of 6.16 nm. The roughened surface morphology may
be attributed to the phase separation of ZnO and Cs2CO3 aer
annealing on the ITO glass because of large amounts of Cs2CO3.
Once Cs2CO3 is aggregated, it acts as an insulator. When the
surface becomes rough, the leakage current occurs through
the peaks of the ZnO:Cs layer, leading to a poor FF. Also, the
aggregated Cs2CO3 domains result in high RS at the interface
between ZnO:Cs and CdSe. The low VOC of a device with a higher
Cs/Zn molar ratio of 0.121 might be attributed to increased
leakage current and density of the trap sites, resulting in trap-
assisted recombination on the rough ZnO:Cs surface.24,25

To verify the VOC enhancement of the device using the ZnO:Cs
electron transport layer, the surface potential shi of ZnO:Cs
lms depending on the Cs-doping concentration was measured
by SKPM. As shown in Fig. 4(a), the surface potential shi of
ZnO:Cs is gradually decreased depending on the Cs/Zn molar
ratio. Therefore, the conduction band edge of ZnO:Cs shis
upward to match the LUMO of CdSe with increasing Cs/Zn molar
ratio. The VOC is generally affected by the conduction band edge
of the electron transport layer.26,27 As a result, the VOC of the
device increases with increasing Cs/Znmolar ratio at lower Cs/Zn
molar ratios. Especially, the surface potential at a Cs/Zn molar
ratio of 0.067 was shied by �0.17 V; thus, the VOC reaches the
Fig. 3 AFM height images of (a) pristine ZnO, (b) ZnO:Cs (Cs/Zn molar ratio ¼
0.030), (c) ZnO:Cs (Cs/Zn molar ratio ¼ 0.094), and (d) ZnO:Cs (Cs/Zn molar ratio
¼ 0.121).

This journal is ª The Royal Society of Chemistry 2013
maximum (0.633 V). The conduction band edge of ZnO is known
to be 4.2 eV,28 while the LUMO of pyridine-treated CdSe is known
to be 4.0 eV.29 Thus, the conduction band edge of ZnO:Cs with a
Cs/Zn molar ratio of 0.067 is pinned to the LUMO of CdSe, as
shown schematically in Fig. 4(b). Thus, the increase in VOC is
attributed to the decrease of the conduction band edge of ZnO:Cs
to match the LUMO of CdSe nanorods.

The device performance was also studied as a function of the
P3HT : CdSe weight ratio using the ZnO:Cs thin lm at a given
Cs/Zn molar ratio of 0.094. Fig. 5(a) indicates that the perfor-
mance of the inverted hybrid solar cells was greatly inuenced by
the weight ratio of P3HT to CdSe. With the increase in the CdSe
concentration, the JSC and VOC of the device initially increased up
to 1 : 4 (wt/wt) P3HT : CdSe, and then decreased. The maximum
PCE was 1.14% at 1 : 4 (wt/wt) P3HT : CdSe. Generally, in normal
hybrid solar cells, the increase in the CdSe concentration in the
active layer generates more electron pathways to the top
contact.18 The performance of inverted hybrid solar cells is,
however, optimized at 1 : 4 (wt/wt) P3HT : CdSe, which means
that even low CdSe concentrations in the inverted structure
create sufficient percolation pathways to the bottom contact for
efficient electron transport. In addition, the increased P3HT
concentration in the active layer up to 1 : 4 (wt/wt) P3HT : CdSe
contributes to more light absorption (Fig. 5(c)), resulting in
favorable percolation pathways for hole transport. The contri-
bution of P3HT and CdSe to generate photocurrent was investi-
gated using the incident photon-to-electron conversion efficiency
(IPCE) spectra of the inverted hybrid solar cells with various
P3HT : CdSe weight ratios. As shown in Fig. 5(b), the maximum
IPCE of the device with 1 : 4 (wt/wt) P3HT : CdSe reached 39%
with the absorption peak at 525 nm, which means that in the
J. Mater. Chem. A, 2013, 1, 11802–11808 | 11805
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Fig. 5 (a) J–V curves, (b) IPCE spectra of inverted P3HT : CdSe hybrid solar cells
with various compositions of P3HT : CdSe using the ZnO:Cs (Cs/Zn molar ratio ¼
0.094) electron transport layer. (c) UV-Vis absorption spectra of P3HT : CdSe
hybrid thin films composed of various compositions of P3HTand CdSe on a quartz
substrate after annealing at 120 �C. The inset corresponds to the UV-Vis spectra of
neat P3HT and CdSe nanorods films.

Fig. 6 (a) Cd/S atomic ratios of P3HT : CdSe active layers at the top and bottom
measured by XPS and (b) schematic illustration of the vertical device structure.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
1 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 S

eo
ul

 N
at

io
na

l U
ni

ve
rs

ity
 o

n 
11

/1
0/

20
21

 1
1:

20
:0

4 
A

M
. 

View Article Online
inverted structure of the devices, the contribution of P3HT to the
photocurrent generation was considerably higher than that of
CdSe, which is veried by UV-Vis absorption spectra (see
Fig. 5(c)).
11806 | J. Mater. Chem. A, 2013, 1, 11802–11808
To clarify the variation of device performance depending on
the weight ratio of P3HT and CdSe, the CdSe to P3HT compo-
sition ratio at the top and bottom surfaces of spin-coated lms
was evaluated by XPS. Here, we used the atomic ratio of Cd in
CdSe to S in P3HT. We prepared the lms by spin-coating
P3HT : CdSe solutions onto NaCl substrates and thermal
annealing at 120 �C for 20 min. To characterize the Cd/S atomic
ratio at the bottom of the P3HT : CdSe layer, the top of the
P3HT : CdSe was coated with epoxy with a curing agent and
cross-linked by heating at 60 �C for 12 h. Finally, the NaCl
substrate was removed by dipping it in deionized water. Fig. 6(a)
gives the Cd/S atomic ratio dependence on the weight ratios of
P3HT and CdSe. All samples show higher Cd/S atomic ratios on
the bottom surface compared with the top surface. With
increasing CdSe concentration in the active layer, top contact of
CdSe is increased. From this result, we can schematically draw
vertically segregated distribution of P3HT and CdSe through the
lm thickness: more P3HT molecules are located near the top
surface, while a large amount of CdSe exists near the bottom
surface (Fig. 6(b)). This implies that a large amount of CdSe is
needed in the normal structure of hybrid solar cells for efficient
electron extraction to the top electrode. In contrast, the opti-
mized performance could be obtained in inverted hybrid solar
cells with much lower CdSe concentration. The device with 1 : 4
(wt/wt) P3HT : CdSe showed a better PCE than that with 1 : 3
(wt/wt) P3HT : CdSe due to sufficient CdSe interconnection for
electron pathways. Above 1 : 5 (wt/wt) P3H : CdSe, the
This journal is ª The Royal Society of Chemistry 2013
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concentration of P3HT on the top surface of an active layer is
decreased. Because hole extraction through the P3HT is more
restricted compared with that in the optimum device, the device
has a lower current level and higher RS.

Fig. 7(a) shows the J–V curves for normal and inverted hybrid
solar cells. The normal hybrid solar cell consists of ITO/
PEDOT:PSS/P3HT : CdSe/Al. The weight ratio of P3HT to CdSe
was 1 : 9, which showed the best performance: a VOC of 0.633 V,
a JSC of 4.4 mA cm�2, and an FF of 46.6%; thus, a PCE of 1.30%.
The inverted hybrid solar cell consists of ITO/ZnO:Cs(Cs/Zn
molar ratio ¼ 0.094)/P3HT : CdSe(1 : 4 weight ratio)/MoO3/Ag.
This device shows the best performance (1.14%), which was
comparable to the PCE of the normal hybrid solar cell. The inset
of Fig. 7(a) shows the IPCE spectra of normal and inverted
hybrid solar cells. The normal device is most efficient near 400
nm corresponding to the absorption of CdSe, while the inverted
device is most efficient near 525 nm, corresponding to
absorption of P3HT, and both IPCEs reach 39%. P3HT has a
strong absorption band between 450 and 650 nm, which
complements low absorption of CdSe. Fig. 7(b) shows the
stability test of the normal and inverted hybrid solar cells. The
unencapsulated devices were stored under dark and ambient
conditions and periodically tested over 168 hours. Although the
Fig. 7 (a) J–V curves and (b) the stability test of inverted and normal P3HT : CdSe
hybrid solar cells. The inset corresponds to the IPCE spectra of normal and inverted
hybrid solar cells.

This journal is ª The Royal Society of Chemistry 2013
PCE (1.30%) of the normal hybrid solar cell is slightly higher
than that (1.14%) of the inverted hybrid solar cell, the former
cell becomes very unstable in air, because the PCE was reduced
to almost 0% in less than 24 h. The inverted hybrid solar cell,
however, is much more stable in the air. Namely, over 70% of
the original PCE of the devices was preserved even aer 168 h of
storage. This is because an air-stable inorganic ZnO:Cs layer was
employed on the ITO glass substrate in the inverted structure
instead of using the acidic and hygroscopic PEDOT:PSS layer in
the normal structure.30–33
Conclusions

We have studied the effect of the ZnO:Cs electron transport
layer with various Cs/Zn molar ratios on the performance of the
inverted structure of P3HT : CdSe hybrid solar cells. For inver-
ted P3HT : CdSe (1 : 4 weight ratio) hybrid solar cells, the PCE is
signicantly improved from 0.43% for a device using pristine
ZnO to 1.14% for another device using ZnO:Cs with a Cs/Zn
molar ratio of 0.094. The increase in VOC is mainly attributed to
the shi of the conduction band edge of ZnO:Cs to match the
LUMO of CdSe. The improved JSC mainly stems from lowered RS

and more efficient electron extraction due to a better energy
level match at the electron extraction contact. Moreover, verti-
cally inhomogeneous distribution of P3HT and CdSe in the
lm, where CdSe is more abundant at the bottom surface, is
suitable for electron extraction from CdSe in the active layer to
ZnO:Cs and efficient hole extraction from P3HT in the active
layer to the top electrode in the inverted structure of hybrid
solar cells. The inverted structure of P3HT : CdSe hybrid solar
cells showed very high air-stability because it does not use the
PEDOT:PSS layer. Fabrication of the inverted hybrid solar cell
with further improved PCE might be possible by using a low-
band-gap p-type polymer capable of absorbing broad-wave-
length light.
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