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Abstract—Arrays of ZnO nanorods and nanoplates are synthesized by the hydrothermal and,electrochemical
methods, respectively. The photoluminescence spectra indicate that the nanoplates have a‘more defective
structure than the nanorods. The obtained ZnO nanostructures are used as the basis t@ constructdye-sensi-
tized solar cells. The influence of morphology and defectiveness of ZnO nanostructures on‘the luminescent

and photovoltaic properties of the cells is studied.
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INTRODUCTION

Zn0O, a wide bandgap semiconductor with the
energy of ~3.3 eV of the forbidden zone at 300 K, is of
interest for use in various optoelectronic devices,
including the new generation of organic-inorganic
solar cells (the organic-inorganic perovskite cells [1—
3] and dye-sensitized solar cells (DSSCs) [4, 5]).

Depending on the methods of synthesis, \ZnO
nanostructures can be obtained with diffefent mon=
phologies and properties. ZnO nanostructuresioef var-
ious morphologies are used in DSSCs, including
nanoporous films [6], nanorods [4, §], nanoplates [5],
tetrapods, and various hierarchicalknanestructures [7].
Nonetheless, the energy comnyversien efficiency in
ZnO-based DSSCs is usually significantly lower than
in cells based on TiO, [8]. To,dateé, the maximum
achieved efficiency of DSSCs based on ultrathin ZnO
nanorods is 7% [9], #hich tfemains significantly lower
than that of TiO,<ells. The typical value of the effi-
ciency reportedgin many studies is of the order of 1%
or lower [10]£Thelow efficiency of the ZnO cells com-
paredgtonthe O, cells, despite the similarity of their
band structure8], can be partly attributed to the
decompésition of ZnO and the formation of dye/Zn**
aggregates [8, 11], the low efficiency of the injection of
the electton from the dye to ZnO [8, 11], the low effi-
ciency of the recovery of the dye [8], and the high den-
sity of surface defects (electron capture centers) [12].
Nonetheless, in contrast to TiO,, ZnO has a large vari-
ety of nanocrystals of different morphologies with a
high specific surface, which can be obtained by the
methods of synthesis from solutions at temperatures
below 100°C [13—16]. In addition, the mobility of

electrons, ‘at least'in ZnO single crystals is an order of
magnitude higher than in TiO, (anatase structure)
[17420]: For this reason, there is significant interest in
improving the manufacturing technology and electron
transpott properties of DSSCs with the use of nano-
structured ZnO electrodes with different morpholo-
gies.

A, significant amount of work on modification of
the ZnO morphology has been performed with the
aim of improving the efficiency of DSSCs [6, 17, 21].
In particular, these studies were aimed at increasing
the specific surface area and, simultaneously, improv-
ing the accumulation of charge which provides faster
transport of electrons. The increase in the efficiency of
the cells upon modification of the morphology is due
to the faster transport of electrons [22, 23], the
increase in the amount of adsorbed dye [22, 23], and
the increase in the electron lifetime [24]. There are
other possible ways of improving the efficiency of
DSSCs, including, for example, the use of surface
plasmon resonance [25, 26]. However, the depen-
dence of the cell efficiency on these factors is likely
more complicated. It has been shown that a higher
efficiency can be obtained for a shorter electron life-
time if the electron transport is shorter or if the effi-
ciencies of the electron injection and the dye recovery
are higher [8]. Although the optimization of the mor-
phology increases the efficiency of DSSCs based on
ZnQO, it is obvious that the efficiency is also deter-
mined by the ZnO properties (the types of defects and
their concentration and charge transfer in ZnO).
Despite the importance of the ZnO properties for the
performance of solar cells based on ZnO, there are
very few studies on the relationship between the prop-
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Fig. 1. Schematic representation of (a) a nanorod and (b) a
nanoplate.

erties of ZnO nanostructures and solar cells based on
them [27, 28].

In this work we study two different ZnO nano-
structures: nanorods and nanoplates and the influence
of their morphology on the luminescent and photo-
voltaic properties. The ZnO nanorods and nanoplates
were synthesized respectively by the methods of
hydrothermal and electrochemical deposition. The
ZnO nanorods and nanoplates are nanocrystals with,
different ratios of geometrical characteristics (the L/D
ratio, see Fig. 1). The nanorods are formed when'the
preferential direction of the crystal growth is [0001],
which leads to a morphology with a large value ofithe

L/D ratio and a large area of the (10 10y faces. The
nanoplates are formed when the preferential direetion

of the crystal growth is [10 10], whicHlleads tojthe mor-
phology with a low value of L/D,and a large area of the

(0001)/(000 T) faces.

The ZnO nanorods and nangplates exhibit signifi-
cantly different optical properties, adsorption of the
dye, and photovoltai€ prepetties. The nanorods have a
higher intensity ofithe edge,photoluminescence in the
UV region comparcdyto the intensity in the visible
region of thefSpegtrum (this points to a low concentra-
tion of defects). The nanoplates have the opposite
photoluminescent™ properties: the intensity of the
lumineséence bands in the visible region is much
higher than the intensity of the edge photolumines-
cence band (this indicates a high concentration of
defects). The temporal characteristics of the edge pho-
toluminescence of ZnO were also measured. The
character of photoluminescence of the ZnO nano-
structures influences their photovoltaic properties.
The presence of defects responsible for green-yellow
emission leads to a decrease in the open-circuit volt-
age (Uyc) of DSSCs.
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EXPERIMENTAL

Synthesis of arrays of ZnO nanorods. The synthesis
of ZnO nanorods consisted of two stages. The first
stage is the application of a seed layer and the second
stage is the synthesis of nanorods on the substrate with
the seed layer by hydrothermal deposition.

Application of the seed layer of ZnO. Zinc acetate
dihydrate (Zn(CH;COO), - 2H,0, SigmaAldrich) and
monoethanolamine (C,H;NO, Sigma Aldrich) were
sequentially dissolved in isopropyl alcohelylhe con-
centrations of zinc acetate and monoethianolaming, in
the prepared solution were 0.5 M. The solution was
applied on a precleaned glass substratéicovered with a
conductive layer of indium-doped_tin“oxide (ITO).
This procedure was repeated 4 timies byathespin-coat-
ing method with a substraté \rotation speed of
2000 rpm. Next, for formingsthe ZnOgtructures, the
substrate was annealed in/@a muffle fusnace at a tem-
perature of 450°C for 60 ming

Hydrothermal“deposition.““The arrays of ZnO
nanorods were synthesized“oh ITO-substrates with a
preappliedsseed ZnO layer from an equimolar aqueous
solutionef zifie nitrate (Zn(NO;), Sigma Aldrich) and
hexamingy(CgH 3N, Sigma Aldrich) for 10 h. The ini-
tial concentration of the solution and the temperature
of synthesis were 25 mM and 90°C. After each 2 h, the
samples were washed in deionized water and placed in
afieshisolution. After completion of the synthesis, the
grown ZnO arrays were repeatedly washed in deion-
ized water, dried, and annealed at a temperature of
400°C for 1 h.

Synthesis of arrays of ZnO nanoplates. Arrays of
ZnO nanoplates were obtained according to the
method described in [29]. The first step was the syn-
thesis of an array of hexagonal Zns(OH);C,, plates on
an I'TO substrate by electrochemical deposition from a
solution of 5 mM ZnNO; (Sigma-Aldrich) and
100 mM KCI. Electrochemical deposition was carried
out using a J-30 potentiostat—galvanostat (Elins) in
the potentiostat mode at a potential of —1050 mV (rel-
ative to the silver chloride electrode) and a solution
temperature of 50°C for 30 min. Then, the precipi-
tated arrays of the Zns(OH)¢C,, nanoplates were
annealed at a temperature of 450°C for 30 min to form
ZnO nanorodes.

Assembling a DSSC. Ruthenium dye N719 (Di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-
bipyridyl-4,4'-dicarboxylato)ruthenium(II),  Sigma
Aldrich) was used to assemble DSSCs. The dye was
dissolved in absolute ethanol (concentration 0.3 mM).
The resulting arrays of ZnO nanorods and nanoplates
were immersed in an alcoholic solution of the dye for
30 minutes at a temperature of 60°C, rinsed in etha-
nol, and dried. The assembled cell had a sandwich
structure, consisting of a sensitized photoanode and
an contra-clectrode with a platinum coating. The
electrodes were separated by a polymer spacer with a
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Fig. 2. Array of ZnO nanorods (a) and na’oplates (b).

0.2 cm? hole, which defines the active area of the cell.
The platinum coating was deposited by the electro-
chemical method onto glass substrates with a conduc-
tive ITO layer. An Iodolyte Z-150 electrolyte (Solaro-
nix) was introduced into the active area of the cell
through a small hole in the contra-electrode.

Measurements. The morphology of the obtai
samples was investigated using a Mira-3 sca

can). The spectra of X-ray diffraction we.
on a DRON-7 electron diffractometer:

voltage characteristics (CVCs) of the ¢ ea-
sured using a Keithley 2400 source it under
exposure to the emission of a 0 mW/cm?

T PHOTO

standard solar radiation simula
Emission Tech., Inc.). i
measured on an AvaSpe

arried out with the third
harmonic of a L 374QT neodymium laser
(A =355nm
acteristics o
i 1

ived luminescence were measured
trofluorimeter (Becker&Hickl),
in the time correlated single pho-
ng mode. The samples were excited by pico-
miconductor laser (BDL-SMC) emitting at
with a repetition frequency of 50 MHz and
a pulse duration of 50 ps. The kinetics of luminescence
with a slow decay rate were measured with a setup
operating in the photon counting mode [30]. Photoex-
citation of the samples was carried out with the third
harmonic of a LCS-DTL-374QT neodymium laser.
The registration system consisted of PMT with an
H7421 electronic unlocking system, a C8744 discrim-
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RESULTS AND DISCUSSION

gure 2 shows the SEM images of the arrays of

nanorods and nanoplates obtained by hydrother-
mal and electrochemical deposition, respectively. Asis
seen from Fig. 2a, the nanorods have a hexagonal
shape, mostly vertical orientation perpendicular to the
substrate, and practically the same length, diameter,
and distribution density. The average diameter and
length of the nanorods for the given synthesis condi-
tions are 150 nm and 3.3 um, respectively. The nano-
plates (Fig. 2b) also have a hexagonal shape with a
diameter of 4—5 um and a thickness of about 100 nm.
Unlike nanorods, with their hexagonal plane being
predominantly parallel to the substrate, the nano-
plates are mainly oriented perpendicular to the sub-
strate.

Figure 3 shows the X-ray spectra of the obtained
nanostructures. All diffraction peaks are assigned
according to the wurtzite structure of ZnO (spatial
group p63mec). In contrast to the nanoplates, the X-ray
spectra of the nanorods (Fig. 3a) display an intense
peak at 26 ~ 34°, which indicates that the nanorods are
preferably oriented along the direction of the crystal-
lographic ¢ axis perpendicular to the substrate.
According to the SEM and X-ray data, the L/D ratio
of the sides (see Fig. 1) for the nanorods is ~22 and
~24 x 1073 for the nanoplates; i.e., the difference is
three orders of magnitude.
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Fig. 3. X-ray diffraction spectra of (a) ZnO nanorods and
(b) nanoplates.

The luminescence spectra of the ZnO nanorods
and nanoplates are shown in Fig. 4. As can be seen, the
luminescence spectra consist of two bands: a narrow
band in the UV region with a maximum at 380 nm.and
a broad band in the visible region. In the spectrim of
nanorods, the band in the visible region cleanly exhib-
its two peaks at 546 and 576 nm, respectively. The
spectrum of nanorods in the visible fegion 1§, very
weak. However, similar peaks at 546 and ‘§%6 nm can
be distinguished. The UV band has \an “€xcitonic
nature, with the free and boufid ‘€xcitons being the
main emission sources [31]. The liminescence of the
ZnO nanostructures in thé visible #egion is associated

LOF — Nanorods
« — Nanoplates
‘é‘ 0.8
=
0.6
50 4
g .
3
E(yz—/\\
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Fig. 4. Luminescence spectra of ZnO nanorods and nano-
plates.
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with the defects, the nature of which remains contro-
versial [31, 32]. As shown in [33], the green lumines-
cence of the ZnO nanostructures is due to surface
defects. Moreover, in a number of works [34, 35],
where a similar green-yellow luminescence was
observed as in the present study, interstitial zinc (Zn,)
is assigned to a native shallow donor in ZnO, while
oxygen vacancies are assigned to the deep donors. The
last assumption has been supported by the theoretical
calculations [36].

As follows from the luminescencegspéetsa, the
defectiveness of the ZnO nanoplates isgnuch more sig-
nificant in comparison with the nanérods. The ratigo of
the maximum intensity of the lumineseence band in
the visible region, Iyg, to the maximum intensity of the
edge luminescence band (ELB) in the shortwave-
length region, Iy [35], is frequently used to determine
the crystallinity of the ZnOnanestructures. The
Iyr/ Iy ratio for the flanorodsfis muchiess than unity
indicating theirggood crystallinity, while for the
nanorods I/ Iy ismuehglarger than unity indicating
a significant defectiveness of the structure.

Figure/5 shows the kinetics of the ELB decay for
the nanorods\and nanoplates. The ELB of ZnO decays
in the subnan@second range [31]. As can be seen from
Figs. 41 5, an@6, the decay kinetics of ELB for both the
nanorods‘and “nanoplates is a nonexponential func-
tion.QEach Kinetic curve of the ELB decay can be
divided'into two exponential parts (Fig. 6). The life-
times\calculated from these curves are ~1.1 and 2.33 ns
forshe nanorods and 0.71 and 1.7 ns for the nano-
plates. As can be seen, the ELB of nanoplates decays
faster than that of the nanorods.

The significant differences of the luminescent
properties of ZnO nanorods and nanoplates can be
associated with a significant difference in the mor-
phologies of these nanostructures. As mentioned ear-

lier, the contribution of the (0001)/(000 1) faces of the
ZnO crystal in the total surface of the array of the
nanoplates is huge. Perhaps most of the surface defects

Nanorods

Nanoplates

AN

0 2 4 6 8 10 12 14
Time, ns

Intensity, rel. units

Fig. 5. Decay kinetics of the edge luminescence band
(ELB) of the ZnO nanorods and nanoplates.
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in ZnO is concentrated on thes

egeuirves.are of 1 ms. It should be noted
@ ace duration remains the same in
ze from the room temperature to

cal lifetime of the slow luminescence (SL) indicates
defects in the nanorods and nanoplates are of
ature. Because KCI was used only in the
electrochemical synthesis of the nanoplates, K and Cl
can be excluded from the list of elements, leading to
the formation of the impurity centers responsible for
the SL of ZnO. Comparing the present results for
spectral dependence and lifetimes of the SL to the
results given in [37], one can assume that the forma-
tion of SL involves oxygen and zinc vacancies.
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Fig. 9. Optical density of a dye solution desorbed from
nanorods and nanoplates.

The synthesized ZnO nanostructures were used to
make DSSCs for studying their photovoltaic proper-
ties. The volt-ampere characteristics and photovoltaic
parameters of DSSCs based on the studied ZnO nano-
structures are shown in Fig. 8 and the table.

As can be seen from the table, the efficiency of cells
(M) based on nanoplates is twice that of cell based on
nanorods. This is because the density of the short-cir-
cuit current (J,,) of DSSCs based on nanoplates (NP
DSSCs) is 5—6 times higher than that of DSSCs based
on ZnO nanorods (NR DSSCs). However, the open-
circuit voltage (U,,) of NP DSSCs is almost half that
of NR DSSCs and the fill factor (FF) of NP DSSCs is
significantly lower than the FF of NR DSSCs.

Since the same dye was used in both cases, the dif-
ference in J,, most likely is due to a larger specific sur-
face of the nanoplates. Figure 9 shows the spectra of
the optical density of the dye in a solution of water/iso-
propyl alcohol (50/50) desorbed from the nanorods

No.3 2017
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Photovoltaic properties of DSS cells based on ZnO
nanorods and nanoplates

Cell type J, mA/em?|U,., V| FF |n, %
Nanorod-based DSSC 0.68 0.66 | 0.52] 0.25
Nanoplate-based DSSC 3.72 0.37 | 0.36 | 0.50

and nanoplates. As can be seen from Fig. 9, the solu-
tion of the dye desorbed from the nanoplates has a
higher optical density compared to the dye desorbed
from the nanorods, which indirectly indicates that the
nanoplates adsorb more dye molecules and, thus, have
a larger specific surface than the nanorods under the
given synthesis conditions.

However, it is possible that photoinjection of elec-
trons from the dye molecules to ZnO occurs more effi-
ciently through the ZnO (0001) plane, which, in con-
trast to the nanorods, makes a dominant contribution
to the surface area of the ZnO nanoplates.

The density of the point defects in a semiconductor
has a significant impact on the DSSC photo-voltage.
The defects can act as capture centers of the photoin-
jected electrons and, thus, decrease their concentra-
tion in the conduction band. The cell photovoltage is
determined by the difference between the Fermi
quasi-level of the semiconductor (ZnO) under expo-
sure to light and the electrochemical potential of the
electrolyte [38]. The position of the Fermi quasi-level
in the semiconductor depends on the concentration off
the electrons in the conduction band (#). The greater
the concentration of electrons injected from thé dye
molecules to the conduction band under the action of
light, the closer the Fermi quasi-level to thedottomief:
the conductivity zone, which increases Uj.. The open
circuit voltage of the DSSCs is given by\[39]:

Ep,, - EFU _ kBTln(ﬂj,

e e 1,

where kgT is the thermal energy, e is the elementary
charge, and n, is the dark/€oncentration of electrons in
the conduction bandglt 18 obvious that the electron
capture by traps has@ significant effect on the U,. gen-
erated upon permanent exposure to light. Therefore,
the low value ofit),, 0§ NP DSSCs may be due to the

influence of the defectsresponsible for the ZnO lumi-
nesceficein the visible region.

Voc =

CONCLUSIONS

Thusin this work we studied the luminescent and
photovoltaic properties of ZnO nanorods and nano-
plates synthesized by hydrothermal and electrochemi-
cal deposition, respectively. The nanorods are charac-
terized by a higher intensity of the edge luminescence
band in the short wavelength region of the spectrum in
comparison with the intensity of photoluminescence
in the visible (green-yellow region) which indicates
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their good crystallinity. The nanoplates exhibit the
opposite photoluminescent properties: the intensity of
the luminescence bands in the visible region is much
higher than the intensity of the edge luminescence
band indicating a high concentration of defects in the
nanoplates. The short-circuit current of the DSSCs
based on ZnO nanoplates is 5—6 times greater than
that of the cells based on nanorods, which is likely due
to the greater specific surface of the nanoplates. his is
confirmed by the measurements of dye photoabgorp-
tion. The open-circuit photovoltage of DSSCs based
on ZnO nanorods is almost double that of the%cells
based on ZnO nanoplates. The smailler photovoltage
of DSSCs based on nanoplates canjbe due to“the
defects responsible for the luminescencéyof the ZnO
nanoplates in the visible region; thcseldefeets can act
as capture centers of the photoinjected|electrons and
lower the Fermi quasi-leveleficlectrons in ZnO. The
obtained data show a good correlation between the
luminescent and photovoltai¢ propérties of zinc oxide
nanostructures.
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