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Synthesis and characterization of ZnO/TiO, composite core/shell
nanorod arrays by sol-gel method for organic solar cell applications
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Abstract. ZnO/TiO; core/shell nanorod arrays were deposited on indium tin oxide (ITO) substrate via a facile
sol-gel dip-coating process. Effects of solution pH for ZnO, annealing temperature, growth time and temperature
on the physical properties of nanorods have been investigated. X-ray diffraction (XRD) analysis and scanning elec-
tron microscopy (SEM) were employed to characterize the structural and morphological properties of the prepared
composite nanorods. XRD result revealed wurtzite structure of ZnO with a mixed anatase and rutile structure phase
for TiO,. Energy-dispersive X-ray (EDX) and UV-vis spectroscopy were used to study the chemical composition
and optical properties of the films, respectively. Electrical resistivity of the films was also investigated. The optical
and electrical properties of the bare TiO, thin film and core/shell composite were compared together. The results
showed that owing to smaller band gap and lower resistivity, the core/shell structure as an electron transport layer

for inverted photovoltaic devices is more suitable than bare TiO, thin film.
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1. Introduction

Organic solar cells have attracted considerable attention
owing to their potential for large-scale production, flexibil-
ity, lightweight and low consumption materials by solution
processing.! The inverted device architecture in organic solar
cell configurations has higher lifetime than the conventional
architecture because of the usage of air-stable high-work-
function metal as the anodic electrode for hole collection.?
In this structure, a cathode (e.g., indium tin oxide (ITO)) is
used to collect electrons and a metal oxide is used as the elec-
tron selective contact at the ITO interface.®> Owing to high
optical transmission in Vis—NIR region and also high car-
rier mobility, n-type metal oxides such as ZnO and TiO, are
used in ITO interface.* As a clean photoelectric conversion,
renewable and potential alternative to the traditional pho-
tovoltaic devices, dye-sensitized solar cells (DSSCs) based
on nanocrystalline porous TiO, thin films for enhanced effi-
ciency were investigated in the recent years. Despite large
surface area for dye adsorption, TiO, nanoparticle film shows
relatively slow electron transport rate, resulting from multi-
ple trapping/detrapping events occurring within grain bound-
aries that can lead to the high interface recombination reac-
tions and limit the device efficiency.

* Author for correspondence (ali_abdolahzadeh @liau.ac.ir)
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Effective exciton dissociation and fluent carrier transport
into the collecting electrode have a considerable influence on
the conversion efficiency of the inverted organic solar cells.
Therefore, it is essential to have information on the appro-
priate energy level of the collecting electrode to match the
active layer as the top-contact hole collecting layer. Conduc-
tion band energy of ITO has a large barrier height with low-
est unoccupied molecular orbital (LUMO) of the active layer.
As such, it is unsuitable for electron collecting layer. For this
reason, some authors have suggested the extra electron col-
lecting layers like titanium oxide (TiO,) or zinc oxide (ZnO)
due to their suitable (LUMO) positions.5 6 Oxide semicon-
ductor nanostructures can be used in photonic devices, sen-
sors, solar cells, etc.”™? Among these remarkable materials,
ZnO and TiO, are the most versatile ones because of their
non-toxicity, stability and ease to prepare.'’

Nanostructured materials possess a large surface to vol-
ume ratio compared to that of bulk materials.'!~!3 They
can be prepared as one-dimensional nanostructures like
nanorods, nanowires and nanotubes to enhance the surface
area. Moreover, these materials can potentially supply a
straight transport pathway for charge carriers in photovoltaic
cells.'* The review of literature reveals a rising interest in the
new designs of nanoporous electrode based on the core/shell
configuration.'>~17

It is well known that the electron transport rate in ZnO
nanorods is much faster than TiO, due to its higher electrical
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conductivity.'® DSSCs based on one-dimensional ZnO
nanostructures, which present significantly higher electron
mobility than that of both TiO, and ZnO nanoparticle films, 19
have in recent times been attracting increasing attention.?’-?!
In the present study, we have grown one-dimensional ZnO
nanorods by the facile sol-gel route and used the prepared
ZnO nanorods as the core to prepare arrays of ZnO/TiO,
core/shell nanorods (ZTNA) on ITO-coated substrate. The
effects of annealing temperature, growth time, growth tem-
perature and solution pH for ZnO on the optical and electrical
properties of the prepared nanorods have been investigated
fundamentally and the physics related to the possible corre-
lations have been discussed with given reasons.

2. Experimental

All chemicals were purchased from Merck. To prepare ZnO
nanorod arrays, thin ZnO seed layers were initially prepared
onto ITO substrates by dip-coating process and the coated
substrates were suspended vertically in an open beaker of
ZnO aqueous solution to grow the rods. Ammonia hydroxide
solution was used to adjust the pH value. To prepare TiO,
shell layers, the obtained ZnO nanorod arrays were dip
coated with TiO, sol at room temperature. Schematic repre-
sentation of the mentioned experimental process is given in
figure 1.

2.1 Synthesis of ZnO seed layers

To prepare ZnO seed layer, 0.5 g of Zn(Ac),-2H,0O was dis-
solved in a mixture of 100 ml ethylene glycol (C,HO;) and
5 ml deionized water and stirred for 30 min at 140°C while a
stable and homogeneous solution was obtained. ITO-coated
glass was used as the substrate and cleaned by sonication
in acetone, ethanol and deionized water, prior to use. The
cleaned glass substrate immersed into ZnO solution at the
rate of 3 cm min~'. Subsequently, the substrate was dried in
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Figure 1. Fabrication of ZnO/TiO; core/shell nanorod films by
the sol-gel dip-coating method.
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air and annealed at 150°C for 1 h in a muffle furnace. This
process was repeated three times to produce ZnO seed layer.

2.2 Growth of well-aligned ZnO nanorod arrays

Vertical nanorod arrays were grown by immersing the seeded
substrates in an aqueous solution of 0.05 g zinc nitrate
tetrahydrate and 0.8 g natriumhydroxid dissolved in 200 ml
of deionized water. This procedure lasted about 1 h at 70°C
and finally the substrate was dried in air.

2.3 Coating of ZnO nanorods with TiO, shell

Firstly, TiO, sol comprising of 8.7 ml tetrabutylorthotitanate
and 2.8 ml ethanolamine dissolved in 35 ml ethanol was
stirred for 2 h at room temperature. During the stirring,
a mixture of 0.45 ml deionized water and 4.5 ml ethanol
was added dropwise to the above solution. The prepared sol
was aged under light exclusion for 24 h. Thereafter, ZnO-
coated layers were immersed in the above prepared sol for 1
min before dip-coating process being started. Subsequently,
the substrates were dip coated into TiO; sol at the rate of
3 cm min~!. The as-deposited films then were dried in a muf-
fle furnace in air and annealed at 450°C for 1 h and eventually
left to be cooled down to room temperature.

3. Characterization

The structure of the prepared films was studied by the X-ray
diffraction (XRD) method using a XRD6000, Shimadzu
system with CuKe radiation (0.15406 nm). Quantitative
analyses were obtained by an energy-dispersive X-ray (EDX)
analysis (LEO, 1430VP) with accelerating voltage 17 kV.
Surface morphology of the films was studied by scanning
electron microscopy (SEM) with a HITACHI S4160 instru-
ment. The spectral optical transmittance 7" was measured
at normal incidence in UV-Vis—NIR spectral region (200-
800 nm) with Varian Cary 100 spectrophotometer. The film
thickness was measured by a contact profilometer (Dektak
8000). The d.c. electrical resistivity of the samples were
measured by Keithley, USA, K361 and IV-CV-Parameter
Analyzer.

4. Results and discussion

To do a comprehensive study on the electrical and optical
properties of the material, different conditions were tested
(table 1). The variations of pH value, growth time, growth
temperature and annealing temperature have been studied
and shown in detail in table 2.

4.1 Structural and morphological studies

Figure 2 shows the representative XRD pattern of ZnO/TiO,
core/shell nanorod (sample number 3) deposited on ITO-
coated glass substrate. The peak at 260 = 34.56° corresponds
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Table 1. Sample number and corresponding experimental parameters that have been changed in the study.

Sample pH value Growth time (h) Growth temperature (°C) Annealing temperature (°C)
1-5 Variable 1 70 150

6-9 9.5 Variable 70 150

10-13 9.5 1 Variable 150

14-17 9.5 1 70 Variable

Table 2. Values of pH, growth time (G), growth temperature (7G), annealing temperature (75) and thickness (d) for the prepared

ZnO/TiO; core/shell nanorod arrays on ITO substrate.

Sample pH d (nm) Sample G (h) d (nm)

Sample

Tg (°C) d (nm) Sample Ta (°C) d (nm)

0.5 250
1 240
1.5 386
2 547

6.45 380
8.50 238
9.50 336
10.30 353
11.30 234

R O R
Nelie N Be)

10 45 406 14 150 496
11 55 425 15 250 413
12 65 470 16 350 263
13 75 490 17 450 190

(101) a-Tio,
(222) ITO
(002) ZnO

(110) r-TiO,

(440) ITO

Intensity (arb. unit)
(622) ITO

15 30 45 60 75
26 (deg)

Figure 2. Typical XRD pattern for ZnO/TiO, core/shell nanorod
film (sample number 3 as described in the text).

to diffraction from (002) plane of ZnO hexagonal wurtzite
structure which is in good agreement with JCPDS card no.
79-0208. Moreover, it is just the only main peak for ZnO as
the core-shell, indicating the presence of preferred orienta-
tion and no phase related to other oxides. After deposition of
TiO, as the shell material, an anatase phase with preferred
(101) orientation at 260 = 25.42° was observed (JCPDS card
no. 89-4921). Other less intense diffraction peak correspond-
ing to (110) is assigned well to rutile (JCPDS card no. 89-
4202) crystalline phase of TiO,. These results revealed that
the shell formation on ZnO nanoparticles is a TiO; layer with
a mixed anatase and rutile structure. Peaks from ITO-coated
glass substrate are also observed at (222), (440) and (622)
planes.

The preparation of initial ZnO nanorods as the core and
successful formation of TiO, as the shell on ITO were

observed by SEM. Figure 3a and b presents SEM images
of the seed layer and ZnO nanorod arrays, respectively.
From figure 3a the average size of the seed grains is around
40 nm. Figure 3b shows the formation of core ZnO nanorods.
SEM images of ZnO/TiO, composite core/shell nanorods are
shown in figure 3c. These images clearly show the formation
of nanorod arrays. From the figure, the core/shell nanorods
have a circular cross-section with an average diameter of
about 50 nm.

The chemical composition of the nanorods was deter-
mined using EDX spectroscopy and the representative spec-
trum for sample number 3 is shown in figure 4. The result
exhibits the presence of Zn, Ti and In picks with Zn/Ti/In
atomic percentage of 14.96/29.35/4.89. These ratios are very
close to the nominal values that were calculated to prepare
the starting solutions.

4.2 Electrical and optical properties

Figure 5 shows the photocurrent voltage characteristics of
the cells based on bare ZnO and TiO,-coated ZnO sys-
tems. In terms of the device power conversion efficiency,
there are different resistances in the system, such as the
electrolyte/TiO, interface, the ZnO/TiO, interface and the
ITO/ZnO interface (including the ZnO resistance). Mane
et al®® have prepared nanocrystalline chemical bath depo-
sited TiO,/ZnO thin films on ITO substrates. Owing to low
electron effective mass of ZnO (about 0.2m.), they have con-
cluded that an increase in ZnO could have a negative effect
on the cell performance. They have argued that, because of
low electron effective mass, ZnO could affect the electrons
injected from the dye, resulting in a poor power conversion
efficiency. However, in the present work, the role of TiO,
and ZnO is quite contrary. The electron effective mass of
TiO, is about 1m, that is much higher than ZnO.?* Hence,
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Figure 3. SEM images of (a) ZnO seed layer, (b) ZnO nanorods and (¢) ZnO/TiO; composite

core/shell nanorods.

Si|Ka

Ti Ko

Intensity (arb. unit)

1400 16.00

2.00 4.00 6.00 8.00
Energy (keV)

10.00 12.00

Figure 4. EDX spectrum of ZnO/TiO; composite core/shell
nanorod thin film (sample number 3) prepared by the sol-gel
method.

according to the above argument, lower influence of TiO;
shell on the electrons injected from the dye is expected and
consequently better conversion efficiency. To have a mea-
sure about the electrical properties of the prepared ZnO/TiO,
core/shell arrays thin films d.c. electrical resistance (R) and
the electrical resistivity (p) of the films were measured by the
two-probe method. This can be a yardstick for the quality of
charge carrier transport in the electrolyte/TiO; interface. The
measured values are given in table 3. It is seen that the resis-
tance values are in the range of 10° Q which is lower than the
values that have been reported in the literature for the sol—gel

Semiconductor

ITO substrate

Figure 5. Schematic representation of the electron transport in
core/shell model-based dye-sensitized solar cell.

derived TiO, thin films.?* Meanwhile, we have arranged a
comparison between the electrical and optical properties of
ZnO/TiO, core/shell and bare TiO, thin films. To do that, a
flat TiO, film was deposited on ITO substrate by the sol-gel
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Table 3. d.c. electrical resistance and resistivity of the prepared
core/shell ZnO/TiO; thin films.

Sample R (MQ) p (2 cm)
1 9.53 362
2 10 238
3 9.4 316
4 9.99 352
5 9.89 231
6 7.08 177
7 9.79 235
8 10 386
9 10 547
10 9.01 366
11 8.01 237
12 9.57 450
13 6.65 310
14 9.91 491
15 9.64 398
16 9.59 252
17 9.58 182
|
80 -
. TiO,

ZnO[TiO, core/shell

Transmittance (%)
ey
o

400 500 600 700 800

Wavelength (nm)

300

Figure 6. Transmission spectra of TiO; and ZnO/TiO, core/shell
composite thin films.

dip-coating method. The procedure is as same as in the case
of core—shell preparation (sample number 17) except depo-
sition of ZnO core layer. In spite of higher transmission
of TiO, thin film (about 80% in the wavelength range of
400-800 nm, figure 6), it was showed rather high resistivity
(~1194 © cm) than ZnO/TiO, core/shell film. Therefore, it
is not suitable as an electron transport layer for being used
in inverted solar cells. On the other hand, when pH value
of ZnO sol varied from 6.45 to 11.3, the lowest R and p
obtained in pH =9.5 and 11.3, respectively. Also, the resis-
tivity decreased with the increase in growing time. Lowest R
and p were gained in temperatures of 75 and 55°C, respec-
tively. In the meantime, by increasing the annealing temper-
ature from 150 to 450°C both R and p decreased. Normally,
the crystallinity of the films improves by post-heat treatment
that in turn can cause decrease in electrical resistivity owing
to narrowing of grain boundaries.?
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The optical properties of the prepared thin films were
also studied. Figure 7a—d shows the transmittance spectra
of the prepared films for different pH values, growth times,
growth and annealing temperatures in the wavelength range
from 200 to 800 nm. The results indicate that the composite
thin films are transparent in the visible region of spec-
trum. Figure 7a-1 illustrates the variation of the film trans-
parency with growth temperature. It can be observed from the
figure that when the growth temperature is increased, the film
transparency decreases. One possible explanation is that
higher growth temperature is beneficial for ZnO to nucleate
on the ITO surface, that is to say, it is easier to form plenty of
ZnO nuclei at the very beginning of the overgrowth process.
Therefore, the adjacent nuclei may fuse together and make
larger ones, resulting higher light scattering and equally
lower film transparency. In order to determine the absorption
band edge of the films, we computed the first derivative
of optical transmittance and present this in figure 7a-2.
The plots of d7'/dX vs. wavelength give a peak correspond-
ing to the absorption band edge. As it is obvious, the peak
position of the curves shifts to longer wavelengths with
growth temperature. This suggests that the absorption band
edge shifts from ~3.74 to ~3.60 eV with the increase in the
growth temperature. On the other hand, the optical transmis-
sion of the films increases totally with pH value (figure 7b-1).
The increase of the transmission with the increase in pH
can be interpreted by a decrease of the film thickness as
reported in table 2. An increase of the pH may lead to more
OH™ ions in the solution, which incline to combine eas-
ily with zinc without leaving enough zinc for ZnO growth
on the substrate. This result is also indicated by thick-
ness measurements which show thinner layer at greater pH
(table 2). Furthermore, with the increase in pH the absorption
band edge of the films shifted toward shorter wavelengths
(figure 7b-2). Again, this may be linked to the decrease of
film thickness with pH value. With thickness the value of
band edge decreases due to energy spread of the localized
states increasing.” Figure 7c-1 shows the optical transmis-
sion spectra of the core/shell ZnO/TiO; films as a function
of the deposition time. It indicates that the films grown at
deposition time of 1 h have highest average percentage for
transmittance. This sample has the lowest thickness value
(240 nm) in comparison to the other ones and having higher
transmittance is expected for it. The absorption wavelength
values corresponding to the peak positions for the ZnO/TiO,
films did not show remarkable change with growth time
(figure 7c-2).

Sol-gel derived thin films that have not been annealed
are too impure and too ill-defined to be of use in devices.
Figure 7d-1 represents the wavelength dependence of spec-
tral transmittance of the core/shell ZnO/TiO, thin films
deposited by the dip-coating technique and annealed at four
different temperatures. All films annealed at different tem-
peratures are transparent in the visible region. As it is clear
from the figure, the transparency of the samples increases
with the increase of annealing temperature. By increasing the
annealing temperature from 150 to 450°C, the film thickness
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Figure 7. Transmission spectra and pertinent first derivative (d7/dXx) plots of the prepared samples for different
(a) pH values, (b) growing times, (c¢) growing temperatures and (d) annealing temperatures.

decreases from 496 to 190 nm (table 2). Thus the transmit-
tance increases and consequently little light is dispersed in
the film.

5. Conclusion

To recapitulate, vertically aligned ZnO nanorod arrays were
grown on ITO substrates by the sol-gel dip-coating method
and subsequently coated with TiO, layer. The XRD result
showed the polycrystalline nature of the prepared films with
corresponding diffraction peaks for wurtzite hexagonal ZnO
and a mixed anatase and rutile structure phase of TiO,. SEM
micrograph of the film confirmed the formation of nanorod
arrays on the substrate. EDX analysis revealed the presence
of Ti and Zn emission lines along with their correspond-
ing surface values as the constituents of prepared ZnO/TiO,
core/shell films. By variation of ambient conditions, the opti-
mum values for electrical resistivity and optical transmit-
tance were obtained. The lowest electrical resistivity was
obtained about 177 2 cm at the pH value of 9.5 and the
growing temperature of 55°C. Besides, the transmission of
the films increased with pH value and annealing temperature.
The growing time of 0.5 h had the lowest transmission. More-
over, the bare TiO, film was prepared and showed rather
high transparency in the visible region of spectrum but the

pertinent resistivity was about six times higher than
core/shell nanorods.
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