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ABSTRACT: Highly efficient organic photovoltaic cells are
demonstrated by incorporating low temperature solution
processed indium zinc oxide (IZO) as cathode interlayers.
The IZOs are synthesized using a combustion synthesis
method, which enables low temperature processes (150−250
°C). We investigated the IZO films with different electron
mobilities (1.4 × 10−3 to 0.23 cm2/(V·s)), hydroxide−oxide
content (38% to 47%), and surface roughness (0.19−5.16 nm)
by modulating the ternary metal oxide stoichiometry. The
photovoltaic performance was found to be relatively insensitive
to the composition ratio of In:Zn over the range of 0.8:0.2 to 0.5:0.5 despite the differences in their electrical and surface
properties, achieving high power conversion efficiencies of 6.61%−7.04%. Changes in composition ratio of IZO do not lead to
obvious differences in energy levels, diode parameters and morphology of the photoactive layer, as revealed by ultraviolet
photoelectron spectroscopy (UPS), dark current analysis and time-of-flight secondary ion mass spectrometry (TOF-SIMS)
measurements, correlating well with the large IZO stoichiometry window that enables efficient photovoltaic devices. Our results
demonstrate the robustness of this ETL system and provide a convenient approach to realize a wide range of multicomponent
oxides and compatible with processing on flexible plastic substrates.
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■ INTRODUCTION

Organic and printed electronic devices such as solar cells and
light-emitting diodes typically require one electrode with a
work function that is sufficiently low to properly match the
lowest unoccupied molecular orbital (LUMO) level of the
semiconductor, for efficient injection or collection of electrons.
In particular, in inverted organic solar cells, where the
transparent indium tin oxide (ITO) substrate assumes the
role of the cathode (electrons extracting electrode), the work
function of ITO electrode needs to be modified so that there is
ohmic contact to the electron transporting phase while holes
are blocked (rectifying contact). Such contacts reduce
interfacial recombination, improve electron extraction and
lead to enhancement in short-circuit current (Jsc), open-circuit
voltage (Voc) and fill factor (FF) for higher cell efficiencies.
Electron transporting layers (ETLs), which are inserted
between the ITO cathode and photoactive layer, are therefore
crucial for this purpose.
Among various ETLs, metal oxides such as titanium oxide or

zinc oxide have been widely investigated.1−3 These common
metal oxides have many advantages including high trans-
parency, air stability and low cost. But each type of metal oxide

usually comes with a unique set of problems such as complex
surface chemistries influenced by the processing conditions of
the oxide.4 The presence of defect states in the metal oxide can
also serve as recombination pathways and undermine the
charge blocking characteristics.5 A common phenomenon in
utilizing some of these metal oxides as electron transporting
layers in organic photovoltaics is the need for “light-soaking” to
improve device performance due to trap-filling in the surface
defects in the metal oxide by photogenerated carriers.4,6 In
addition, pretreatment such as UV ozone or plasma of the
metal oxide films is usually employed to alter the work function
of the oxide in order to improve alignment with charge
transport levels of the organics.7,8 The organic photoactive
layer, which is typically composed of phase separated electron-
donating polymer and electron-accepting fullerene derivatives,
is also highly sensitive to the surface energy of the underlying
oxide layer, leading to variations in the final morphology.9,10

Thus, the resultant solar cell performance is determined by the
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underlying properties of the oxide and the minutiae associated
with the surface treatment process, complicating the under-
standing of the influence of interfacial contact properties and
creating issues of unreliability in device performance.
In thin film transistor (TFT) applications, multicomponent

oxides such as zinc tin oxide (ZTO),11,12 indium zinc oxide
(IZO),13,14 indium zinc tin oxide (IZTO)15 and indium gallium
zinc oxide (IGZO)16−18 are found to be promising n-type metal
oxides, with high electron mobility, small hysteresis, and good
chemical and thermal stability as compared to their binary
counterparts, ZnO or In2O3. It is therefore promising to utilize
these multicomponent oxides as ETLs in solar cells, especially
because a more direct route to a tunable work function can be
made possible by varying the metal oxide compositions.
However, such metal oxides are typically prepared using
traditional vacuum deposition techniques like sputtering,
chemical vapor deposition, atomic layer deposition,6 or solution
methods (e.g., sol−gel) that require postdeposition treatment
under high temperatures (>400 °C) for condensation,
densification and impurity removal.19−21 The high processing
temperatures involved is not compatible with roll-to-roll
fabrication techniques.
In this work, we investigate the applicability of solution

processed ternary metal oxides, namely, indium zinc oxide
(IZO), through combustion-synthesis, as ETLs in inverted
polymer solar cells. When compared to other metal oxides
employed as ETLs (e.g., TiOx and ZnO), IZO has displayed a
higher electron mobility13 and may perform the role of an ETL
better. The combustion synthesis involves In and Zn precursors
containing acetylacetone (fuel) and nitrate (oxidizer) that is an
exothermic process. The localized energy supply can be utilized
to lower the externally applied temperature for annealing of the
oxide precursors.11 But there are no reports on incorporating
these combustion-synthesized IZO as ETLs in organic solar
cells yet.
Herein, we demonstrate variation of the electrical (e.g.,

mobility, work function) and surface properties by varying the
compositions in the ternary metal oxide and systematically
study their effects on the photovoltaic performance. IZO with a
moderate amount of Zn2+ is found to be advantageous when
used as a cathode interlayer in inverted solar cells as they
maintain a favorable energy level alignment for efficient
electron extraction. The photovoltaic performance was found
to be relatively insensitive to the composition ratio of In:Zn
over the range of 0.8:0.2 to 0.5:0.5, achieving high power
conversion efficiencies of 6.61%−7.04% in all the devices.
Changes in composition ratio of IZO do not lead to obvious
differences in diode parameters and morphology of the
photoactive layer, which are most likely the reasons for the
similarity in device performance with different IZO stoichio-
metries, demonstrating the robustness of this ETL system.

■ EXPERIMENTAL SECTION
Synthesis of IZO and Thin Film Formation. Briefly, the In and

Zn precursors are prepared separately, where In(NO3)3·H2O (352.2
mg) and Zn(NO3)2·6H2O (297.5 mg) are dissolved in 2-
methoxyethanol (5 mL), with 80.1 mg of ammonium nitrate. 0.2
mL of acetylacetone is also added into each precursor solution. After
the metal salt is completely dissolved, 114 μL of 14.5 M ammonia
solution is added and the solutions are aged for 48 h. The IZO
solutions are finally prepared by mixing the two component solutions
according to the desired molar ratios and stirred for around 1 h before
film preparation. The molar ratios of In:Zn in the final precursor
solutions were varied as 0.9:0.1, 0.8:0.2, 0.7:0.3, 0.5:0.5 and 0.3:0.7.

The IZO solutions are filtered through a 0.45 μm PTFE filter before
spin-coating. Different IZO thin films were deposited on three
different substrates, namely, quartz glass for transmittance measure-
ments, Si/SiO2 substrates for transistor fabrication and ITO substrates
for solar cell fabrication. The IZO solutions were spin coated at 3500
rpm for 40 s. The resultant films were then annealed at 250 °C for 1 h.
The thickness of these IZO films after the annealing is around 25 nm.

Characterization. The X-ray photoelectron spectroscopy (XPS)
and ultraviolet photoelectron spectroscopy (UPS) measurements are
performed in an ultrahigh vacuum (10−10 mbar) VG ESCALAB 220i-
XL photoemission spectroscopy system equipped with a mono-
chromatic Al Kα (1486.6 eV) X-ray and ultraviolet gas discharge lamp
as excitation sources. The high energy resolution scans were recorded
with pass energy of 20 eV and scans where applicable were carbon
corrected to the binding energy of 284.6 ± 0.1 eV. The unfiltered He I
(21.22 eV) photons were used for UPS work function measurements
and the secondary cutoff was obtained under an applied bias of −10
V.22 All the XPS peaks are calibrated by taking C 1s reference at 284.6
eV to compensate for any charge-induced shifts. The IZO films were
inserted into the XPS chamber within 10 min after the postannealing
process at 250 °C. Work function is calculated by subtracting the
valence band edge to the Fermi level separation as determined from
XPS, from the measured VBM (valence band edge to vacuum) as
determined from UPS.

The optical properties (transmittance) were evaluated using a
Shimadzu UV-3101PC UV−vis-NIR spectrophotometer. The surface
morphology and roughness of the IZO films deposited on ITO
substrates were studied by atomic force microscopy (Asylum Research
MFP-3D stand-alone).

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
depth profiling measurements were performed with a TOF-SIMS IV
instrument from IONTOF GmbH using dual beam mode. A 3 keV
Cs+ ion beam was used for sputtering and a pulsed 25 keV Bi+ was
used as analysis beam with detection of negative secondary ions.
Charge compensation was obtained using an electron flood gun.

Transistor Fabrication and Characterization. Heavily doped p-
type Si and a 200 nm thick thermally grown SiO2 layer were used as a
substrate and gate oxide for the IZO TFTs, respectively. The Si/SiO2
substrates were cleaned sequentially with deionized water, acetone and
isopropyl alcohol for 10 min, followed by exposure to ultraviolet light
and ozone for 30 min to produce a hydrophilic surface. The IZO
solutions were spin coated at 3500 rpm for 40 s. The resultant films
were then annealed at 250 °C for 1 h. A 50 nm thick aluminum (Al)
thin film was deposited to complete the transistor fabrication, for
source and drain electrodes through a shadow mask. The channel
length and width are 100 and 4000 μm, respectively. The transistor
characteristics were measured at room temperature under nitrogen
with a Keithley 4200 characterization system.

Photovoltaic Device Fabrication and Characterization. The
bulk heterojunction polymer/fullerene photovoltaic devices consisted
of blended films of low-bandgap semiconducting polymer thieno[3,4-
b]thiophene/benzodithiophene (PTB7; 1-materials) and [6,6]-phenyl-
C71-butyric acid methyl ester (PC71BM; Solenne). All materials were
used as received without further purification. PTB7:PC71BM blends
were prepared from chlorobenzene at a weight ratio of 1:1.5. The
concentration of polymer PTB7 was 10 mg/mL. A 3% v/v diiodoctane
(DIO) solvent is also added into the final solution. The blend solution
was stirred overnight at 70 °C in a glovebox before spin-casting.

The ITO substrates were cleaned sequentially with deionized water,
acetone and isopropyl alcohol for 10 min, followed by exposure to
ultraviolet light and ozone for 30 min to produce a hydrophilic surface.
Inverted photovoltaic devices were made on ITO/IZO substrates by
spin-casting blended films of PTB7:PC70BM. The anode consisted of a
combination of 10 nm MoO3 (Sigma-Aldrich, 99.9%) with 80 nm of
Al. The MoO3 and Al depositions were done by thermal evaporation
at a base pressure of 1.5 × 10−6 mbar. The device area was defined to
be 4.5 mm2.

Current density−voltage measurements were carried out using a
Keithley 2400 source meter with an AM 1.5G solar simulator
(Steuernagel, Germany model 535). The simulator lamp intensity was
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adjusted using a reference cell (Hamamatsu S1787-04) and the
calculated spectral mismatch factor. Aperture masks equal to those of
the Al contacts (4.5 mm2) were used during the illuminated current−
voltage measurements to accurately define the device active area. The
IPCE spectra were measured using a lock-in amplifier (Stanford
Research Systems, SRS 810) with white light channelled from a
Newport 300 W xenon lamp and through a 212 Hz mechanical
chopper wheel and a monochromator (Oriel Cornerstone 130).

■ RESULTS AND DISCUSSION
Physical Characteristics. The chemical composition and

the electronic structure of the IZO films were studied by X-ray
photoelectron spectroscopy (XPS) and ultraviolet photo-
electron spectroscopy (UPS) respectively. Figure 1a,b shows
the high resolution scans of the In 3d and Zn 2p core levels of
the series of IZO thin films prepared at different molar ratios.
The survey scans can be found in Figure S1 of the Supporting
Information. All the IZO films have In 3d5/2 and Zn 2p3/2
centered at 444.1 and 1021.1 eV, indicating In−O and Zn−O
bonds, respectively.23 The In 3d and Zn 2p were monitored to
estimate the relative compositions of the films. They were in
line with the nominal compositions of the precursor solutions
(see Table S1 of the Supporting Information), except at high
Zn content (In:Zn = 0.3:0.7). The results indicate there might
be limited solubility of Zn2+ in In2O3, similar to reports of tin
content (Sn) in InSnO compound.24

The O 1s photoemission peaks presented in Figure S2 of the
Supporting Information contains two peak signals. The peak
centered at 529.5 eV is a characteristic lattice feature of metal−
oxygen−metal (M-O-M). The feature at 531.2 eV is typically
attributed to oxygen species due to formation of hydroxides,

peroxides and surface species during the precursor decom-
position. For the series of IZO films being investigated, one can
observe a significant increase in intensity ratio between the
hydroxide-to-oxide stoichiometry with increasing Zn content
(Table S2 of the Supporting Information). For example, in the
case of In:Zn = 0.9:0.1, the concentration of hydroxides is
40.5% whereas in the case of In:Zn = 0.5:0.5, the hydroxide
concentration increases to 46.6%. These findings indicate that
the hydrolysis and condensation reactions of the metal
complex, which is required to form the M-O-M lattice, are
mainly limited by thermal decomposition of nitrate in a zinc
precursor due to stronger oxygen binding by Zn2+, rather than
nitrate in an indium precursor.25 Therefore, the increasing
residual impurities such as metal hydroxide in the IZO films
with increasing Zn concentration can be attributed to the
inefficient decomposition of a zinc precursor during the thermal
annealing.
The optical band gap (Eg) was obtained from the absorption

edge (Figure 1c). There is no significant change in the optical
bandgap (∼3.21−3.27 eV) of the IZO films with different
In:Zn compositions, consistent with previous reports.26,27 The
valence band maximum (VBM) was estimated from valence
band spectra in UPS measurements (Figure 1d) whereas the
conduction bands of IZO can be determined by subtracting the
optical bandgap from VBM. We observe an increase in
conduction band level as the Zn content increased, toward
the energy level of pure ZnO (4.0 eV). The energy levels of the
IZO films are also summarized in Table 1. The work function
of these IZO films can also be found in Table 1. There is a

Figure 1. Corresponding narrow scans for (a) In 3d and (b) Zn 2p for In2O3 and IZO thin films with different molar ratios of In:Zn. (c) Tauc plots
of all IZO films and (d) UPS spectrum for sample with In:Zn ratio of 0.3:0.7.
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variation in the work function of 0.05−0.17 eV for the different
In/Zn ratios.

IZO layers spin coated on top of ITO were initially analyzed
by atomic force microscopy (AFM). It is important to confirm
that the combustion synthesized IZO films are uniform over the
ITO electrode surface to avoid short-circuit faults when applied
in inverted solar cells. The representative images are presented
in Figure S3 (Supporting Information). The pristine In2O3
displayed a smoother amorphous morphology with root-mean-
square (rms) roughness of ∼0.19 nm. For the combustion
synthesized IZO films, a flat surface is generally observed, with
an increase in rms roughness as the In/Zn ratios decreased
(rms ∼ 0.22−5.16 nm). Note that the IZO films annealed
below 400 °C typically have amorphous structures.11,25 We
have also verified the amorphous structure using X-ray
diffraction (XRD), Figure S4 of the Supporting Information.
Charge Transport Properties and Conductivity. An

electrical investigation of the IZO thin films was carried out
using the bottom gate thin film transistor (TFT) structure
described in Figure 2. IZO TFTs fabricated with different In/
Zn concentrations all showed n-channel transport. For pristine
In2O3 TFT, we observed high conductivity with no gate
modulation (not shown). Figure 2a presents the transfer
characteristics of IZO TFTs with different In/Zn ratios. The
TFT performance parameters, including the mobility (μ),
threshold voltage (Vth) and on/off current (Ion/off) ratio, are
also summarized in Table S4 of the Supporting Information.
The mobility and threshold voltage of the IZO TFTs can
decrease from 0.23 to 1.4 × 10−3 cm2/(V·s) and increase from
3.8 to 35.4 V respectively, as the In/Zn ratio decreases (Figure
2b). Thus, the charge transport properties of the IZO films can
be tuned through appropriate control of the In/Zn ratio.

In general, In-rich composition based TFTs exhibit high off-
currents, high mobilities and primarily negatively shifted
threshold voltage (Vth) values due to the significant carrier
concentrations, allowing enhanced electron conduction. In
marked contrast, the Zn-rich compositions suppressed oxygen
vacancy formation that reduces the free carrier generation and
hence lower the off-current. This occurs because of the stronger
binding of Zn−O bonds.28 The Zn-rich compositions also
contain higher hydroxides which are well-known trap sites for
electrons, and the number of trap sites influences the threshold
voltage. Therefore, when the number of hydroxyl groups
increases, the Vth shifts toward a positive bias.
The bulk conductivities of the IZO films sandwiched

between two electrodes were also measured. It can be seen
that the currents through the IZO films of different
compositions are similar, possibly due to the low film thickness
(∼20−25 nm) (Figure S5 of the Supporting Information). In
the subsequent sections, we demonstrate the viability of IZO
thin film as ETL in photovoltaic applications and investigate the
effect of change in the electrical, physical and chemical
properties of the IZO films on the photovoltaic performance.

Solar Cell Performance. The inverted solar cell
architecture and the energy levels of the component materials
are shown in Figure 3a,b, respectively. Figure 3c presents the
current density−voltage (J−V) characteristics of the devices
with IZO ETLs of different In/Zn ratios. The photovoltaic
parameters of these devices, as derived in Figure 3c, are also
collected in Table 2. For the device using pure In2O3 (In:Zn =
1:0), the device shows short-circuit behavior due to high
conductivity of the metal oxide film, consistent with the
conductivity data (Figure S5 of the Supporting Information).
The best device employs a film with In:Zn ratio of 0.7:0.3,
which exhibited Jsc = 15.70 mA/cm2, open-circuit voltage (Voc)
of 0.69 V, fill factor (FF) of 0.65 and PCE = 7.04%. The
performance is also comparable to that of a conventional solar
cell structure (ITO/PEDOT:PSS/PTB7:PC71BM/Al), Figure
S6 of the Supporting Information. Remarkably, the photo-
voltaic performance does not deteriorate significantly at other
In/Zn ratios, with power conversion efficiencies of 6.2%−6.7%,
even though the surface properties (roughness) and hydrox-
ide−oxide content of these ETL films differ greatly. Surface
properties have been reported to affect the phase segregation or
morphology of the photoactive layer,3 and presence surface trap
states (due to surface groups like hydroxyl groups or oxygen
adsorption) can lead to reduction in photocurrent and light-

Table 1. Optical Bandgaps (Eg) and Energy Levels of IZO
Thin Films

Eg VBM (eV) CBM (eV) WF (eV)

In2O3 3.26 7.12 3.86 4.62
In0.9Zn0.1O 3.26 6.98 3.72 4.78
In0.8Zn0.2O 3.27 7.04 3.77 4.77
In0.7Zn0.3O 3.27 7.07 3.80 4.67
In0.5Zn0.5O 3.21 7.06 3.85 4.67
In0.3Zn0.7O 3.26 7.27 4.01 4.79

Figure 2. (a) Transfer characteristics of IZO thin film transistors with various In:Zn ratios. The channel and width are 4000 and100 μm, respectively.
(b) Plot of the transistor performance parameters, including the mobility (μ), threshold voltage (Vth) as a function of Zn content in IZO films.
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soaking effect.4,29 Our results showed that the solar cells are
robust and these factors have not negatively influence the solar
cell performance.
In addition, we note that there is an electron injection barrier

of 0.4−0.5 eV from the LUMO of the fullerene to the CBM of
IZO. But we do not observe any S-shape in the current−voltage
characteristics, or light soaking effect with increasing illumina-
tion time (Figure S7a of the Supporting Information), which
would otherwise indicate poor electron extraction. In addition,
the J−V characteristics of the solar cells under illumination
were measured without the UV spectral components and we
also observe no significant change in the performance (Figure
S7b of the Supporting Information). The UV spectral
components were excluded through the application of an UV
long-pass filter with a cutoff at 430 nm. The possible
explanations are that the line-up of the IZO and PC71BM
may involve interface dipoles,6,30 which may substantially affect
the level alignment or part of this electron barrier is
compensated via spatial effects or band bending at the interface
between IZO and PC71BM.31 Figure 3d compares the incident

photon-to-current collection efficiency (IPCE) spectra of
devices fabricated with the various IZO as ETLs. The IPCE
of the devices exhibited similar profile shapes. High IPCE
values from 500−700 nm (reaching maximum of ∼73%) were
observed.
We also performed the dark current analysis, and Figure 4

shows the dark current−voltages of the devices with IZO ETLs.
The relevant diode parameters, including series resistance (Rs),
shunt resistance (Rp), reverse saturation current density (Jo)
and ideal factor, are summarized in Table S5 of the Supporting
Information. There are only subtle differences in the diode
parameters between the devices of different ETLs, correlating

Figure 3. (a) Solar cell device schematic, (b) energy levels of the various materials used, (c) current−voltage characteristics of the solar cells
incorporating different IZO as ETLs and (d) incident photon-to-current collection efficiency (IPCE) spectra of devices fabricated with the various
IZO as ETLs.

Table 2. Summary of Photovoltaic Performances of
PTB7:PC71BM Using Various Compositions of IZO as ETLs

Voc
(V)

Jsc
(mA/cm2)

Jsc, calculated
(mA/cm2) FF

PCE
(%)

In0.9Zn0.1O 0.69 15.00 15.30 0.60 6.21
In0.8Zn0.2O 0.69 15.57 15.43 0.63 6.77
In0.7Zn0.3O 0.69 15.70 15.55 0.65 7.04
In0.5Zn0.5O 0.68 15.44 15.18 0.63 6.61
In0.3Zn0.7O 0.70 15.00 15.05 0.61 6.40

Figure 4. Dark current−voltage characteristics of solar cells using IZO
with various In:Zn ratios as ETLs. The solid lines are fits to the
Shockley diode equation.
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well on the large IZO stoichiometry window that enables
efficient photovoltaic devices. The Rs and n for all the devices
are around 1.04 to 1.97 Ωcm2 and n = 1.79 to 1.84. The similar
Rs values also corroborate with the IZO conductivity results
(Figure S5 of the Supporting Information). The low Rs values
suggest good contacts between active layers and cathodes,
which facilitate free charge carrier extraction. There is a gradual
decrease in Jo and increase in Rp as the In/Zn content
decreases, indicating an enhancement in electron selectivity and
reduction in charge recombination losses at the interface
between the IZO and BHJ layers, possibly the reason why
In0.7Zn0.3O is the best composition as ETL and achieve high
power conversion efficiency of >7%. At higher Zn content (e.g.,
In0.3Zn0.7O), the higher surface roughness may indicate
nonuniform coverage and induce poorer contact between the
IZO and photoactive layer, which in turn affects the contact
resistance and fill factor.
Because the PTB7:PC71BM morphology can be potentially

affected by the surface energy of the underlying IZO layer, the
distribution of PTB7 and fullerene molecules need to be
investigated. The vertical compositions of all the devices were
determined by time-of-flight secondary ion mass spectrometry
(TOF-SIMS). We used deuterated fullerene PC61BM-d5 as a
substitute for PC71BM to establish a unique mass signal for the
fullerene component.32 Sulfur (S) and deuterium (D) signals
were thus used to identify PTB7 polymer and PC61BM-d5,
respectively. As depicted in Figure S8 of the Supporting
Information, the distribution of S and D in all samples is fairly
uniform throughout the organic layer, with no obvious
preferential segregation of D or S phase. In all samples, slight
enhancement of S profile (∼10%) and corresponding lower D
signal are observed in the near surface region within top 30 nm
of the organic film (∼150 s sputtering time). Distribution is
uniform in the bulk of the organic film up to the IZO interface.
Therefore, the similarity of vertical composition of the

photoactive layer on top of different stoichiometry of IZO
layers, comparable diode parameters and conduction band
levels (∼3.77−3.85) are most likely the reasons for the
invariance in Voc and Jsc. Lastly, to demonstrate the applicability
and compatibility with flexible plastic substrates, we have also
lowered the processing temperature of IZO further to 150 °C,
which is already sufficient to initiate the combustion reactions
and has been utilized successfully as ETLs (Figure 5).

Interestingly, the solar cell efficiency is 6.9% for In0.7Zn0.3O
film processed at 150 °C, comparable to the results obtained at
250 °C. Further efforts are in progress to lower the annealing
temperature of the IZO to below 150 °C. But because the IZO
films annealed at low temperature are composed primary of
hydroxides, the carrier mobility and conductivity are most likely
to be very low. Possible solutions are employing a deep-
ultraviolet irradiation process17 or the incorporation of gallium
doping in the IZO films, which has been shown to achieve
oxide-lattice structures at far lower temperatures and hence
better carrier transport.16 If the processing temperature can be
lowered to below 100 °C, it can also be potentially be
applicable in conventional solar cell structure where the IZO is
prepared on top of the organic layers without influencing the
bulk heterojunction morphology.

■ CONCLUSION
In this study, we demonstrated that combustion-synthesized
IZO thin films fabricated at relative low temperatures function
effectively as ETLs for organic solar cells. In particular, we
investigated the IZO films with different electron mobilities
(1.4 × 10−3 to 0.23 cm2/(V· s)) hydroxide−oxide content
(38% to 47%), and surface roughness (0.19−5.16 nm) through
modulating of the stoichiometry. IZO with a moderate amount
of Zn2+ is found to be advantageous when used as a cathode
interlayer in inverted solar cells as they maintain a favorable
energy level alignment for efficient electron extraction.
Remarkably, a large window of IZO stoichiometry (In:Zn =
0.8:0.2 to 0.5:0.5) was established for the devices incorporating
IZO as the ETL, achieving high power conversion efficiencies
of 6.61%−7.04%. We observe comparable diode parameters
(Rs, n, Jo, Rp) and invariant in the vertical composition of the
photoactive layer with different stoichiometries of the IZO
films, which are the main reasons for the close similarity in
device performance, demonstrating the robustness of this ETL
system. Our results provide a convenient approach to realize
IZO ETLs through the combustion synthesis method, which
allow us to use low processing temperatures (150−250 °C) and
hence compatible with processing on flexible plastic substrates.
This work can also inspire other multicomponent oxides
through the combustion synthesis method for photovoltaic
applications.
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Figure 5. Current−voltage characteristics of the organic solar cells
incorporating In0.7Zn0.3O as ETLs processed at different temperatures
(250 vs 150 °C).
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flight secondary ion mass spectrometry (TOF-SIMS) plots for
PTB7:PC61BM-d5 blend films. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsami.5b02215.
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