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Abstract—We studied sol–gel derived indium-doped zinc oxide
(IZO) with various indium contents as a functional buffer layer
in inverted polymer:fullerene bulk-heterojunction solar cell. The
short-circuit current density was observed to increase by doping
indium in pure ZnO buffer layer. The maximum current density
was obtained with a 1 at.% indium doping. Although the opencircuit voltage and fill factor reduced slightly, the inverted organic
solar cell with 1 at.% IZO buffer layer showed a power conversion
efficiency of 3.3%, which is higher compared to that (2.94%) of
the device with undoped ZnO buffer layer under illumination of
AM1.5G. The better performance is due to combined effects of
improvement in charge collection and higher optical transmittance
of electrode/buffer layer stack.
Index Terms—Indium-doped zinc oxide (IZO), inverted organic
solar cell, sol–gel.

I. INTRODUCTION
RGANIC solar cells (OSCs) based on bulk-heterojunction
(BHJ) concept are considered to be a promising candidate for the next generation solar cells because of light weight,
mechanical flexibility, compatibility with roll-to-roll manufacturing, and potentially low cost. In a conventional structure of
an OSC, indium tin oxide (ITO) modified with p-type poly
(3,4-ethylene dioxythiophene):(polystyrene sulfonic acid) (PEDOT:PSS) is used as anode. The polarity of ITO can, however,
be reversed by modifying with an n-type functional buffer layer,
and only electrons are then exclusively collected by ITO electrode. Such device architecture, normally known as an inverted
structure, has distinct advantages over the conventional one.
The device stability is improved as a result of the elimination
of acidic PEDOT:PSS, which destroys ITO [1], and the replacement of low-work-function metal with high-work-function
metal top electrode, which prevents diffusion of air and moisture

O

into organic active layer [2]. However, additional resistance resulted from the collection of charges via functional buffer layer
leads to high series resistance in the device and reduction in
short-circuit current density. Hence, further improvement of inverted architecture can be expected by reducing the resistivity of
the functional buffer layer and optimizing the energy alignment
between acceptor/buffer layer interfaces [3].
Indium-doped zinc oxide (IZO), which has previously been
applied as a channel layer in thin-film transistor [4] and an
interlayer for forming ohmic contact in UV LED [5], is a suitable
candidate to be used as an n-type functional buffer layer to
overcome the limitation of inverted OSC due to the fact that
its resistivity is lower and transmittance is higher compared to
undoped ZnO [6]. Such IZO further offers several benefits, and
IZO can be deposited by low-cost solution-processing methods
such as spray pyrolysis [7] and sol–gel techniques [8], which are
compatible with solution-based processing of BHJ solar cells.
The amount of dopant is also tunable by controlling the amount
of precursors within a reasonable accuracy. However, only ZnO
[9], TiO2 [10], TiOx [11], and Cs2 O3 [12] have been used as
n-type buffer layers in inverted OSCs to date. Different from
previous works in the literature, in this paper, we employed IZO
as an n-type buffer layer of inverted OSCs and manipulated the
doping concentration to optimize the device performance. We
demonstrated that the performance of inverted OSC is enhanced,
especially in the short-circuit current density (Jsc ), by replacing
conventional ZnO with appropriately doped IZO buffer layer.

II. EXPERIMENTAL DETAILS
A. Sol–Gel Preparation
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We first prepared IZO sol using zinc acetate dihydrate
[Zn(CH3 COO).2H2 O] (99.95% Fluka) as precursor, indium
chloride [InCl3 ] (98% Aldrich) as dopant source, ethanol
[CH3 CH2 OH] (99.5+% Aldrich) as solvent, and ethanolamine
[NH2 CH2 CH2 OH] (99+% Sigma-Aldrich) as sol stabilizer
[13]. Indium chloride contents used in the sol are 0, 1, 2, and 3
at.% of the precursor and the concentration of the sol was kept
constant at 0.1 M. Zinc acetate dehydrate and indium chloride
were first dissolved in ethanol and rigorously stirred for 2–3 h
at 80 ◦ C. Subsequently, ethanolamine was added to the solution
followed by thorough mixing process with magnetic stirred for
12–15 h at 60 ◦ C.
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Fig. 1. Device structure of the inverted OSC illustrating the flow of charge. Numerical values inside the parentheses represent the thicknesses of corresponding
layers.

B. Device Fabrication
The device architecture we studied is fluorine-doped
SnO2 (FTO)/buffer layer/polymer:fullerene blend/MoO3 /Ag as
shown in Fig. 1. In our device architecture, we use FTO as
bottom electrode instead of ITO, which is used in conventional
OSC. Since the work function of FTO (4.4 eV) is higher than
that of top electrode Ag (4.5 eV), internal electric field due to unsymmetrical electrode is promoting the flow of charge carriers.
However, the work function of ITO (4.8–5.1 eV) is lower than
that of Ag and the internal electric filed is opposing the flow
of charge carriers. Therefore, for ITO bottom electrode, very
high-work-function electrode such as Au is more suitable to be
used as top electrode in inverted structure, yet Au is much more
expensive than Ag. Therefore, we opt to use FTO and Ag as
electrodes for our device. In our typical device fabrication process, a functional buffer layer was spin coated onto a precleaned
FTO glass with a sheet resistance of 15 Ω/square from the sols
in a low humidity environment (RH 13%). The coating step was
repeated a few times to obtain desired thickness. As-deposited
thin films were annealed at 350 ◦ C for 1 h in air and colloidal
thin films with a thickness of ∼15 nm were obtained. Then,
the samples were transferred into a glove box and the active
layer with a thickness of ∼100 nm was fabricated by spin coating the blend solution, made of poly (3-hexylthiophene)(P3HT)
(Rieke Metals, Inc.) and 6,6-phenyl C61 butyric acid methyl
ester (PCBM) (Nano-C) with a weight ratio of 1:1 in chlorobenzene (40 mg/ml), onto the buffer layer previously deposited.
Finally, a 15-nm MoO3 and a 70-nm Ag were deposited under
3 × 10−4 Pa by thermal evaporation through a shadow mask.
The fabricated devices were post-annealed at 150 ◦ C under N2
ambient for 10 min.
C. Characterization and Simulation
Photovoltaic measurement was conducted by illuminating
the devices under a solar simulator (Solar Light Company,
Inc.) with an AM1.5G filter. The simulated light intensity was

adjusted to 100 mW/cm2 calibrated with a Thorlabs optical
power meter. The current–voltage (J–V) characteristics were
examined using a Keithley 2400 Sourcemeter. X-ray photoelectron spectroscopy (XPS) measurements were performed with a
Kratos ESCA (model AXIS Ultra) using a monochromated Al
Kα (hυ = 1486.7 eV) X-ray source operated at 15 kV and 10
mA under 8.6 × 10−9 torr. XPS data were collected after etching for 10 min with Ar+ to eliminate the contamination on the
surface. Tapping mode atomic force microscopic (AFM) images
of IZO films and active layers were taken with Nanoscope IIIa
(Digital Instruments) scanning probe microscope. The sheet resistance of IZO-modified FTO film was extracted by Hall effect
measurement (BIO-RAD) with Van der Pauw geometry at room
temperature. Al (80 nm) deposited by e-beam evaporation was
used as contacts for Hall effect measurement. The optical transmittance and absorption spectra of the films were measured by
UV-vis-NIR spectrophotometer system (PerkinElmer Lambda
950) with an integrating sphere to capture directly transmitted
light and forward scattered light. External quantum efficiency
(EQE) spectrum was measured using a Xenon light source with
300 mm focal length monochromator (Bentham). Optical electric field simulation was carried out by matrix methods proposed
by Pettersson et. al., using complex refractive index and thickness of individual layers as input parameters [14].
III. RESULTS AND DISCUSSION
We verified the incorporation of indium compound in the IZO
film with XPS prior to the device fabrication. The stoichiometry
of the IZO films calculated from XPS spectra reveals that the
actual indium content in IZO films derived from 1, 2, and 3
at.% InCl3 precursor are 0.91%, 1.89%, and 3.2% respectively.
Hence, it is worth mentioning that the actual dopant amount incorporated in the film can be controlled from the dopant source
precursor within 10% accuracy. The surface morphologies of
IZO films coated on FTO glass investigated by AFM are shown
in Fig. 2. A significant change in morphology due to incorporation of IZO was not observed. The rms roughnesses of the films
are 3.996, 2.537, 2.858, and 4.39 nm for IZO film with 0, 1,
2, and 3 at.% indium respectively. All IZO films with different
indium contents show similar grain size.
Fig. 3 (a) and (b) shows the J-V curves of the resulting devices
with different buffer layers and the extracted device parameters
under illumination and in the dark, respectively. The variation
in device performance is not significant in terms of open-circuit
voltage (Vo c ) and fill factor (FF). However, Jsc changes significantly due to buffer layer doping. Jsc of devices with IZO buffer
layers containing 0, 1, 2, and 3 at.% indium contents are 8.392,
9.935, 9.307, and 8.924 mA/cm2 , respectively. The maximum
Jsc is achieved at 1 at.% indium content.
The photocurrent generation process in OSC involves five
major steps:
1) light absorption and exciton generation;
2) exciton diffusion to acceptor–donor interface;
3) exciton dissociation at acceptor–donor interface;
4) free-charge carriers transport to electrodes; and
5) charge collection at electrodes.
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Fig. 2. AFM 3-D topographic images of buffer layers with (a) 0 at.%,
(b) 1 at.%, (c) 2 at.%, and (d) 3 at.% indium content. Scan size was 1 µm ×
1 µm.

Fig. 3. J–V characteristics of devices, employing IZO films doped with various
indium contents as the buffer layers (a) under simulated solar irradiation of AM
1.5 G (100 mW/cm2 ) and (b) in the dark.
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Fig. 4. AFM images of active layers fabricated on buffer layer with (a) 0 at.%,
(b) 1 at.%, (c) 2 at.%, and (d) 3 at.% indium content. Scan size was 1 µm ×
1 µm.

We can assume that exciton diffusion, exciton dissociation,
and charge carriers transport are the same for all devices, supposing that the morphology and phase separation of BHJ is the
same for all devices since we used the same acceptor and donor
in the same solvent for all devices. This hypothesis can be verified with two experimental evidences. First, the morphology
and roughness of the active layers fabricated on different buffer
layers revealed by AFM measurement (see Fig. 4) are almost
identical. The roughness (rms) values of the active layers on
buffer layers with 0, 1, 2, and 3 at.% indium content are 0.381,
0.37, 0.37, and 0.394 nm, respectively. Second, the slope of dark
J–V curve in intermediate positive voltage region (between 0.5
and 0.75 V) is the same, suggesting that internal bulk morphology (phase separation of donor/acceptor) is similar for all the
devices [15]. Although the active layers were fabricated on different buffer layers, we observed that the thickness of all active
layers was approximately controlled at 100 nm. In addition, the
difference between the maximum and minimum roughness of
buffer layers is only 1.85 nm, which is extremely small compared to the thickness of active layer. All these evidences imply
that the variation of active layers in the fabricated devices is
negligible and changes in Jsc are not due to active layer. Hence,
the enhancement in Jsc can be attributed to charge collection
at electrode and/or the improvement in optical transmittance of
buffer layer that increases the net absorption of light in active
layer.
As the free electrons at acceptor/buffer interface pass through
the buffer layer before being collected at electrode, the conductivity of buffer layer is important for charge collection process.
The average sheet resistance of 0, 1, 2, and 3 at.% indium containing IZO-coated FTO is 42.3, 35, 37.2, and 40.2 Ω/square
respectively, suggesting that all IZO films are more favorable
in transport of electron to FTO electrode than ZnO film and
IZO with 1 at.% indium is the best among the buffer layers. It
is worth mentioning that the trend in resistivity of the film is

Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on June 03,2010 at 07:27:23 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
4

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS

Fig. 6. Optical transmission spectra of IZO film with different indium contents
(Y-axis—left) and absorption of P3HT:PCBM active layer (Y-axis—right) in the
visible range. (Inset) The normalized photocurrent generation factor due to the
changes in indium content of IZO buffer layer.

Fig. 5. (a) Plot of (αhυ)2 against hυ for calculating band gap of the buffer
layers. (b) Shift in transmittance of buffer layers near the absorption band edge
due to increase in carrier concentration.

consistent with the previous reports on the dependency of IZO
resistance on indium doping [13], [16]. The resistivity initially
increases upon doping because dopant acts as additional charge
carrier and increases the mobility, whereas it decreases again
with the increase in dopant concentration due to the impurities
(chlorine) from the precursor.
Another factor responsible for charge collection is the energy
alignment at acceptor/buffer interface. The work function of
buffer layer can be precisely measured with ultraviolet photoelectron spectroscopy (UPS) [17]. However, due to equipment
availability, we calculated the optical band gap of various IZO
films by extrapolating the straight line of (αhυ)2 plot to hυ-axis
(where α and υ are the absorption coefficient and frequency of
photon, respectively, which are extracted from absorption spectrum), as shown in Fig. 5(a) [18]. The observed band gap is
increased from 3.198 to 3.218 eV with increasing indium concentration from 0 to 3 at.%. Moreover, theoretically, the Fermi
level of an n-type semiconductor increases with carrier concentration [19]. The increase in carrier concentration of IZO films
with increasing dopant can be clearly seen as the Burstein–Moss
shift (blue shift) in the transmittance spectrum near absorption
band edge, as shown in Fig. 5(b) [20]. Both facts suggest that the
work function of buffer layer is decreased with increasing indium concentration. A decrease in work function of buffer layer
reduces the energy barrier for electron to jump to the buffer

layer, favoring the charge collection process. Hence, IZO buffer
layer is better than pure ZnO buffer layer for charge collection
process.
As the light is incident from the FTO electrode, the optical
transmittance of FTO/buffer layer stack alters the net absorption
of photons in the active layer. A few experimental works have
been proved that Jsc is increased due to the highly transparency
of the under layer [21], [22]. The transmittance of combined
glass substrate, FTO, and buffer layer in visible range and the
absorbance of the active layer are shown in Fig. 6. It can be seen
that the transmittance of IZO with 1 at.% indium is higher than
that of undoped buffer layer. However, it is hard to compare
between IZO with 0, 2, and 3 at.% indium because of mixed
high and low transmittance in different regions of the spectrum.
Therefore, we make use of the following equation to determine
the effect of transmittance of buffer layer on Jsc :

qλ
ηA (λ)ηint S(λ)dλ
(1)
Jph =
hc
where Jph , q, h, c, η A , η int , and S represent photocurrent density, the elementary charge, Planck’s constant, the speed of light,
absorption efficiency, internal quantum efficiency, and spectrum of light from sun (simulator),
 respectively. Since q, h,
c, and S are constants, the term ληA (λ)dλ, defined as photocurrent generation factor, causes the variation in Jsc besides
η int . In order to take into account the effect of transmittance
of buffer layer, we calculated η A as the product of the absorbance of active layer and total transmittance (including substrate, FTO, and buffer layer), with a spectral integration range
from 350 to 700 nm. The normalized photocurrent generation
factor is shown in Fig 6 (inset). Since the optical interference
due to the reflection of light from the counter electrode is important for thin films with thickness comparable to the wavelength of incident light, we also simulated the optical field
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Fig. 7. Simulated optical field distribution inside the devices with buffer layers
containing various indium contents for single-wavelength illumination at 535
nm. These devices have structure of glass (2.2 mm)/FTO (300 nm)/IZO (15
nm)/ P3HT:PCBM (100 nm)/MoO3 (15 nm)/Ag (70 nm).

distribution inside the device for single-wavelength illumination at wavelength 535 nm. Although there is no shift in peak of
optical intensity (modulus squared of the electric filed |E|2 ), the
maximum intensity |E|2 in the active layer is observed in device
with 1 at.% indium containing buffer layer (see Fig. 7). The
variation in optical electric field distribution inside the active
layer follows the trend in transmittance of electrode/buffer layer
stack at 535 nm. From both transmittance of electrode/buffer
layer stack and optical distribution simulation, it can be seen
that Jsc is also affected by the optical property of buffer layer
although the contribution is not very significant.
The combined factors of charge collection (transport in buffer
layer and energy alignment) and light absorption (due to transmittance of buffer layer) contribute to Jsc of inverted OSCs in
the experiment. Since IZO with 1 at.% indium is advantageous
for all these factors, the device fabricated with this buffer layer
shows the highest Jsc among the devices. Although IZO with
3 at.% indium is the most beneficial to the electron transfer
from acceptor to buffer layer due to better energy alignment,
Jsc of that device is lower than former due to the drawback
in resistivity (carrier transport in buffer layer), and probably
due to rough buffer layer that causes nonuniform electric field
inside the buffer layer and disturbs current flow in device operation [23]. In Fig. 8, the trend of overall EQE spectra agrees
well with that of Jsc . The variation in Jsc also correlates well
with the change in series resistances (Rs ) of devices, which are
9.85, 6.71, 8.95, and 9.5 Ω·cm2 for the devices employing buffer
layers with 0, 1, 2, and 3 at.% indium content, respectively. The
changes in Rs due to doping buffer layer can also be clearly seen
in the dark J–V curves at high applied voltage region, where the
shape of J–V curve is mainly dominated by Rs [see Fig. 3(b)].
The device with lowest Rs shows the highest dark current at
high voltage region and vice versa.
We observed slight deterioration in FF due to indium incorporation although variation is trivial. A few groups reported that
smooth buffer layer increases the FF of OSCs [22], [24]. However, in the case of devices fabricated from IZO with 1 and 2 at.%

5

Fig. 8. Normalized EQE spectra of fabricated devices with different buffer
layers containing various indium contents.

indium, the FF is decreased despite a similar roughness. Therefore, some other reason must be responsible for low FF. Since
Rs of devices with IZO buffer layer is lower than that of device
with ZnO layer, a slight decline in FF is caused by decrease
in shunt resistance (Rsh ), which can be attributed to electron
injection barrier. Since the buffer layer serves as electron collection in photocurrent generation process as well as electron
injection under forward bias, a decrease in work function due
to indium dopant not only increases the charge collection for
solar cell, but also facilitates the electron injection into diode
under forward bias. The raise in electron injection capability
increases the diode (leakage) current under forward bias, which
is opposed to photocurrent direction. The leakage current due
to electron injection barrier lowering can be observed in the
dark J–V curves at negative and low positive voltage region [see
Fig. 3(b)]. Hence, in the case of devices fabricated from IZO
with 1 and 2 at.% indium, we attribute low FF to the leakage
current that reflects as low Rsh in the J–V curve. For the device
fabricated from IZO with 3 at.% indium, even lower FF can be
ascribed to both leakage current and high roughness.
Although the work function of buffer layer is decreased, we
observe that Vo c is not increased. According to the literature
[25], the large concentration of electrons at the cathode due to
low electron injection barrier decreases Vo c . Hence, we suppose
that the former effect compensates the latter one and Vo c is
relatively stable in all devices. Despite slight degradation in
Vo c and FF, due to significant increase in Jsc , overall power
conversion efficiency (PCE) of devices fabricated from IZO
with 1 and 2 at.% indium is higher than that of device with ZnO
buffer layer. However, in the case of device fabricated from IZO
with 3 at.% indium, slight increase in Jsc is offset by low FF
and overall PCE is lower than ZnO-based device.
It is worth mentioning that MoO3 thickness of 15 nm yielded
very low efficiency in our previous study [26], yet gives much
higher efficiency in this study. We attribute this to different
combinations of materials and thicknesses of layers employed
in two studies, since the optical filed distribution is much dependent on the optical property and thickness of individual
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[2]
[3]

[4]
[5]

[6]
[7]
Fig. 9. Simulated optical filed distribution inside the individual layers of
device for illumination at 520 nm. The device structure used in the simulation
is glass (2.2 mm)/FTO (300 nm)/IZO (1 at.% In)(15 nm)/ P3HT:PCBM (100
nm)/MoO3 (x nm)/Ag (70 nm) with x = 3, 5, and 15 nm.

layers. In this study [glass (2.2 mm)/FTO (300 nm)/IZO (15
nm)/ P3HT:PCBM (100 nm)/MoO3 /Ag (70 nm)], the simulation result shows that MoO3 thickness of 15 nm yields higher
intensity peak than MoO3 thickness of 3 or 5 nm despite a shift
to Ag electrode (see Fig. 9). On the other hand, in the previous
study [glass (1.1 mm)/ITO (130 nm)/Ca (1 nm)/P3HT:PCBM
(85 nm)/MoO3 /Ag (100 nm)], MoO3 thickness of 15 nm rendered not only lower intensity of peak, but also shifted the peak
to electrode, resulting to very low efficiency.

[8]

[9]

[10]

[11]

[12]

IV. CONCLUSION
In summary, Jsc of inverted OSC is influenced by the n-type
buffer layer due to the combined factors contributed from charge
collection and light harvesting. A decrease in work function of
buffer layer resulting from the increase in dopant is beneficial
to the charge collection, yet has slight negative impact on Vo c
and FF due to election injection barrier lowering. This kind of
trend agrees well with previous findings in conventional OCSs
in which Jsc is increased, but Vo c and FF (or only Vo c ) are
declined due to high-conductivity p-type buffer layer [23], [25].
On the basis of previous findings and our observations, it can
be concluded that, regardless of conventional or inverted OSCs,
a buffer layer controls the tradeoff between Jsc and Vo c and
FF, which can be compromised by manipulating doping level,
in other word, the energy level and conductivity of the buffer
layer. The doping level of the buffer layer must be well optimized
to achieve the optimum power conversion efficiency of OSC.
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