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Abstract—Zinc oxide (ZnO) was potentiostatically deposited on indium tin oxide (ITO) substrates. Comparing of
the theoreticad mass/charge ratio with experimenta value measured by in-situ eectrochemica quartz crystal microbal-
ance, the origin of deposition mechanism of ZnO could be explained as follows: (i) surface pH enhancement due to
the adsorption of hydroxide ion; (ii) the formation of intermediate species (i.e., zinc hydroxide (Zn(OH)"); (iii) ZnO
deposition with production of water. Ex-situ morphological and structural analyses by scanning electron microscope
and X-ray diffraction strongly supported the deposition mechanism of ZnO. This aso showed that hexagona shaped
Zn0O idands were first formed on ITO cathode and grew into compact ZnO films, and the formation behaviour of ZnO
was clearly explained via analysis of the profile of measured current.
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INTRODUCTION

Of late, dectrochemica deposition of metd oxides such as Cu,0
[Golden et d., 1996; Jongh et d., 2000; Bohannan et d., 1999; Lee
et d., 2002; Oh et d., 2004], PhO, [Vatidaset d., 2000; Leeet d.,
2000], Y ,O; [Leeet d., 1999] and ZnO [ltzeki et d., 2000; Peulon
etd., 1998; Leeetd., 2001; Gu & d., 1999] has been receiving in-
creadng attention due to the following reasons: (@) thickness and
morphology of films can be precisdy controlled by adjusting eec-
trochemica parameters such as current or potentid, (b) rdatively
uniform and compact thin films can be formed onto subgrates of
complex shapes or into column shaped materid, (c) higher depos-
tion rates can be eadily obtained over conventiona processing, and
(d) the equipment required is inexpensive owing to the non-reguire-
ment of either high vacuum or high reaction temperature.

Zn0O is an nHtype semiconductor with aband gep of 3.2eV and
trangparent metdl oxide. It can be gpplied in ultraviolet-emitting di-
odes, piezodectric devices, dectron-fidd emitters, heterogeneous
catays for methanol synthesis and short wavelength eectro-opti-
cd devices[Zheng et d., 2002, Wang et d., 2003; Suh e d., 2002;
Kim et d., 2004]. Up to now, ZnO from various dectrolytes was
wd| dectrodeposited by different dectrochemicd methods How-
ever, only a few dudies of dectrodeposition mechaniam of ZnO
have been reported. 1zeki et d. [2000] studied the effect of cathodic
current dendty and concentration on the gructure of ZnO films
They suggedted that the pH increased due to the reduction of ni-
trate ion giving rise to the precipitation of zinc hydroxide, and the
following dehydration reaction induced the formation of ZnO. On
the other hand, Peulon et d. [1998] investigated the electrodepos-
tion of ZnO film in zinc chloride solutions and the effects of solu-
tion temperature and locd pH changes during the formation of ZnO
film. They presented that the growth of film was related to the fast
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precipitation-dissolution processes and well crystalized ZnO films
could be obtained above 50 °C. We sudied the effect of dissolved
oxygen on the depadition rate of ZnOin our previouswork [Leeet d.,
2001] and it sufficiently increased locd pH of the substrate, which
gave rise to three times higher growth rate of ZnO film compared
to that in oxygen-free dectrolyte. More recently, Gu et d. [1999]
showed that the growth rate of ZnO film wes affected by subdrate
materid.

In this work, we tried to understand mechanidtic origin of ZnO
eectrochemica depogtion by usng in-Stu dectrochemicd quartz
crysd microbaance (EQCM) technique incorporated with mor-
phologica and structurd andlyss Conducting characterigtics and
different growth modes of ZnO on ITO subgtrate were dso dis
cussed.

Inthe EQCM, the equation of the resonant frequency change for
mass change has been presented by the wdl-known Sauerbrey equa:
tion [Buttary et d., 1992]

Af=— 205 AVA (109, ®

where f, is the resonant frequency of the quartz (9 MHz); A repre-
sntsthe dectrode area (0.196 on); 1, is the sheer modulus of quartz
(2947x10" g cm* s%); p, is the density of quartz (2.648g cmid).
Eq. (1) can be smplified as

Af=—C,-Am, @

in which C (935.7 HZ/ug) is a congtant solely determined by the
properties of the quartz crysd.

EXPERIMENTAL

Zn0O was dectrochemically depodted onto ITO subdrate. The
geometric area of the dectrode was 0.196 cn. Prior to experiments,
AT-cut ITO quartz crysta (Seiko Instruments Inc.) was thermdly
trested a 500 °C for 2 hrs to reduce the resistance and was ultra-
sonicaly deaned with acetone solution in order to remove organic
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residue. While BT-cut, CT-cut, DT-cut and NT-cut could only be
used & 29°C, AT-cut quartz crystd could be used in awide range
of temperature between —20°C and +75°C, ignoring the rdation-
ship of frequency and temperature variation. Counter dectrode was
Zn plate in order to maintain the same concentration with Zr#* of
bulk solution, and asaturated cdome dectrode (SCE) was employed
as areference dectrode. 0.1 M Zn(NGO;), (Aldrich, 99.99%) solu-
tion was prepared with ultrarpure water (Millipore, 18.2 MQ-cm).
The pH of initid solution was 5.2 and solution temperature was
adjusted to 60°C.

Electrodepostion was executed a condant potentia mode (chro-
noamperometry) and the mass change of 1TO cathode was mea-
sured by means of ingtu EQCM (Sailko EG&G QCA91Y). The
morphology and crystd structure of deposited ZnO film were ob-
served with scanning eectron microscope (SEM, Hitachi S-4200)
and X-ray diffraction (XRD, Phillips DY 616).

RESULTSAND DISCUSSION

Hydroxide ions produced by reduction of nitrate ion and dis-
solved oxygen (see Egs. (3) and (4)) usudly increase locd pH of
ITO subgrates Asaresult, zinc hydroxide (Zn(OH)") isformed neer
ITO surface (Eq. (5)). Then, asan initid stage of growth, hexago-
nd-shgped ZnO idands are formed on the I TO subdrate (Eg. (6)).

NO; +H,0+2¢ — NGO, +20H", (©)

O,+2H,0+4e — 40H, )

ZrP+OH +* — Zn(OH)/ITO ®

Zn(OH):/ITO+OH — ZnO+ H,0, 6
where* and subscript , indicate the vacancy Ste of the surface and
the adsorption on the surface.

Fg. 1 shows cathodic scan of ITO dectrode in oxygen-saturated
zZinc nitrate solution with scan rate of 20mV/s. Current plateau with
imegular current oscillations was obtained between —0.45V and —0.95
V and the potentid of —0.72V considered as appropriate vaue for
Zn0O dectrodepostion was obtained. In the next sep, the mechanis-
ticorigin of ZnO formation on I TO substrate would be invegtigeted.

Fgs 2a and 2b show in-gtu mass shift curve and current den-
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Fig. 1. Current/potential profile of the cathodic scan with scan rate
of 20mV/sin 0.1 M Zn(NO), at 60°C.
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Fig. 2. (a) In-situ mass change and (b) chroncamperometric curves
during the eectrodepostion of ZnO in the congant poten-
tial of —0.72V at 60 °C.

Sty profile a —0.72 V. Mass of the subgtrate is changed with three
different rates, indicating the adsorption of hydroxide ion, the pre-
cipitation of zinc hydroxide, and the deposition of ZnO. In region
(i), smal massincrease of 0.015 ug is observed for initid 25 s due
to the adsorption of hydroxide ions of ca 1x10™* M. We assume
thet adsorbed hydroxide ionsincreasse locd pH of ITO surface from
5.2 to over 10 and induce the preferred formation of zinc hydrox-
ide (Zn(OH)") (pls. refer to Refs. [Peulon et ., 1998; 1zeki et d.,
2000; Lee et d., 2001]). Note that intermediate species, i.e,, zinc
hydroxide could be formed over pH 10 according to Pourbaix dia-
gram and reaction (5) and exigs as seble Sate, Zn(OH)". Asareault,
the surface mass significantly increasesin region (i) and the dope
of linear curvein region (i) represents that Am/AQ is 0.851 mg/C.
Itisin good agreement with the theoreticd vaue of 0.855 mg/C for
the formation of Zn(OH)*. In addition, the result supports Zn(OH)*
ion be a reaction intermediate. On the other hand, in region (iii),
experimenta mass/charge ratio (AM/AQ) is 0.377 mg/C which is
dightly smdler than the theoretical value of 0.420 mg/C. The differ-
ence of mass/change ratio could be originating from water produc-
tion (see Eq. (6)).

Unlike mass change, cathodic current shows complicated responses
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Fig. 3. X-ray diffraction data of deposited material on ITO. () 15s
and (b) 2 min. Square and reversed triangleindicate the
peaksoriginated from 1TO and ZnO, respectively.
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which might be due to the following two reasons: (i) non-uniform
locd pH was formed onto and/or near the ITO subdrate; (i) the
growth mode of ZnO could continuoudy change active surface arees.
However, detalled reasons of complex current responses are not
dear yet and thus, further studies should be performed.

The structure and morphology of ZnO film formed onto ITO sub-
drate are andyzed by XRD and SEM techniques. Fig. 3(a) shows
the XRD data of deposited materid on the ITO for initid 15s (see
region (ii) of Fg.2). From that, there is no cryddline phasg, in-
dicating ZnO formation. As mentioned above, OH™ generated by
reaction (1) only results in the pH increase on the ITO dectrode
surface and makes undable intermediate species, Zn(OH)". There-
fore, we could observe only a pesk corresponding to ITO sub-
drate. The structurd measurement of deposited materid after dec-
trolysistime of 120 sisshown in Fig. 3(b) and severa new phases
(dosd triangle) are detected on the ITO subdrate, indicating the
formation of ZnO.

The nudeation of ZnO idands formed in initid state of growth
is shown in Fig. 4(8). The growth of initid ZnO idands and new
nudeation increese the dengty of ZnO idands and then, codescence
of adjacent idandsis observed in Fig. 4(b).

These SEM and XRD andyses srongly support the origin of dec-
trodepasition of ZnO with the result of massicharge pattern by EQCM.

Fig. 4. Scanning dectron microscopeimagesof ZnO on ITO in
cathodic potential of —0.72V at 60°C. (&) 1 min and (b) 2
min.
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Fig. 5. () Mass change, (b) current curve and (C) the rdative re-
sgtance during the dectrodepostion of ZnO in the apply-
ing congtant potential of —0.72V at 60°C. Therdativere-
sistanceis obtained by Ohm'’slaw.

In the faster mass/charge ratio of region (i) in Fg. 2, the incorpo-
ration of zinc ion is performed into adsorbed hydroxide ion on the
ITO subdrate. Relaively dower mass change rate of region (jii) in
Fig. 2 reatesto the ZnO depostion.

In direct current (D.C.) theory, resstance is defined by Ohm's
Law (U=IR). And then, the resstance (R) by measuring the current
(1) under applied congant potentid (U) was cdculated. Figs. 5(9)
and 5(b) show the surface mass change and the resulting current,
respectively, when congtant cathodic potentid of —0.72V isgpplied.
Three digtinct current profiles and surface mass changes are ob-
tained. In region (1), the average vaue of current dengty of —0.3
mA/cny is obtained, while fagter current dengity of —0.4 mA/en?
isobserved in region (111). By cdculating the massitime, the higher
depodtion rate of 1.70 ug/min in region (I11) was obtained, com-
pered with 1.25 ug/min in region (1). Fg. 5(c) showsrdativeress
tance with linear current and congant potentia of —0.72 V. If initia
resistance is assumed as 100%, only 77% of total resstance would
be obtained &fter the formation of ZnO film. This result impliesthat
ZnO film deposited is a better cathodic materid compared with ITO
ubgrates.

Conddering theincreese of cathodic currert shown in Hg. 5(@), one
might assume that ZnO deposition undergoes two different growth
modes. In order to dearly prove this assumption, morphologica
analydsis conducted. Fg. 6(8) and 6(b) are SEM images of ZnO/ITO
in the dectrolysistime of 10 min and 60 min, repectively. Through-
out thetrangtion region (11), idanding growth mode of ZnO on ITO
is changed into bulk deposition of ZnO with uniform thickness. Fig.
6(a) showsasurfaceimeage of uniformly grown ZnO film. ZnOfilms
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Fig. 6. Morphological changes of deposited materialsin different dectrolysstimein the applying constant potential of —0.72V at 60°C.
(@) 20 min, (b) 60 min and (c) cross-section of (b). Inset shows zinc blended structure.

are compact dructure with digtinct hexagond-shaped idands and
dgngle crydd dze is about 0.8um (see Fg. 6(b)). From crosssc-
tiond SEM image (Fig. 6(c)), one can clearly see three different
layers, bare quartz crystd, 1TO subgrate, and ZnO films deposited
without any defect (or hole) during growing. The growth rate of
ZnOfilmis0.2 um/min.

CONCLUSIONS

We investigated e ectrodeposition mechanism of ZnO by in-gitu
EQCM and ex-gtu surface and structurd andyses. Firg, different
dopes of masschargeratio a different dectrolysistime by usingin-
stu EQCM were obtained and indicated that ZnO could be formed
during the production of weter via intermediate species of Zn(OH)".
In addition, we observed a change of the growth mode; ZnO idands
were initidly formed on the ITO substrate and ZnO thin film was
growing toward bulk depostion with faster depogtion rate. Ana:
lyzing the current profile in the ZnO deposition under congtant po-
tentid, we dearly demondrated that the deposited ZnO has rda
tively lower resstance, compared to that of ITO cathode After the
formation of ZnO film on ITO cathode, about 23% of surfaceress-
tance weas decreasad and it indicated thet deposited ZnO film has
higher conducting cheracterigtics compared with thet of ITO subdrae
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