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ABSTRACT: Two different soft-chemical, self-assembly-based solution approaches are employed to grow zinc oxide (ZnO)
nanorods with controlled texture. The methods used involve seeding and growth on a substrate. Nanorods with various aspect
ratios (1−5) and diameters (15−65 nm) are grown. Obtaining highly oriented rods is determined by the way the substrate is
mounted within the chemical bath. Furthermore, a preheat and centrifugation step is essential for the optimization of the growth
solution. In the best samples, we obtain ZnO nanorods that are almost entirely oriented in the (002) direction; this is desirable
since electron mobility of ZnO is highest along this crystallographic axis. When used as the buffer layer of inverted organic
photovoltaics (I-OPVs), these one-dimensional (1D) nanostructures offer: (a) direct paths for charge transport and (b) high
interfacial area for electron collection. The morphological, structural, and optical properties of ZnO nanorods are studied using
scanning electron microscopy, X-ray diffraction, and ultraviolet−visible light (UV-vis) absorption spectroscopy. Furthermore, the
surface chemical features of ZnO films are studied using X-ray photoelectron spectroscopy and contact angle measurements.
Using as-grown ZnO, inverted OPVs are fabricated and characterized. For improving device performance, the ZnO nanorods are
subjected to UV-ozone irradiation. UV-ozone treated ZnO nanorods show: (i) improvement in optical transmission, (ii)
increased wetting of active organic components, and (iii) increased concentration of Zn−O surface bonds. These observations
correlate well with improved device performance. The devices fabricated using these optimized buffer layers have an efficiency of
∼3.2% and a fill factor of 0.50; this is comparable to the best I-OPVs reported that use a P3HT-PCBM active layer.
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■ INTRODUCTION

Organic photovoltaics (OPVs) are amenable to solution
processing, which, in turn, makes these devices promising for
low-cost solar energy conversion.1−3 Cost-effective and scalable
production of OPVs is possible because of the fact that large-
scale fabrication of these devices is possible using printing or
coating technologies. The relevant printing processes are very
often done under soft-chemical (i.e., low-temperature)
conditions; this aids in reduction of the energy payback times
(EPBTs) associated with these devices. Development of
suitable device fabrication processes can ensure further
reduction in the EPBTs associated with these OPVs.4 On the
other hand, it is important to note that viability of OPVs is
compromised because of poor device stability and low
photovoltaic efficiencies. However, OPVs in the inverted

configuration (i.e., I-OPVs) have demonstrated higher stability
when compared to devices in the conventional configuration.
Hence, the inverted device configuration, and associated
fabrication processes (with possibly low carbon footprint and
EPBT), are of current interest.5

From a materials technology point of view, the primary
challenges (i.e., low efficiency and poor stability) associated
with OPVs can be dealt with by replacing poly(3,4-ethylene
dioxythiophene):polystyrene sulfonate (PEDOT:PSS) with
metal oxides. The use of metal oxide nanostructures provides
the combined advantage of high stability and large interfacial
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area.6 Similarly, in conventional OPVs, the air stability of the
cathode can be improved by replacing Al (which has a low work
function) with noble metals such as Au and Ag (Figure 1a). In
the “inverted” configuration, wherein indium-doped tin oxide
(ITO) is often used as the cathode,7,8 various semiconductor
nanostructures may be used instead. Among these semi-
conducting systems, ZnO-based systems are among the most
promising (Figure 1b). This is because of the inherent stability
of oxides,9 and the ease with which it can be synthesized.10−12

As electron collectors, one-dimensional (1D) ZnO nanostruc-
tures (i.e., nanorods) are attractive since they provide direct
paths for charge transport, and also offer large interfacial area
over which charge collection is made possible.13−15 Hence, in
this work, we focus on I-OPVs, wherein ZnO nanorods are
used as electron collectors.16

In this work, we use self-assembly in order to obtain oriented
ZnO nanorods. We use self-assembly because it has the natural
advantage of being amenable to soft-chemical processing,
which, in turn, reduces the EPBT associated with the device.
However, there exist limitations to direct use of existing soft-
chemical processes for semiconductor nanostructure growth.
ZnO nanorods grown using these routes tend to have large
defect (e.g., oxygen vacancies) densities.17,18 Furthermore,
minor changes in synthesis parameters result in substantial
morphological heterogeneity.19,20 This, in turn, impacts device
performance. To enhance the technological viability of ZnO
nanostructures, control over the defect densities and morpho-
logical heterogeneities is essential. It would be ideal if these
controls could be achieved using soft and self-assembly based
approaches, since fabrication based on these methods are
scalable, cost-effective, and reduce the EPBT associated with I-
OPV.
Among the techniques used for growing ZnO, evaporation

and condensation processes are popular because of the high

purity of the resultant product. Furthermore, gas-phase
techniques allow control of intrinsic and extrinsic defect
densities, to some extent. However, these techniques generally
require high operating temperatures, which are in the range of
∼800−900 °C.21−24 Hence, the commercial potential of gas-
phase-grown ZnO nanorods is limited by the infrastructural and
running costs associated with vapor deposition systems. In
order to address this issue, it is reasonable to explore soft-
chemical, solution-grown ZnO nanorods.25−28

In this work, a soft-chemical, aqueous route is used to grow
ZnO nanorods of various aspect ratios. The ZnO nanorods are
grown using two different approaches, one of which leads to
better texture of these nanorods. The seeding process is the
same in both approaches. In the growth processes reported, we
notice that mounting of the substrate is a crucial parameter in
elimination of lateral heterogeneities in the as-grown ZnO
nanorods. In fact, in the second growth approach explored here,
we get highly aligned ZnO nanorods, when the substrate is
placed upside down and when it is in a state of suspension (i.e
it must not be placed at the bottom of the chemical bath).
Furthermore, the growth solution must be preheated and
centrifuged appropriately for the second approach to be
effective.
The effect of various other parameters such as concentrations

of precursors and surfactants are studied. We also systematically
investigate the impact of (i) different seed layers (zinc acetate
dehydrate and zinc nitrate hexahydrate) and (ii) composition of
the growth medium. When zinc nitrate hexahydrate is used as
the precursor for seeding, orientations of the rods and packing
density are found to be nonuniform. Whereas when the seed
layer is grown using a zinc acetate dehydrate precursor, we
achieved uniform, large-area, dense ZnO nanorods. Hence in
the manuscript we mention only the zinc acetate route seeding

Figure 1. Energy band diagrams for (a) conventional organic photovoltaic (OPV) and (b) inverted organic photovoltaic (I-OPV).
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procedure. The optimized nanostructures are then incorporated
as electron collectors in an I-OPV.
The structural and optical properties of the as-prepared and

UV-ozone-treated ZnO nanorods are studied using scanning
electron microscopy (SEM), X-ray diffraction (XRD), and
ultraviolet−visible (UV-vis) absorption spectroscopy. Further-
more, the surface chemistries of structures grown are studied
using contact angle measurements and X-ray photoelectron
spectroscopy (XPS). The fabricated I-OPVs (which use ZnO
nanorods as electron collectors) are characterized using a solar
simulator.

2. EXPERIMENT

2.1. Instruments. The morphology of ZnO nanorods is
studied using an ULTRA 55 field-emission scanning electron
microscopy (FE-SEM) system (Karl Zeiss). A Perkin−Elmer
Lambda 35 device is used to measure the UV-visible spectra of
the self-assembled structures. An X-Pert PRO, PANalytical X-
ray diffractometer, which uses Cu Kα radiation (λ = 1.54056
Å), is used to obtain the diffractograms (XRD) of the ZnO
nanorods.
X-ray photoelectron spectroscopy (XPS) for ZnO rods are

carried out using Axis Ultra DLD manufactured by Kratos
Analytical UK. The radiation used is Al Kα (1.486 keV).
Calibration is done using the C 1S electron peak, which occurs
at 284.8 eV. Contact angle is measured using Holmarc contact
angle meter (Model No. HO-IAD-CAM-01).
The height of the ZnO nanorods is determined using a

Bruker surface profiler (Dektak XT). The current density−
voltage (J−V) characteristics of the fabricated OPVs are
measured using a Keithley Model 4200 parameter analyzer
under simulated solar light irradiation. Oriel Sol3A Class AAA
solar simulators are used in this experiment. The air mass (AM)
chosen is 1.5. The fabricated devices have an active area of 1
mm2. For the J−V measurements, a light intensity of 1 kW m−2

is employed. The intensities are calibrated using a standard Si
solar cell.
Fabrication of the OPV is carried out inside a Jacomex

glovebox (GP II P T2); a nitrogen atmosphere is maintained
within the glovebox. The metal evaporation for fabricating the
electrodes is carried out using thermal evaporator integrated
with a glovebox (Angstrom Engineering, Nexdep).
2.2. Synthesis of ZnO Nanorods. The synthesis of ZnO

nanorods involves nucleation followed by controlled growth of
the rods.29 The nanorods are seeded on an ITO-coated glass
substrate using an equimolar mixture of 10 mM zinc acetate
dehydrate (Zn (CH3COO)2·2(H2O) (99%, SD fine) and
hexamethylenetetramine (HMTA (99.5%, SD fine)). The
mixture is prepared in ethanol solvent. This solution is spin-
coated on a clean glass substrate at 500 rpm for 60 s. This
procedure is repeated five times to ensure the seed layer is
uniformly coated on the surface. A hot plate is maintained at
300 °C. Spin-coated substrates are placed on the hot plate and
annealed isothermally for 1 h to form a ZnO seed layer. This is
the seeding method used for both growth approaches explored
(see below),.
ZnO nanorods are grown on the seed-layer-coated

substrates. An equimolar mixture of Zn(NO3)2·6H2O
(99.99%, Aldrich) and HMTA in deionized (DI) water is
used as the growth medium. The concentrations of the
precursors are varied (5, 20, and 50 mM) in order to modify
the aspect ratios of the ZnO nanorods. The ZnO nanorod

growth is performed on these seeded substrates using two
different approaches:

(i) The seeded substrates described above are immersed in
the growth medium at 85 °C for 1 h. The substrate is
placed at the bottom of the chemical bath with the seed
layer facing upward as shown in Figure 2. This sample is
labeled as ZnOnanorods‑upward.

(ii) Before growing the ZnO nanorods on the seed layer, the
growth medium is heated to 85 °C for 1 h. After which
we centrifuge the solution at 3000 rpm for 20 min. The
centrifuged solution is collected and used as the growth
solution. This process is done to remove unwanted
precipitates of ZnO. In the absence of the preheating and
centrifugation, precipitates would settle on the substrate
and induce inhomogeneities in the ZnO layer.

The substrate is fixed to a fixture such that, when immersed
and suspended in the growth solution, the seed layer faces
downward, as shown in Figure 2. The growth medium is heated
to 85 °C for 1 h for the ZnO nanorods; the growth occurs on
the seed layer. In this manuscript, the material formed using
this method is referenced as ZnOnanorods‑downward.
The as-grown samples are thoroughly rinsed in deionized

(DI) water. This rinsing is followed by drying using a nitrogen
gun. The resulting samples are subjected to UV-ozone
treatment for various intervals of time.30

2.3. Device Fabrication. ITO substrates (70−150 Ω □−1;
Delta Technologies) are cleaned thoroughly by sonicating them
using acetone, DI water, soap solution (5% labolene solution),
DI water, and isopropyl alcohol (IPA). Each of these sonication
steps is done over 5-min durations. The cleaned substrates are
dried using nitrogen gas.
On a clean and dry ITO substrate, a ZnO nanorod layer is

grown using the procedure mentioned above (ZnOnanorods‑upward

and ZnOnanorods‑downward). UV-treated samples are immediately

Figure 2. Schematic representation of the growth procedures adopted
for the ZnO nanorods.
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transferred into the glovebox in order to avoid any possibility of
contamination.
Inside the glovebox, a mixture of poly-3-hexylthiophene-2,5-

diyl (P3HT from Rieke Metals, Catalog No. 4002-EE), and
phenyl-C61-butyric acid methyl ester (PCBM, Nano-C) is
prepared. Both P3HT and PCBM are mixed in dichloroben-
zene (DCB) solvent. In 1 mL of DCB, 7.5 mg each of P3HT
and PCBM are dissolved. The required dissolution requires
overnight (∼12 h) stirring. The P3HT:PCBM mixture is spin-
coated on the ZnO nanorod containing substrate (at 1000 rpm
for a duration of 60 s). Typically, for a single device, 150 μL of
the solution is used. The fabricated heterostructure is annealed
for 15 min at 150 °C on a hot plate.31 This aids in the phase
separation of P3HT and PCBM, which, in turn, helps in
establishing a well-functioning bulk heterojunction.32,33 The
device that uses the 5 mM growth solution for growing ZnO
nanorods is labeled device5 mM. Devices grown using the 20
mM and 50 mM solutions are labeled as device20 mM and
device50 mM, respectively
Thermal deposition of the hole transport (i.e., MoO3,

Aldrich, Lot No. 203815, 99.99% pure) and anode (Ag, Lot No.
12186, Alfa Aesar) layers is carried out at 1 × 10−6 Torr. During
the process optimization stage, we focused on a 1 mm2 physical
mask. To maintain consistency, we fabricate devices using 1
mm2 active area. During deposition the substrate is rotated at a
constant rate. Molybdenum trioxide (MoO3, 5 nm thickness) is
deposited at a rate of 0.5 Å/s. Ag is thermally deposited at 0.5
Å/s during the first 20 nm, after which the rate is increased to 1
Å/s. The overall thickness of the Ag anode is ∼100 nm.

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Characterization.

ZnOnanorods‑upward is grown with increasing concentrations (i.e.,

from 5 mM to 50 mM), which results in an increasing diameter
of the ZnO nanorods (20 ± 4 nm to 60 ± 12 nm), as shown in
Figure 3. We observe that the spatial density of nanorods
steadily increases with growth solution concentration. The total
surface area of the ZnOnanorods‑upward depends on (i) its height,
(ii) its cross-sectional area, and (iii) its areal density. Using a
profilometer, the height of the nanorods is determined to be
∼65 nm. Image processing using ImageJ software is used to
determine the average cross-sectional area of the nanorods and
the areal nanorod density.34,35 We find that ZnO nanorods
grown over a substrate area of 1 μm2 have a total surface area of
1.81 ± 0.15 μm2 and 1.65 ± 0.18 μm2, when the growth
concentrations are 20 and 50 mM, respectively. However, from
Figure 3d, we also notice that there exists heterogenities in the
ZnOnanorods‑upward, which is clearly not desirable.
ZnOnanorods‑downward is grown using growth solutions with

concentrations varying over a range of 10−50 mM. This results
in nanorods with diameters varying from 35 ± 15 nm to 70 ±
25 nm (Figure 4). Figure 4c shows that the rods are merged
and very dense. There is a steady increase in the density of rods
with increasing concentration of the growth solution. We find
that the ZnO nanorods grown over a substrate area of 1 μm2

have a total surface area of 1.62 ± 0.12 μm2 and 1.78 ± 0.13
μm2, when the growth concentrations are 10 and 20 mM,
respectively. Hence, the interfacial area over which electron
collection is performed increases by 65%−80% when nanorods
are used. This area is calculated using the assumption that all
rods grow with a hexagonal habit (this is reasonable, since the
ZnO that is grown has the wurtzite crystal structure).36

Figure 5a shows the XRD pattern of ZnOnanorods‑upward. This
sample has the wurtzite crystal structure (space group P63mc).
The characteristic peaks observed are (100), (002), (101), and
(110). In addition to the (002) peak, the presence of other

Figure 3. SEM of (a−c) ZnOnanorods‑upward grown over 1 h using 5, 20, and 50 mM zinc nitrate solutions, and (d) lateral heterogeneities on the
sample.
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peaks suggest that all the rods are not perfectly oriented along
the (002) direction. Clearly, this is one of the sources of lateral
heterogeneities in this sample.
Figure 5b shows the XRD pattern of ZnOnanorods‑downward. The

pattern observed is consistent with JCPDS File Card No. 01-
079-0206. The ZnO (002) peak at 2θ ≈ 34° is observed,
revealing that the films have the wurtzite crystal structure
(space group P63mc). In this sample, the nanorods are
significantly oriented along the c-axis (which is perpendicular
to the substrate), which is also consistent with the results
obtained by SEM analysis. The electron mobility of ZnO is
highest along the (002) direction;37 this is due to the
corresponding effective mass being low. Given this fact, the
observed orientation makes ZnOnanorods‑downward very desirable as
an electron collector (cathode).38,39 The investigation concern-
ing the reason underlying the significant homogeneity of
ZnOnanorods‑downward is currently being pursued.
3.2. Ultraviolet−Visible/Transmission Studies. Figure 6

shows UV-vis spectra of UV-ozone treated (treatment time ≈
5−30 min) of ZnOnanorods‑downward (grown for 1−5 h duration).
These samples are grown using the 20 mM growth solution. As

the growth time increases, the height of the rods increases. For
samples grown for 1 and 5 h, the observed heights of the rods
are ∼55 nm and ∼150 nm, respectively.40 Increasing the height
of the ZnO nanorods leads to an increase in optical loss,
because of scattering, which, in turn, results in a reduction in
transmittance. Samples containing ZnO nanorods grown for 1
h exhibit the highest transmittance (∼85%, averaged over solar
spectrum) and, hence, are used to fabricate OPV.

3.3. Contact Angle Measurements. To understand the
effect of surface treatment on the device properties, contact
angle measurements are carried out using DCB droplets on
ZnO nanorods‑downward samples (with and without UV ozone
treatment). When compared to untreated ZnO nanorods, UV-
ozone treated nanorods exhibit a decrease in contact angle for
both in DCB (Figure 7). This suggests that there is an

improvement in wettability of UV-ozone treated surfaces.
Because of the better wettability of the UV-ozone treated
samples, a better interface between the active components and
the ZnO nanorods is possible using these systems.41,42

3.4. X-ray Photoelectron Spectroscopy. For both the
ZnOnanorods‑downward and ZnOnanorods‑upward samples, the XPS
results are similar. We present the representative data here. XPS
spectra for C 1s, O 1s, and Zn 2p are measured for as-prepared
ZnOnanorods‑downward, and for UV-ozone treated samples. The C
1s electron peak (at 284.6 eV) is used for calibration of the
binding energies. For untreated samples, two distinct O 1s
(Figure 8a) peaks appear, at ∼531.3 and ∼534.3 eV. These
peaks are attributed to oxygen in ZnO and oxygen in surface
hydroxyls, respectively. UV-ozone treatment increases the
relative magnitude of the peak at ∼531.3 eV; the peak at
∼534.3 eV diminishes in intensity. This suggests a decrease in

Figure 4. SEM images of ZnOnanorods‑upward grown over 1 h using (a) 5
mM, (b) 20 mM, and (c) 50 mM zinc nitrate solutions.

Figure 5. XRD patterns of (a) ZnOnanorods‑upward and (b)
ZnOnanorods‑downward on ITO-coated glass substrate.

Figure 6. UV-vis spectra of UV-ozone treated ZnOnanorods‑downward
(grown over varying durations).

Figure 7. Contact angle measurement shows a decrease in contact
angle in UV-ozone treated ZnO. The figure shows a droplet (volume =
2 mL) of DCB on (a) untreated and (b) UV-ozone treated
ZnOnanorods‑downward sample.
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the concentration of surface hydroxyls in the UV-ozone treated
samples. The increase in the intensity of the ∼531.3 eV peak in
UV-ozone-treated samples indicates an increase in the amount
of O−Zn bonds at the ZnO surface.44 Hence, during the UV-
ozone treatment, several oxygen vacancies are passivated.
The Zn 2p3/2 and Zn 2p1/2 peaks (Figure 8b) are observed at

1019.2 and 1042.2 eV, respectively. The Zn 2p3/2 spectra
peaked at ∼1019.24 eV, which can be attributed to the
formation of ZnO.43 The intensity of both Zn 2p peaks, which
corresponds to the Zn−O bonds,44−46 increases after UV-
ozone treatment. This increase in intensity is consistent with
the trend observed for O 1s spectra.
In short, XPS studies reveal that UV-ozone treatment results

in (i) a decrease in the concentration of surface hydroxyls, and
(ii) an increase in the concentration of Zn−O surface bonds,
both of which are desirable.
3.5. Device Characterization. Given the discussion in

section 3.1, we expect heterogeneities in ZnOnanorods‑upward to
yield devices that have significant leakages and short-circuit
current pathways between the electrodes. This is consistent
with what we observe (J−V characteristics of ZnOnanorods‑upward
are shown in Figure 9). The short-circuit current density (Jsc)

and open-circuit voltages (Voc) are tabulated in Table 1. Better
performance is observed for device20 mM (efficiency of ∼1.2%).
On the other hand, device50 mM shows lower efficiency
(∼0.32%). The devices fabricated using the reported protocol
exhibit significantly lower Voc values. This could be due to the

leakages caused by lateral heterogeneities (recall Figure 3d) in
the device and it also could be due to inefficient wetting of the
active material on ZnO.
J−V characteristics of ZnOnanorods‑downward are shown in Figure

10, and the short-circuit current density (Jsc) and open-circuit

voltages (Voc) are tabulated in Table 2. The short-circuit
current density in these devices is on the lower side, but these
devices show significantly better performance than
ZnOnanorods‑upward-based devices. Also, the open-circuit voltage
(Voc) is reasonable. Better Voc and overall performance of these
devices is attributed to the improved texture and increased
lateral homogeneity of the ZnO nanorods. Hereafter, the
devices described use ZnOnanorods‑downward.
The improved device performance of device20 mM is

attributed to enhanced interface area. We also observe that
device50 mM and device10 mm have lower current densities, which
is due to the low density of ZnO nanorods in these samples
(which, in turn, results in low ZnO-organic interfacial area).
This is consistent with SEM image analysis (discussed earlier),
wherein it is noted that the 20 mM growth solution results in
relatively uniform ZnO nanorods and a higher surface area.
Hence, device20 mM (fabricated on ZnOnanorods‑downward) is
chosen for further study.
We also observe that device20 mM performs as well as it does

(at least partially) because of improved wetting characteristics
of DCB on UV-ozone-treated ZnO (see Figure 7). In fact, the
high current density observed in device20 mM (∼11.5 mA cm−2)
is very encouraging (Figure 10) and is attributed to the high
surface area of the nanorods; this, in turn, results in better
electron collection efficiency.47 In addition, device20 mM
consistently shows a similar trend of high current density and
significantly improved Voc values, leading to overall improved
efficiency of the device; this is reasonable, given the
homogeneity of the ZnOnanorods‑downward samples. Hence, the

Figure 8. XPS peak analysis for ZnOnanorods‑downward: (a) O 1s and (b)
Zn 2p.

Figure 9. Current density−voltage (J−V) characteristics of I-OPV
fabricated using ZnOnanorods‑upward.

Table 1. Characteristics of Devices Made Using
ZnOnanorods‑upwards, Grown Using Solutions of Various
Growth Concentrations

ZnOnanorods‑upward Jsc(mA/cm
2) Voc(V) fill factor, FF (%) η (%)

only seed layer 5.45 0.16 36 0.27
device5 mM 9.1 0.133 26.9 0.32
device20 mM 15.4 0.257 26 1.03
device50 mM 11.9 0.25 39 0.92

Figure 10. J−V characteristics of I-OPV fabricated using
ZnOnanorods‑downward.

Table 2. Characteristics of Devices Made Using
ZnOnanorods‑downward, Grown Using Solutions of Various
Growth Concentrations

ZnOnanorods‑downward Jsc (mA/cm2) Voc (V) fill factor, FF (%) η (%)

device10 mM 10.59 0.56 0.50 2.96
device10 mM, treated 9.67 0.56 0.50 2.71
device20 mM 11.04 0.56 0.49 3.06
device20 mM, treated 11.59 0.56 0.49 3.21
device50 mM 8.44 0.58 0.51 2.50
device50 mM, treated 7.71 0.58 0.51 2.28
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process reported here to fabricate device20 mM is very reliable
and reproducible.

4. CONCLUSIONS

Two different soft-chemical solution-growth methods are
developed to fabricate self-assembled, oriented ZnO nanorods,
which are subsequently used for electron collection in an
inverted OPV device. Substrate mounting, surface properties,
and optical transmittance are optimized by varying the nanorod
growth conditions, and by employing UV- ozone treatment.
XRD analysis suggests that the grown ZnOnanorods‑upward have
lateral heterogeneities (i.e., these nanorods are not completely
textured). However, ZnOnanorods‑downward does not have lateral
heterogeneities; in fact, these nanorods are all almost uniformly
oriented in the (002) direction, which is the preferred direction
for use in applications related to electron collection.
Contact angle measurements suggest improved wettability of

DCB on UV-ozone treated ZnOnanorods‑downward films. The
change in surface chemistries of the ZnO nanorods, before and
after the treatment, is understood using XPS. We show that
UV-ozone-treated ZnOnanorods‑downward results in a much better
interface between the active layer and the ZnO nanorods,
which, in turn, translates to better devices, with an efficiency of
3.2% and a fill factor (FF) of 50%, with a short circuit density of
11.6 mA cm−2.
In short, UV-ozone-treated ZnOnanorods‑downward show an

improvement in optical transmission, increased wetting of
active components mixture, decreased concentration of surface
hydroxyls, and an increased concentration of Zn−O surface
bonds, all of which correlate well with improved device
performance.
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