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Abstract Electrochemical processing of ZnO films on
fluorine-doped indium tin oxide (FTO/ITO) substrate was
investigated in organic propylene carbonate electrolyte
solutions containing Zn(NOj3),'6H,0. Much finer and more
uniform morphologies of the ZnO films were obtained in
comparison with those in aqueous electrolyte solutions. The
effects of superimposing a magnetic field to the ZnO films
were further examined. Superimposing a magnetic field
considerably influenced the transient current density in the
initial stage, especially in the mass transfer controlled
region at —1.5 V vs Zn wire reference electrode. It also
introduced substantially no drastic influence on the micro-
structure in spite of the appearance of considerably
significant morphological variations.

Introduction

The electrical, optical, and acoustic characteristics of zinc
oxide have been of considerable interest. It is widely applied
to chemical sensors, liquid crystal display, transparent
conductive film, blue light-emitting diode, catalysis, and
others [1-5]. ZnO films are also of technological impor-
tance as nanoporous films for dye-sensitized solar cells [6].

ZnO is normally an n-type semiconductor with a room
temperature band gap of 3.2 eV. Although the stoichiomet-
ric ZnO film is highly resistive, a conducting film can be
manufactured either by introducing oxygen vacancies,
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which act as donors or by doping with Al, Ga, or In.
Various doping strategies have been introduced to prepare
p-type ZnO [7-9].

In general, ZnO films can be deposited onto a substrate
via pulsed laser deposition [10], sputtering [11], gas phase
deposition [12], metal organic chemical vapor deposition
[13], molecular beam epitaxy [14, 15], and spray pyrolysis
[16]. Solution methods such as sol-gel synthesis [17],
chemical solution precipitation [18], hydrothermal synthe-
sis [19], anodic oxidation [20], and electrodeposition have
also been reported.

Electrochemical deposition of ZnO films from aqueous
solution has been described by Izaki et al. [21-25] and
Peulon et al. [26-29]. The former used a nitrate solution by
simultaneously reducing dissolved oxygen as NO; source
in the deposited film, whereas the latter employed a
chloride bath with O, gas bubbling. Many papers have
been reported on the electrodeposition of ZnO/dye hybrid
films for dye-sensitized solar cell [30—40].

Cathodic deposition of ZnO has also been reported from
nonaqueous solution such as dimethyl sulfoxide [41, 42]
and propylene carbonate (PC) [43, 44]. ZnO films electro-
deposited in nonaqueous baths may be different in many
ways from those deposited in aqueous solutions. Higher
deposition temperature can be used, usually leading to
better crystallinity and larger crystal sizes of the deposits.
The surface morphology and crystalline structure of ZnO
may be more easily controlled by electrodeposition in
nonaqueous solution.

During the recent years, high magnetic fields have
become readily available owing to the rapid advance in
both permanent magnets and superconducting magnets.
Magnetic fields have been applied to the electrochemical
processing of tailored materials [45]. In high magnetic
fields, new phenomena caused by the Lorentz forces as well
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Fig. 1 Schematic illustration of electrolytic cell

as by the magnetization forces are expected. Moreover,
various magnetic effects become tangible not only in
ferromagnetic materials but also nonmagnetic ones such
as paramagnetic and diamagnetic, on which the effect of a
magnetic field has been considered to be negligible
hitherto.

Oxide films like ZnO have characteristic anisotropies
with crystal orientation that induce various unique electro-
optical functions [46, 47]. It is indispensable for the device
application to control the oxide film orientation. There are
yet few reports about the orientation control of ZnO thin
films prepared by electrochemical depositions under a
magnetic field. The main subject of this study is to find
out effects caused by superimposing a magnetic field on
ZnO films electrodeposited in PC electrolyte. Magnetic
field effects on the surface morphology and microcrystal-
line variations are investigated.

Experimental

ZnO films were electrodeposited onto transparent conduc-
tive glass substrates (fluorine-doped indium tin oxide FTO/
ITO) coated glass, 2 ©/cm, Fujikura). Before electrodepo-
sition, the substrates were ultrasonically cleaned sequen-

Fig. 2 SEM images of ZnO
electrodeposited in aqueous

and PC electrolyte containing
0.1 M Zn(NO3),'6H,0O

Aqueous electrolyte
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Fig. 3 Cyclic voltammograms in PC electrolyte (10 mV/sec )

tially in acetone, ethanol, and deionized water for 15 min,
respectively. They were additionally soaked in trichloroeth-
ylene for 3 min and rinsed in deionized water.

Electrochemical experiments were carried out with a
conventional three-electrode system as illustrated in Figure 1.
The electrode assembly was composed of a short rectangu-
lar channel (10x10x30 mm, Teflon) with two open ends
and was immersed in a 50 ml electrolyte solution bath. The
counter electrode was a zinc sheet (Nilaco). The effective
surface area of both electrodes was 10x10 mm?. They
were embedded in either side of channel walls. A Zn wire
(¢=1 mm, Nilaco) was used as a conventional reference
electrode.

ZnO was electrodeposited from PC electrolyte contain-
ing 0.05 M Zn(NO3),-6H,0 and 0.15 M LiNO; at 343 K.
Karl-Fischer titration was used to measure water content in
the PC electrolyte. Experiments were conducted by using a
potentiostat/galvanostat (Hokuto Denko) and a function
generator (Hokuto Denko). The amount of electricity was
controlled by a coulomb meter (Hokuto Denko).

The electrodeposited films were soaked twice in acetone
for 20 min. After rinsing again in acetone, they were dried

PC electrolyte 50pm
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Fig. 4 SEM images of electro-
deposited ZnO from PC electro-
lyte containing 0.05 M
ZH(NO3)2'6H20 and 0.15 M
LiNO;

in an air stream. The surface morphology of the electro-
deposited ZnO film was observed by scanning electron
microscopy (SEM; S-2600H, Hitachi) and atomic force
microscopy (AFM; SPI3800, Seiko Instruments). The
preferred crystal orientation of the electrodeposited films
was analyzed by X-ray crystallography (XRD) for thin film
using Cu-Ko line (X’Pert, Philips, 40 kV, 40 mA).

A permanent Nd-Fe-B magnet of 0.5 T was used to
induce a static and uniform magnetic field that is parallel or
perpendicular to the substrate surface.

Results and discussion
Electrodeposition in PC electrolyte

Before starting the electrochemical processing in the PC
electrolyte, ZnO films were electrodeposited in aqueous
solution containing the same amount of Zn(NOs3),-6H,O as
that of the PC electrolyte. The equilibrium electrochemical
reaction cannot be clearly defined at the interface between
the conventional Zn reference electrode and PC electrolyte.
Nevertheless, the surface morphology of ZnO precipitated
in the aqueous system is barely comparable with that from
the PC solution as long as the oxide films were precipitated
at apparently the same electrode potential of —1.2 V vs Zn
wire conventional reference electrode. Figure 2 illustrates a
finer and more uniform surface morphology in the PC
electrolyte. The current density of 2 mA/cm? recorded in
aqueous solution is considerably higher than that in PC
electrolyte. When the morphology precipitated at almost
same current density is compared in both electrolyte
solutions, much finer or bamboo-leaf-like precipitates are
obtained, and a higher anisotropic growth is observed in the
PC solution. That is, more degree of freedom to control the
morphological variations is possible in the PC electrolyte.
These facts motivated us to further examine the electro-
chemical processing of ZnO films in PC electrolytes.

10 pm

In this study, Zn(NO;),6H,O is used as a solute
component in organic PC solution. When all hydration
water associated with zinc nitrate salt is dissolved in PC,
the water content attains 0.44%. Nishikawa et al. [49]
measured the increase in H>,O concentration to 200 ppm
during the holographic interferometry measurement of Li"
ion concentration profile associated with Li electrodeposi-
tion in PC electrolyte [48]. It is thus deduced that the H,O
contamination from the atmosphere will be negligible. In
the PC electrolyte, chemical species like Zn*", NOy, and
H,O are participating complicatedly to the electrodeposi-
tion reaction of ZnO. In a series of research, cyclic
voltammetry (CV) was applied for various compositions

Intensity (a.u.)

30 40 50 60 70

20 (deg)
Fig. 5 XRD spectra of ZnO electrodeposited from PC electrolyte

containing 0.05 M Zn(NOs), and 0.15 M LiNO3. a—1.2 V,b —1.5V,
¢ —1.8V,d—1.8 Vand annealed
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Fig. 6 Orientation index of ZnO electrodeposited in PC electrolyte
containing 0.05 M Zn(NO3),-6H,0, 0.15 M LiNO;

of PC electrolytes [50]. The peak potential or peak current
shifted with the variation of Zn>" and H,O concentration.

In aqueous electrolyte solution systems, a general
scheme of electroprecipitation of ZnO films from nitrate
bath has been proposed as follows [35]. Electroreduction in
nitrate ions generates hydroxide ions at the cathode as
expressed by

E'=+40.1V
(1)

Zinc ions react with the hydroxyl anions to precipitate
zinc hydroxide. It is rapidly dehydrated into ZnO at higher
temperatures.

NO; +H,0 +2e~ — NO; +20H"

The overall expression of oxide electrodeposition reac-
tion therefore is written as,

Zn*" + NO; +2e~ — ZnO + NO, (3)

Moreover, the cathodic current starts to increase again at
more negative potential, which may be described by Eq. 4.

2H,0 +2e¢~ — H, + 20H™ (4)

This reaction may be expected even in PC electrolyte,
because a certain amount of H,O is inevitably introduced. It
is then expected that Eq. 4 is followed by

Zn*t + Hy0 + 2e — ZnO + H,(g) (5)

When the electrolysis is started with a vertical electrode
installed in a stagnant electrolyte, it is expected that an
upward natural convection is induced along the vertical
cathode associated with the cathodic reaction (3). At the
same time, Zn metal electrochemically dissolves into
aqueous electrolyte as Zn®" ion to induce a downward
natural convection along an anode surface. The induction of
natural convection caused by the electrochemical reaction
has been reasonably analyzed based on the boundary layer
theory in aqueous solution system, as long as the electrode
reaction does not accompany any gas bubble evolution or
passivation phenomena [51, 52].

Figure 3 (0T) demonstrates an example of CV results
measured at the sweep rate of 10 mV/s in PC electrolyte.
The cathodic current peak around —1.5 V was apparently
affected by zinc concentration (Nambu et al., to be
submitted). When the cathodic current is controlled by the
mass transfer rate of Zn”" ion toward the cathode surface
immersed in PC electrolyte, a simple materials balance
equation provides the limiting current density concept. An
effective boundary layer thickness of 400 im gives a
limiting current density of about 1 mA/cm?, which is close

Zn** +20H" — Zn(OH), — ZnO + H,0 (2)  to the observed value in Fig. 3. The effective boundary
Fig. 7 Transient behavior of —0T
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Fig. 8 Relationship between orientation index ratio and electrode potential (/eft: perpendicular, right: parallel)

layer thickness is now in situ measured with a holographic
interferometer at the Kyoto University [50].

The surface pH value rises significantly by the compet-
itive electrochemical reactions between Eqs. 1 and 4 at the
lower electrode potential region even in PC electrolyte. It is
reasonable to assume intermediate precipitations of Zn
(OH), on the substrate surface. When the electrodeposition
is performed at an elevated temperature, Zn(OH), is rapidly
converted to ZnO during electrodeposition.

In consequence, the electrochemical deposition of ZnO
is possible even in nonaqueous solution. Zn(OH), more
significantly precipitates with increasing H,O concentra-
tion. When H,O molecules are not present in the PC
electrolyte, the deposition rate becomes very slow, and Zn
metal deposition is expected. It seems that an optimum H,O

Fig. 9 SEM images of ZnO thin
films electrodeposited with and
without magnetic field

content exists in PC electrolytes for the deposition of ZnO.
The details of the CV measurements are described in a
separate paper (Nambu et al., to be submitted).

Characterization of ZnO film electrodeposited in PC
electrolyte

ZnO thin films are potentiostatically electrodeposited to
examine the effect of electrode potential on the surface
morphology and microstructure variations of the deposited
films. Figure 4 shows SEM images of ZnO films deposited
in PC solutions at —1.2, —1.5, and —1.8 'V, respectively. The
averaged current density recorded at each potential is 0.2,
0.9-1.0, and 1.0 mA/cm?, respectively. The total electrical
charge is restricted to 2.0 C/cm?. In this condition, no zinc

105TiLB
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metal is deposited. The size of bamboo-leaf-like precip-
itates uniformly grown on the substrate becomes smaller
with decreasing deposition potential. The film deposited at
—1.8 V shows a coagulation mode of finer precipitates to
result in an apparently macroscopic spherical deposit
10 um in size.

XRD spectra for these three films as deposited are
shown in Fig. 5. The peak marked with an asterisk symbol
stems from the FTO/ITO substrate. Diffraction patterns
corresponding to (100) and (101) planes of wurtzite ZnO are
noticed although all peaks are very low and broad. The peak
for the (002) plane is almost hidden in the background spectra
at —1.2 V and becomes visible with decreasing potential.

The reduction rate of the NO5 or H,O molecules reaches
the limiting current density below —1.5 V. It is deduced that
only Eq. 3 or 5 are substantially driven at more negative
potential to result in the electrochemical formation of ZnO.
Four peaks of the (100), (002), (101), and (110) planes are
clearly identified for ZnO films annealed at 400 °C (Fig. 5d).
The detailed results are described elsewhere [50].

To evaluate the preferred orientation parallel to the
substrate plane, the orientation index M was calculated as
follows,

I(hkl)

B S 1K)
M(hkl) = = (6)

D)

where /(hkl) is the XRD intensity of the experimental data,
Io(hkl) is the intensity reported in the JCPDS cards.
STI(WK'l') in the present case is the sum of the intensities
of four independent peaks: (100), (002), (101), (110). The
orientation index M(hkl) is calculated from Eq. 6. If all
the crystal planes would be orientated in all directions with
the same probability as those in the powder pattern, the M
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Fig. 10 AFM images of ZnO film electrodeposited under magnetic field (Lefi: OT, middle: perpendicular, right: parallel)

values of the crystal planes should be equal to unity. M>1
and <1 indicate a more preferential and more suppressed
orientation of the (#kl) plane towards the surface than M=1,
respectively.

Figure 6 shows the dependence of the electrode potential
for the orientation index M of electrodeposited ZnO films in
Fig. 4. The (100) plane, which has the most stable
characteristics, is slightly preferably oriented, and (101) is
suppressed, whereas (002) and (110) are located close to
that of the powder pattern at —1.2 V. Such a difference
between the M values for the (100) and (101) plane
becomes smaller and approach the powder pattern with
decreasing electrode potential.

Electrodeposition of ZnO under a magnetic field

The magnetohydrodynamic (MHD) effect is caused
by the Lorentz force,

FLZjXB

where j is the current density, B is the applied magnetic
field, and F is the Lorentz force. This force acts on the
moving ions in the electrolyte solution, resulting in
convective flow of the organic electrolyte. F is a uniform
magnetic body force acting on a volume element of
solution. When the electric flux crosses the magnetic flux
horizontally, a MHD convective flow is introduced verti-
cally. The ionic mass transfer near the cathode is
enhanced, while the downward natural convection along
an anode is disturbed by the upward MHD convection.
The cathode current density for the deposition of ZnO
film becomes higher than that without a magnetic field.
As the current density decreases, the contribution of the
MHD effect to the ionic mass transfer rate becomes
smaller.

=
A

05Ti//B
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The magnetic field of the Nd-Fe—B permanent magnet
was superimposed perpendicular and parallel to the electri-
cal field. Figure 3 shows the cyclic voltammograms
measured in the PC electrolyte at 343 K, with and without
a magnetic field of 0.5 T. No essential difference between 0
and 0.5 T is recognized around —1.0 V. The current density
is, however, significantly enhanced below —1.5 V irrespec-
tive of the direction of the superimposed field. Obviously,
the MHD convection enhances the ionic mass transfer rate
of the Zn*" and NO; ions towards the substrate for the
perpendicular direction.

The transient current density variations at —1.0 V and
—1.5 V over 1,200 s are demonstrated in Fig. 7. The
superposition effect of the magnetic field is covered by the
fluctuation of the current transient at —1.0 V, while it becomes
evident for the perpendicular field at —1.5 V. It is more clearly
noticed in the insets, in which the time unit is magnified over
the initial 10 s. Just after the electrolysis is started, not only
a perpendicular but also a parallel magnetic field at —=1.5 V
considerably enhances the transient current density. The
parallel field may become effective because of the nonuni-
form electric field between both electrodes. The reason why
such a magnetic field superimposition effect significantly
appears at the beginning of electrodeposition must be
studied, because it is indispensably coupled with the
electrodics of Eq. 1 or 4.

The ratio of M in a magnetic field to that without
magnetic field, M, st/Myr plotted against the potential in
Fig. 8. Each plane demonstrates a characteristic variation
with decreasing potential irrespective of the direction of the
superimposed magnetic field, although the degree of
variation is not so significant. Pole figure measurements
may provide more positive evidence.

Figure 9, on the other hand, demonstrates the morpho-
logical variation of a ZnO film electrodeposited at —1.5 V in
a perpendicular and a parallel magnetic field of 0.5 T. The
bamboo-leaf-like deposit drastically turns to roundish
precipitates under the superimposed magnetic field. The
perpendicular field introduces finer precipitates coagulated
with each other, while coarser grains with submicron meter
size are observed in parallel fields. AFM images are shown
in Fig. 10. They would support a possible influence through
the ionic mass transfer rate because of magnetic field on the
morphology of electrodeposited film, if the morphological
variation would be quantitatively measured with AFM
technique.

Summary
ZnO films were electrodeposited on FTO/ITO substrates in

PC electrolyte solutions containing Zn(NOs3),-6H,0. CV
measurements suggested an electrodeposition mechanism

for the ZnO films in which H,O molecules are indirectly
participating. ZnO films were further electrodeposited
under a magnetic field. The transient current density in
the initial stage over a few seconds superimposed by a
magnetic field was significantly enhanced in the mass transfer
controlled region at —1.5 V. It is noteworthy to describe that the
superimposition of a magnetic field to the electrical field
introduces substantially no drastic influence on the microstruc-
ture in spite of the morphological variation clearly demon-
strated in Fig. 9. Scaling factor analysis is necessary to clarify
the quantitative effect of magnetic field on the morphological
variation.
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