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Abstract

We present a simple, easy and reproducible method to systematically control the dimension and shape evolution of zinc oxide (ZnO) as
thin film on glass substrate by chemical bath deposition (CBD). The only varying factor to control crystal transformation is the molar
ratio of Cd*>*/Zn>", R,, in the initial chemical solution. With the increase of R, ZnO crystals transformed from long-and-slim
hexagonal rods to fat-and-short hexagonal pyramids, and then to twinning hexagonal dots as observed by scanning electron microscopy
(SEM). Film crystallinity was characterized by X-ray diffraction (XRD). Chemical component analysis by energy dispersive
spectroscopy (EDS) showed that most cadmium was present in the residual solution instead of the developed film and the precipitate at
the bottom of beaker. The mechanism of the cadmium effect, with different initial concentrations, on ZnO crystal transformation was
tentatively addressed. We believe that cadmium influences the chelate ligands adsorption onto (0001) plane of ZnO crystals, alters the

crystal growth orientation, and thus directs the transformation of the size and shape of ZnO crystals.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The properties of as-synthesized ZnO such as electrical
[1-4], optical [1,5], mechanical [6], photocatalytic [7]
properties strongly depend on its morphologies and
structures. Thus, controlling the crystal morphologies of
ZnO will greatly impact its applications in optoelectronic
devices, such as blue—UV light-emitting diode [8-10],
transparent transistor [11], solar cells [12,13], gas sensors
[14], etc. It is essential to prepare ZnO of the desired
structure and develop techniques to systematically control
the size and shape of ZnO crystal.

A large number of techniques have been exploited to
fabricate various crystal morphologies of ZnO films.
Among these, thermal evaporation [15-18], chemical vapor
deposition (CVD) [19-23], molecular beam epitaxy [24],
and sputtering [25,26] require high temperature or vacuum
and expensive equipments.
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To reduce the cost of synthesis, solution methods have
attracted increased interest and have been employed to
grow nano- and micro-structured ZnO. Among all the
solution methods such as electrodeposition [27,28], hydro-
thermal process [29-31], and chemical bath deposition
(CBD) [32-41], CBD has been demonstrated to be a simple
approach to develop ZnO films. CBD attracts particular
interests for its potential for large-scale deposition and
flexible processes. Most of the researchers were able to
manufacture different shapes of ZnO [32—41] using CBD.
However, the systematical control of crystal evolution
remains a challenge. In addition, the mechanism for the
formation of different shape of crystal is far from being
fully understood. The formation of different ZnO
morphologies by CBD has been obtained by adjusting
additives [32,33], concentration of precursor [34], sub-
strates and catalysts [35], post annealing [36], growth time
[37], templates [38], growth temperature [39], and ionic
strength [40,41].

In this paper, we present another easy method to
systematically control the dimension and shape of ZnO
crystal in thin film by simply adjusting the molar ratio of
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Cd*"/Zn**, R,,. With the increase of R,,, ZnO crystals in
the film become shorter and fatter, transforming from slim
hexagonal rods to fat-and-short hexagonal pyramids and
finally to twinning hexagonal squab dots. The mechanism
of Cd effect on ZnO crystal transformation is proposed.
The selection of Cd*" was based on the well-known CdS
deposition mechanism [46]. The Cd ions combine with
ammonia and form chelate ligand of Cd(NH3)z *. The key
step for ZnO formation is the zinc chelate ligand,
Zn(NH;); ", which we will discuss in the later sections.
We believe that the ZnO crystal shape and morphology can
be controlled because Cd ions will compete with Zn ions in
the reaction with ammonia and influence the formation of
Zn(NH;)3 *. This method is a new contribution to the field
of ZnO crystal morphology control, yet it has its own
advantages as following:

(1) It is a simple and easy method. Only one controlling
parameter, R,,, needs to be varied to obtain various
morphologies of ZnO. It allows the systematic control
of crystal growth orientation, size and shape.

(2) It is an economical low-energy process with low
deposition temperature (80°C) and does not require
any post-annealing processes. This could allow the
potential usage of flexible polymer substrates.

(3) It is a template free method and does not require any
expensive substrates, such as Si wafer [15,17,30], GaN
[29], or sapphire [23,24]. In our method, commonly
used microscope slides served as substrates.

2. Experiment
2.1. Microscope glass slides pretreatment

Fisher microscope glass slides were used as substrates. A
three-step pretreatment was then employed to clean and
dry the slides before ZnO film growth. First, bare glass
slides were boiled in deionized (DI) water for 0.5h, then
ultrasonically cleaned in acetone and alcohol solution (1:1
v:v) for 1 h, and finally dried in oven at 100 °C for 5h. After
the pretreatment, these slides were ready for the following
CBD.

2.2. ZnO film deposition

Aqueous solution for ZnO thin film deposition was
prepared from 50 mL of 0.2mol/L zinc acetate dihydrate
(Zn(CH5COO), - 2H,0, Sigma-Aldrich, 98% +) and cad-
mium acetate dihydrate (Cd(CH;COO),-2H,0, Sig-
ma—Aldrich, 98%) with molar ratios (R, = Cd**/Zn*")
of 0, 0.25, 0.5, 0.75, 1.00 and 1.25. Then, the complexing
agent, ammonia hydroxide of 15-20mL (5mol/L)
(NH,OH) was added to the above solution to adjust the
pH value to 10, which gave a colorless clear solution.
Thereafter, the solution was transferred into a double-wall
glass bath connected with an external circulating water

bath. Temperature of the external water bath was
controlled at 80 °C throughout the film growth. Pretreated
glass slides were then suspended vertically in the solution
for ZnO film growth. After 7h, the glass substrates as well
as the wall of the reactor were fully coated with white ZnO
films, which were firm and compact. Bottom of the beaker
was deposited with some white precipitate. Then, the glass
substrates were withdrawn from the solution, rinsed with
DI H,O, and dried at room temperature for about 5h.
Subsequently, the as-developed ZnO thin films on the glass
substrates were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy disper-
sive spectroscopy (EDS).

2.3. Film characterization

ZnO films crystal structures were characterized by
Scintag DMS 2000, CuKa radiation, A = 0.154nm) XRD
for 260 in the range of 20-70°. Morphology studies were
carried out by Zeiss Supra 35 VP-FEG SEM with an
electron beam of 3keV. Chemical composition of ZnO
films was obtained with EDAX Genesis 2000 EDS.

In addition to the characterization of thin films on glass
substrates, the EDS composition analysis was also
conducted on the precipitates at the bottom of the beaker
and residual chemical solution after deposition. Both the
precipitate and residual chemical solution were dried at
100 °C before EDS analysis.

3. Results
3.1. XRD

Fig. 1 shows the XRD patterns of the as-deposited ZnO
films with different Cd*>*/Zn** molar ratios, R,. XRD
patterns of these samples are in agreement with the typical
wurtzite structure ZnO diffraction pattern (hexagonal
phase, space group P6smc, JCPDS No. 36-1451). Sharp
diffraction peaks shown in Fig. 1 indicate good crystallinity
of ZnO films. No characteristic peak related to Cd
compounds or other impurity was observed. This result
indicated that the films were composed of pure ZnO phase,
which was also confirmed by EDS analysis. A relatively
higher intensity ratio of (002) peak to other peak shown in
Figs. 1(e)—(g) (R = 0.75, 1.00 and 1.25) indicates that the
preferred orientation of the film growth in these films is
along c-axis [42]. Generally, the obtained ZnO films exhibit
similar characteristic XRD peaks, even though they appear
different morphologies.

3.2. SEM

Morphologies of ZnO films with different R, were
studied with SEM (Fig. 2). When no cadmium acetate
(R = 0) or less cadmium acetate (R, = 0.25) was added
to the solution, long-and-slim hexagonal rods were
obtained as shown in Figs. 2(al)—(a3) and (b1)—(b3). The
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Fig. 1. XRD patterns of ZnO films with different molar ratios
(Rm = Cd**/Zn*"): (a) standard ZnO powder diffraction pattern (JCPDS
No. 36-1451) (b) R, =0, long-and-slim hexagonal rods; (¢) R, = 0.25,
long-and-slim hexagonal rod; (d) R, = 0.5, fat-and-short hexagonal rods;
(e) R, =0.75, fat-and-short hexagonal pyramids; (f) R, =1, fat-and-
short hexagonal pyramids with the trend of twinning; (g) R,, = 1.25, fat-
and-short twinning hexagonal dots.

average length of rods is about 10 um, and the average
diameter is around 500 nm. Continuing to increase R, to
0.5, the shape of ZnO crystals changes from slim-and-long
rods to fat-and-short hexagonal rods shown in Figs.
2(c1)—(c3). The average length is about 4 um, while the
average diameter is about 2pum. Increasing R, to 0.75,
we have observed fat-and-short hexagonal pyramids.
When R, reaches 1, some bipyramid crystals, shown in
Fig. 2(el)—(e3), start to form. Fig. 2(e2) reveals the trend
of pairing two ZnO fat-and-short hexagonal rods to
form one twinning pyramid. The maximum R, studied
was 1.25, which gave ZnO crystal morphology as shown
in Figs. 2(f1)—(f3). It is clearly shown that two fat-and-
short hexagonal rods have been completely twinned to
form one fat-and-short ZnO micro-dot. These SEM
pictures showed systematical pattern of transforming
ZnO crystals from long-and-slim hexagonal rods to
twinning hexagonal dots.

4. Discussion on reaction mechanism

The illustration diagram (Fig. 3) showed ZnO crystal
morphology evolution with the increase of Cd*"/Zn*"*

ratio, R,,. The aspect ratio, y-axis shown in Fig. 3, is the
ratio of the average crystal diameter to the average crystal
length. As we can see, the aspect ratio increases as R,
increases. ZnO crystals are transformed from slim-and-
long hexagonal rods, to short-and-fat hexagonal pyramids,
and finally to fat-and-short twinning hexagonal dots.

It is clear from the above results that ZnO crystal
undergoes significant structure evolution with the increase
of Cd(CH;COQ), concentration in the chemical bath. To
determine whether the morphology change is caused by Cd
or acetate, we have done two additional experiments for
the case of R, =1. In one experiment (A), cadmium
acetate dihydrate was substituted with sodium acetate
anhydrous (CH3;COONa, Fisher Scientific). In another
experiment (B), cadmium chloride hemi(pentahydrate)
(CdCl,-2.5H,0, Sigma—Aldrich, 98% +) was used to
substitute cadmium acetate dihydrate. Fig. 4(a) shows the
SEM picture of the additional experiment (A). We have
observed long-and-slim rods. This morphology is quiet
different from the one with cadmium acetate at R, = 1.00
(Figs. 2(el)—(e3)), but similar to the one without cadmium
acetate (Fig. 2(al)—(a3)). This indicates that CH;COO™ is
not the controlling factor in ZnO crystal morphologies.
Fig. 4(b) is the SEM picture of additional experiment (B).
This picture showed quite similar crystal morphology to
the one with cadmium acetate (Fig. 2(el)—(e3)). Based on
the observation from these two additional experiments, we
can conclude that Cd>™ is the only key factor to control the
morphologies of ZnO.

EDS analysis of deposited thin film on glass slides,
precipitate at the bottom of the beaker and after-deposited
solution showed that there was no cadmium in the thin
films on glass slides or in the precipitate for R,, = 0.25, 0.5
and 0.75, and only 0.4 at% of cadmium for R, = 1.00 and
1.25. EDS result also showed that most of cadmium existed
in the residual solution.

To understand the reaction mechanism, the following
aspects were investigated.

(1) Why Cd exists mostly in the after-deposited solution,
some amount in the precipitate and none in the thin film on
glass substrate: Ammonia, the complexing agent, in the
starting deposition solution will react with Zn>* and Cd*>*
to form zinc chelate ligand [43] Zn(NH3); " and cadmium
chelate ligand Cd(NH;)2". The reaction constants and
solubility product constants of all the possible reactions are
shown in Egs. (1)—(6).

Zn** 4+ 4NH; & Zn(NH3),** (Ig Bunuz = 9.46)[44] (1)

Zn** or Zn(NH3)4>* +20H~ — Zn(OH),
or Zn(OH)>(NH3)4 (pKs, = 16.92)[45] (2)

Zn(OH); — ZnO + H,0 3)

Cd*" + 6NH;3 <> Cd(NH3)6>" (Ig Bvnns = 5.14)[44]  (4)
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Fig. 2. SEM images of as deposited ZnO films with various morphologies: (a) R,, = 0, long-and-slim hexagonal rods; (b) R, = 0.25, long-and-slim
hexagonal rod; (¢) R, = 0.5, fat-and-short hexagonal rods; (d) R, = 0.75, fat-and-short hexagonal pyramids; (¢) R, = 1, fat-and-short hexagonal
pyramids with the trend of twinning; (f) R, = 1.25, fat-and-short twinning hexagonal dots.

Cd>* or Cd(NH3)42* + 20H — Cd(OH),
or Cd(OH),(NH3); (pKp = 13.6)[45] (5)

NH; + H,O — NH4+ + OH~™ (6)

where Ig fay.nuz = formation constant of metal ion (Zn,
Cd) with NHj3, pK;, = negative log of solubility product
constant.

As shown in Egs. (2) and (5), the solubility product
constant of Zn(OH), is more than three orders smaller than
that of Cd(OH),. Because of this difference, Zn>" or

Zn(NH;); " won the competition in combining with OH™~
in the solution to form Zn(OH), or Zn(OH),(NH3)4 onto
the surface of substrates, and Cd>" or Cd(NH;3)z"
remained in the solution. This explains the EDS result
that most chemical component in the precipitate and thin
films on substrate are zinc, while after-deposited solution
has Cd content.

(2) How the ZnO is formed on glass substrate: The
positive chelate ligands, Zn(NH;3); " and Cd(NH;3)2" will
form a metastable complex phase [46] with OH™, such as
Zn(OH),(NH3)4 (Eq. (2)), and be adsorbed onto the glass
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Fig. 3. Illustration of ZnO crystals morphologies evolution as a function
of CdH/Zn2+ molar ratio, Ry,.

Fig. 4. SEM pictures of (a) additional experiment (A) by substituting
Cd(CH3COO), with Na(CH3COO) at R, =1; and (b) additional
experiment (B) by substituting Cd(CH3COO), with CdCl,-2.5H,0 at
Ry =1

substrate surface, while the free Zn>* or Cd*>" will not be
adsorbed onto the glass substrate surface. This is the key of
growing thin film on substrate surface instead of forming
precipitates in the solution. Due to the much smaller
solubility product constant of [Zn?>"]JJOH]?, most of the
metastable complex phase will be Zn(OH),(NHj3); not
Cd(OH)»(NH3)4 as indicated by Egs. (2) and (5). This
absorbed metastable complex will further decompose to
form ZnO thin films (Eq. (3)). Formation of ZnO occurs at
temperature as low as 50 °C [47] which is lower than the
growth temperature in our case (80 °C). The as-deposited
zinc oxides grown on the glass substrate surface act as
nucleation centers for more ZnO crystals to grow on the
substrate.

(3) How Cd affects ZnO crystal Growth: (a) ZnO crystal
structure and complexes adsorption—TIt is well known that
wurtzite ZnO crystals are mainly in the shape of hexagonal
configuration. Fig. 5 describes planes of ZnO crystals from
the side view (Fig. 5a) and the top view (Fig. 5b) [48]. From
the microcosmic view of ZnO structure, each Zn>" is
surrounded by four O®~ stacked along c-axis. The positive
polar plane (0001) is rich in Zn?>", and the negative polar
plane (0001) [28.49] is rich in O*". Positive zinc and
cadmium complexes, Zn(NH3);" and Cd(NH;):", are
adsorbed on the negative (0001) plane by electrostatic
force.

(b) ZnO growth mechanism with different Cd concentra-
tions in the solution: At R, =0, Zn(NH;);" is the only
complex in the solution. The excessive NH3 remained in the
solution may prevent the amalgamation of nuclei in the
initial nucleation stage [50]. Thus, individual rods in the
film are the preferred crystal structure. The adsorbed
Zn(NH;)3 " on (0001) facet will further react with OH™ to
form metastable Zn(OH ),(NH3), to give ZnO. This
reaction allows ZnO crystal growth orientation along
[0001] direction as shown in the reaction mechanism model
diagram (Fig. 6(a)).

While R,, = 0.25, cadmium complex, Cd(NH3)z" is
formed in the solution, which reduces the concentration
of free NH;. This consequently increases the mobility of
nuclei and favors the aggregation of nuclei. ZnO crystals
grow along [0001] direction from each nucleus to form
crystal clusters congregated with hexagonal rods [34]. The
Cd role has two stages. First, it reduces the free NHj3

a b

(0001) 0111

(1101 (1011)

—— (0110)

(_1011) (ITOI)

\A/(OOOT) (OTl 1)

Fig. 5. Schematic diagram of ZnO crystals: (a) side view of planes; (b) top
view of planes.
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Fig. 6. Illustration of reaction mechanism for (a) formation of long-slim
ZnO rods; (b) formation of short-fat ZnO rods and pyramid; (c) formation
of twinning dots.

concentration to allow the formation of cluster. Then,
Cd(NH3)Z " competes with Zn(NH;); " to be adsorbed on
(0001) plane and reduces the growth rate along [0001] as
indicated in Fig. 6(b). Thus, we observed shorter rods at
R, =0.25 than these at R, =0 in SEM pictures as
presented in Fig. 2(bl)~(b3). Moreover, even though
Cd(NH3);* was adsorbed onto (0001) plane, the three-
order bigger solubility product constant of Cd(OH), than
that of Zn(OH), inhibited the formation of Cd(OH), or
CdoO.

When increasing the Cd**/Zn** molar ratio R, to 0.5,
more Cd(NH;)2" complexes are formed in the solution
and compete with Zn(NH3); " for the adsorption sites on
(0001) plane. This competition inhibited adsorption of zinc
complexes on (0001) plane, and forced more zinc com-
plexes to be adsorbed onto the six side planes: (1101),
(0111), (1011), (1101), (0111) and (i011) as shown in Fig.
5(b). This may be the reason for the slower ZnO growth
along [0001] and faster growth along the side planes, which
shortens ZnO crystal length and increases its diameter to
form fat-and-short pyramid rods and clusters. The XRD
patterns in Fig. 1 show that the main growth direction of
ZnO crystals is along (002) c-axis. This means that the top
(0001) and the bottom [0001] planes have lower surface
energies and ZnO will prefer to grow on the top and
bottom planes instead of six side planes. Thus, we believe
that the main competition of Zn(NH3); ™ and Cd(NH3)z

occurs at the top (0001) and the bottom (0001) planes.
Further increasing R, to 0.75, the hexagonal-pyramid-
shaped ZnO rods become more obvious. This is because
more cadmium complexes are formed, and more zinc
complexes are pushed onto the six side planes to grow into
fatter crystals. The formation mechanism of short-and-fat
ZnO rods and pyramids due to the increase of cadmium
content is illustrated in Fig. 6(b).

While continuing to increase R, to 1.00, some of the
pyramids started to merge together and became twinned
crystals. Wang et al. reported twinned ZnO crystals formed
using H>O, weak base, KOH or NaOH [51]. Zhang et al.
[52] found that poly(vinyl alcohol) (PVA) bonded growth
units at (0001) plane. We designed our experiments in a
way that Cd>" is the only variable parameter. Therefore, it
is reasonable for us to believe that the positively charged
Cd(NH;)2" bonds the negatively polarized (0001) planes
together and causes the twining of ZnO crystal. The
formation of twins will lower the surface free energy and
stabilize the crystal. Similarly, we believe that Cd(NH3)z *
in the chemical bath serves as bonding bridge to join two
(0001) planes as presented in Fig. 6(c). While increases Ry,
to 1.25, more Cd(NH;3)?" generates more twinning
crystals. This explains the slightly higher cadmium content
(0.4at%) for R, = 1.00 and 1.25 than that in R, = 0-0.75
as revealed by EDS analysis.

In all the deposition, the time for growth is kept for 7h.
ZnO rod reaches its steady-state size after 6-7h in our
experiment. Since ammonia concentration is fixed for all
experiments, as the reaction time proceeds or Cd ions are
added, less base will be available to form Zn(NH3)ﬁ+. Less
Zn(NH;); " will result in the decreased or stopped ZnO
growth along c-axis. The focus of this work is to study the
effect of Cd ions on ZnO crystal growth. Our future work
will involve the investigation of reaction kinetics such as
reaction time and solution concentration effects on ZnO
rod length and diameter.

5. Conclusions

An easy new strategy of using cadmium to systematically
control the shape and dimension evolution of ZnO crystals
has been developed by CBD. By simply adjusting the
concentrations of cadmium in the initial solutions, ZnO
crystals have been systematically transformed from long-
and-slim hexagonal rods to fat-and-short hexagonal
pyramids, and then to twinning hexagonal dots. This
method might offer a new opportunity for manipulating
the morphologies of ZnO thin films by controlling the size
and growth orientation of ZnO crystal, which has
important applications in optoelectronic devices. EDS
analysis verified that almost all the cadmium remained in
the solution, and all the zinc existed in the thin film on glass
substrate and in the precipitate. This might attribute to the
three orders smaller solubility product constant of
Zn(OH), than that of Cd(OH),. The cadmium complex,
Cd(NH;)z ", is believed to compete with Zn(NH3); " to be



994 R. Zhang, L.L. Kerr | Journal of Solid State Chemistry 180 (2007) 988-994

adsorbed onto (0001) surface of ZnO, and thus, affects the
growth orientation of crystal and changes the final thin film
morphology.
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