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ZnO nanorods (Nrods) with ~20-50 nm lengths were synthesized using an aqueous solution of zinc acetate and glacial acetic
acid. Bulk heterojunction solar cells were fabricated with the structure of indium tin oxide (ITO)/polyethylenedioxythiophene
doped with polystyrene-sulfonic acid (PEDOT:PSS)/ZnO-Nrods + polymer/electron transport layer (ETL)/Al. Current density-
voltage characterization of the resulting cells showed that, by adding an ETL and using polymers with a low band gap energy, the

photoactive layer surface morphology and the device performance can be dramatically improved.

1. Introduction

Semiconducting inorganic nanocrystals (NCs) with different
shapes such as nanowires, nanospheres, nanosheets, nanote-
trapods, and nanorods have attracted significant attention
in the field of materials science owing to their promising
applications in optoelectronic devices such as inorganic and
organic light emitting diodes and photovoltaic devices [1-3].
The first hybrid photovoltaic device using CdS and CdSe NCs
was reported by Greenham et al. [4]. Since then, inorganic
semiconducting NCs, such as PbS, CdS, and CdSe NCs, with
different structures, sizes, shapes, and morphological charac-
teristics have been investigated and applied for hybrid bulk
heterojunction (BHJ) photovoltaic devices [5-7]. However,
note that the above materials, including cadmium, lead, and
indium, are either nonabundant or toxic, so these materials
cannot contribute significantly to future green, eco-friendly
technologies and renewable energy. Therefore, low-cost, non-
toxic, and eco-friendly semiconducting materials are being
extensively explored as alternatives to existing materials for
hybrid solar cells, even though they might produce lower
power conversion efficiencies. Metal oxide nanostructures
in particular have attracted considerable attention for their

potential applications, for example, in solar cells, electrolu-
minescent devices, electrochromic windows, and chemical
sensors [8-11]. The metal oxide nanostructures used in
these applications must have a large surface area and good
photoelectronic, electrochemical, and structural properties.

ZnO is a wide-band-gap semiconductor with an energy
gap of 3.37eV at room temperature. Many different ZnO
structures have been investigated for solar cell applications
[12-14]. Since ZnO shows different chemical and physical
properties depending on the size and shape of NCs, it might
easily form a penetration network between particles; this is
greatly beneficial for charge carrier transportation.

Hybrid polymer-ZnO NCs have been studied [15, 16],
and ZnO NCs have been investigated as the n-type material
in cells as they are cheap and eco-friendly and can be
synthesized with high purity and crystallinity at low tem-
peratures. However, results show that the device efficiency
in these previous papers was lower (efficiency ~ 1.6%) than
that of other hybrid BH]J solar cells because of unoptimized
photoactive surface morphology, light absorption, and charge
transport (collect) efficiency.

In order to enhance the device efficiency, the effects
of various processing conditions, such as the absorption
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coefficient of the materials, the thickness of the photoactive
layer, and the charge carrier transports, were studied. The
active layer should absorb as many photons as possible to
generate the electron-hole pairs. Therefore, the thickness
and surface morphology of the active layer should be well
controlled and optimized. The contact should collect as many
charge carriers as possible from the p-n junction. Therefore,
the hole transport layer (HTL) and electron transport layer
(ETL) should be added and optimized.

Conducting polymers such as poly(2-methoxy-5-(3',7'-
dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO PPV)
and poly(3-hexylthiophene-2,5-diyl)(P3HT) have been em-
ployed in devices [17]. However, these polymers have a
large band gap (from ~2 to 2.8eV), which prevents the
light absorption in the red region and near-IR region of the
solar spectrum. Radiation with a long wavelength (>700 nm)
passes through the diodes and makes a small contribution to
the photocurrent. Therefore, new polymers with a low band
gap of 1.3-1.4 eV (such as PCPDBTB and PTB7) were investi-
gated; polymers with low band gap energy enable absorption
of more photons with a long-wavelength spectrum.

In this study, high-quality and pure ZnO nanorods
(Nrods) were synthesized and characterized for hybrid BHJ
solar cell applications. Devices based on a blend of polymer
and ZnO-Nrod NPs were fabricated. The device parameters
including length of ZnO nanorods, absorption, and active
layer surface morphology were investigated and charac-
terized. The BHJ device based on a high-light-absorption
polymer and ZnO nanorods exhibited extended red light
harvesting up to 900 nm, in contrast to the typical 350-
800 nm absorption in the case of P3HT and PCPDTBT. The
improved BHJ device presents the possibility of fabricat-
ing low-cost, nontoxic, and eco-friendly inorganic/organic
hybrid BHJ solar cells.

2. Experimental

In the typical procedure, 300 mL of 0.02M zinc acetate
aqueous solution was mixed with 1 mL glacial acetic acid in a
round-bottomed flask equipped with a refluxing device. The
solution was heated to 100°C with vigorous stirring, and then,
about 0.8 g of NaOH solid (analytical grade, platelets) was
rapidly added to the above boiling solution until the pH value
of the mixture reached 6-7, at which point, a large amount
of white precipitate was produced. After cooling to room
temperature, the precipitate was centrifuged, washed once
with distilled water and three times with absolute ethanol,
and dried in air at 60°C. The resulting ZnO-Nrods were ~20-
50 nm in length.

UV-Vis-NIR spectrophotometry (Cary 5000, Varian)
over 200-800 nm, X-ray diffraction (XRD), and transmission
electron microscopy (TEM) were used to characterize the
optical and structural properties of the ZnO nanorods. The
UV-vis (Cary 5000) spectra of the ZnO nanorods were
obtained using quartz cells with a 1.0 cm path length. The
samples were prepared by dispersing the nanoparticles in
ethanol before the measurements. The size and shape of
the NCs were estimated from the high-resolution transmis-
sion electron microscopic (HR-TEM, H-7600) images. The
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thickness of active layers was measured by using Alpha-
Step D-500 Stylus Profiler. The current density-voltage (J-V)
characteristics of the solar cells were examined under
AM1.5G illumination using a solar simulator (Keithley 69911).
Devices having the structure of glass/ITO/PEDOT:PSS/
(ZnO-Nrod + polymer)/ETL/Al were then fabricated. A
thin (~70 nm) layer of PEDOT:PSS as HTL was spin-coated
at 4000 rpm for 30's onto cleaned indium tin oxide- (ITO-)
coated glass substrates and dried at 120°C for 20 min.
The composite solution of ZnO-Nrods and polymers
such as poly(3-hexylthiophene-2,5-diyl)(P3HT), poly[2,6-
(4,4—bis(2—ethylhexyl)—4H—cyclopenta[2,1—b;3,4—b']—dithio—
phene)-alt-4,7-(2,1,3-benzothiadiazole)] [PCPDTBT], and
(poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithio-
phene-2,6-diyl}{3-fluoro-2-[(2ethylhexyl)carbonyl] thieno [3,4-
b]thiophenediyl}) [PTB7]) was dropped and spin-coated
onto the preformed PEDOT:PSS layers. Then the samples
were dried at 140°C for 30 min and a thin layer of ZnO
nanoparticles as the HTL was spin-coated onto the top of
active layer. Finally, a ~90 nm thick Al electrode layer was
deposited on the films by thermal evaporation to complete
the devices. Figure 1 shows the schematic diagram of devices
fabricated in this study, along with the materials structure.

3. Results and Discussion

Figures 2(a) and 2(a) (inset) show HR-TEM and TEM images
of the ZnO nanorods. Nanorods in the range of 10-15 nm
in diameter and in range of 20-50 nm in length had been
formed. The lattice fringes of nanorod are clearly visible and
no disruption inside the nanorods was presented, indicating
that the ZnO nanorods obtained in this work were of high
quality. Figure 2(b) is the UV-vis absorption spectra of
ZnO-Nrods dispersed in ethanol solution. It shows a strong
absorption peak in the range of 300-400 nm and the peak was
observed at the 369 nm.

Figure 2(c) shows the XRD diffraction pattern of ZnO
nanorods and it can be observed that all peaks at 20 values of
31.5, 34.3, 36.4, 47.5, 56.5, 62.8, 67.9, and 72.5 can be indexed
to the (100), (002), (101), (102), (110), (103), (112), and (004)
planes of zinc oxide nanorods, respectively. The position of
several XRD peaks matched very well with the standard
diffraction data (Joint Committee for Power Diffraction Set
(JCPDS) database number 80-0075). The diffraction peaks
are quite similar to those of a bulk ZnO with the hexagonal
structure and the strongest peaks were (100), (002), and (101)
for the randomly oriented direction samples.

The surface morphology and roughness of the ZnO/
P3HT photoactive layer having different concentration of
ZnO-Nrods at the fixed composite loading amount of
5mg/mL were studied by AFM. The ZnO-Nrod concentra-
tions were varied from 0 to 90 wt%. The J-V characteristics
of the devices were measured at AM15G conditions by
using a solar simulator, and the resulting device parameters
such as the short circuit current density (J,.), open circuit
voltage (V,.), fill factor (FF), and power conversion efficiency
(n) are compared in Figure 3(b). Interestingly, among the
cells with the ZnO-Nrod/P3HT composites, the maximum
power conversion efficiency was achieved for the cell with
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FIGURE 1: Schematic diagrams of (a) bulk heterojunction (BH]J) solar cells and (b) polymers and ZnO nanorods structure.

60 wt% ZnO-Nrods. This is consistent with the AFM surface
roughness results, as shown in Figure 3(a).

Figure 3(b) (B and D) shows the monotonic increase
in J,. and efliciency with the increase in the ZnO/[ZnO +
P3HT] (%) loading amount. It is confirmed that the increase
in the Nrod concentration enhances the charge transport
and collection efficiency by generating a larger photoactive
interface area and reducing the carrier recombination rate;
hence, the Nrods and P3HT polymer act as the electron and
hole transport materials, respectively. Further, the fill factor
and open circuit voltages likely remain unchanged until
the Nrod concentration reached 60 wt% and then increased
slightly. However, the results indicated that despite the slight
increase in the device parameters as a function of the loading
amount, their absolute values are still lower than the best
reported values [15].

In case of standard and inverted device structures, the
active layer materials have the same function with four
main processes: (1) photon absorption from sunlight, (2)
conversion of photons to free charge carriers, (3) transport of
the electrons and holes to the contacts, and (4) extraction of
these charge carriers at the contacts to generate useful power.
In order to enhance the device performance, however, a BH]
should include both the HTL and ETL [18-20]. The overall
reported power conversion efficiency using the HTL and ETL
ranges from 2% to about 4%. In this study, the PEDOT:PSS
(~70 nm thickness) was used as the HTL and the ZnO NPs
deposition were selected as the ETL, as shown in Figure 1. One
of the most important parameters that affect the device per-
formance is the morphology (and, consequently, the surface
roughness) of the ZnO layer. In this section, attention will be
focused on the possible influences of the ETL layer surface
morphology on device fabrication with various thicknesses.

TaBLE 1: Electron transport layer’s surface morphology as the
junction of spin-speed of 1000, 2000, 3000, and 4000 round per
minute.

SZPILS d(fril;i)sPln Rough(nne;j)(RMs) Contact angles (°)
1000 ~5.92 ~77.64
2000 ~4.6 ~56.64
3000 ~3.91 ~44.61
4000 ~2.86 ~38.61

Figure 4(a) shows the thickness of ZnO layer as the
function of spin coating speed. The coating spin speed was
varied in range of 1000 rounds per minute (rpm) to 4000 rpm.
The figure shows that when the spin speed is increased,
the ZnO thickness is decreased. At 4000 rpm, the ZnO film
thickness is around ~30 nm. The effects of ZnO ETL on the
morphology of the photoactive surface as a function of the
spin speed were studied by AFM (roughness mean square
(RMS)) and video contact angle measurement, as shown in
Figure 4(b).

Figure 4(b), (A-D) and (E-K), shows the surface rough-
ness (RMS) and the contact angle of photoactive layer as a
function of the spin coating speed. We observed that when the
speed is increased, the RMS and contact angle are decreased,
as shown in Table 1. At the speed of 4000 rpm, the RMS and
contact angle of the photoactive layer surface are 2.86 nm and
38.64°, respectively.

In particular, with the decrease in the thickness, the
morphology of the ZnO ETL changed from a rough surface
to a smoother surface to improve the contact between the
photoactive layer and back contact layer.
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FIGURE 2: (a) High-resolution electron micrograph (HR-TEM) of single-crystal nanorods and (a) (inset) TEM image of ZnO nanorods; (b)

UV-Vis absorption spectra of ZnO nanorods; (¢) the XRD diffraction of the ZnO nanorods.

Figure 5 shows the effects of the ZnO layer (ETL) on
the solar cell performance. In this study, ZnO nanoparticles
were synthesized by laboratory, as shown in Figure 5 (inset).
Figure 5 (inset (a)) shows the TEM image of ZnO NPs with a
size of ~3-5 nm. Figure 5 (inset (b)) shows the ZnO NPs/ITO
thin film (spin speed of 4000 rpm) with the surface roughness
of ~2 nm. In a device without the ETL, the power conversion
efficiency is about ~1.71% (J,. ~8.64 mA/cm”), butin a device
with ZnO ETL, the efficiency is increased to ~2.25% (J,. ~
10.26 mA/cm?); the detailed device parameters are shown
in Table 2. The improvement in the device performance
especially in the efliciency and current density might be
attributed to the increase in the charge collection efficiency
and to the reduction in the charge recombination from the
p-n photoactive interface to the contact layers [21, 22].

The optical absorption spectra of ZnO-Nrods and (ZnO-
Nrod/P;HT, ZnO-Nrod/PCPDTBT, and ZnO-Nrod/PTB7)
thin films were confirmed, as shown in Figure 6 (inset).
The absorption spectra of ZnO-Nrods correspond to the

TaBLE 2: Effects of high light absorption polymers on the device’
parameters such as short circuit current density (J.), open-circuit
voltage (V,.), fill factor (FF), and power conversion efficiency (7).

Polymers V,. (V) J,. (mA/cm?) FF (%) 1 (%)
P3HT 0.6 10.26 36 2.25
PCBDTBT 0.5 12.62 35 2.54
PBT7 0.54 14.9 32 2.90

absorption band of 350-400 nm. The absorption spectra of
ZnO/P;HT thin films correspond to the absorption band
region of 450-650 nm. Therefore, lower-band-gap energy
polymers were designed to enhance the sunlight absorp-
tion. The absorption bands of the ZnO-Nrod/PCPDTBT
and ZnO-Nrod/PTB7 correspond to the spectra region of
350-850 nm. In the BHJ solar cells, the polymer absorbs
a narrow range of wavelengths in the visible spectrum.
Since V. is determined by the energy gap between the
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FIGURE 3: (a) Photoactive layer’ surface morphology of solar cells with different composite loading amount of ZnO-Nrod/[ZnO-Nrod +
P3HT] wt%. (b) Device’s parameters with different composite loading amount of ZnO-Nrod/[ZnO-Nrod + P3HT] wt%.

donor HOMO and acceptor LUMO [23], the application of
polymers with low band gaps as donors typically decreases
V.. and a trade-off between light absorption and electrical
properties is realized for both standard and inverted device
geometries. Influences of the sunlight’ harvesting on the

device performance were studied. Table 2 shows that the
open circuit voltage (V,.) is slightly decreased from about
~0.6 to 0.5eV when the lower-band-gap energy polymer
was used, but the short circuit current density gradually
increased.
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FIGURE 5: ((a), (b)) TEM image (inset) of ZnO nanoparticles and
surface morphology of ZnO NPs/ITO film and J-V characteristic of
device with and without electron transport layer as the junction of
spin speed (round per minute).

Figure 6 shows the J-V curves of the ZnO-Nrods/
polymer devices; the efficiency of the devices was found
to be enhanced from ~2.25% (J,. ~ 10.26 mA/cm?) of the
ZnO/P3HT cell to ~2.54% (J,, ~ 12.62mA/cm?) of the
ZnO/PCPDTBT cell, with the maximum efficiency of about
~2.9% (J,. ~ 149mA/cm®) of the ZnO/PTB7 cell. The
enhanced efficiency was mainly due to the increase in the
short circuit current from 10.26 to 14.9mA/cm?, which
indicates an increase in the light absorption by PCPDTBT
and PBT7 polymers, because the absorption wavelength is
extended further within the visible region. Previous studies
reported that the power conversion efficiency of the ZnO-
Nrods solar cells was very low (~0.2 and ~0.9%), because the
device fabrication process is not well optimized [24, 25]. p-
type semiconductor ligand modification of ZnO nanorods
is used to increase the device performance. The porphyrin
and phthalocyamine molecules were incorporated at hybrid
p-n junction interface; however, they found that adding of
ligand modified ZnO-Nrods to the polymer leads to com-
posite blends with poor photocurrent generation efficiency
although the nanorods were highly dispersed inside the
polymer. Zhong et al. [25] reported that they use Z907-
modified ZnO nanorods and polymer, the effects of Z907
grafting on the light absorption, carriers transport, and
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polymers.

active layer surface morphology. But the device’s conversion
efficiency is still quite low in comparison with the previous
inorganic hybrid solar cells (recorded efficiency of ~3%). Our
cell performance with efficiency of ~2.9% is only compared
to the recorded values reported for inorganic hybrid solar
cells. Our device fabrication is quite different from previous
reports and the efficiency of the cell with pure and random
nanorods is bigger than ZnO NPs- and ligand modified ZnO
nanorod/polymer cells.

4. Conclusions

In summary, we prepared high-performance inorganic BHJ
solar cells with the addition of an electron transport layer
(ZnO layer) by using a high-light-absorption polymer with
low band gap energy, such as PCPDTBT and PTB7. We
obtained power conversion efficiency as high as ~3% for
the structure based on ZnO-Nrods and PTB7, by using a
ZnO nanoparticle ETL. Therefore, this investigation opens
new avenues for the structure design and development of
electron transport materials for high-performance solar cells
and many other optoelectronic devices.
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