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ZrO, nanodots are successfully prepared on LaAlO3 (LAO) (100) substrates by photo-assisted metal-organic chemical
vapor deposition (MOCVD). It is indicated that the sizes and densities of ZrO, nanodots are controllable by modulating the
growth temperature, oxygen partial pressure, and growth time. Meanwhile, the microwires are observed on the surfaces of
substrates. It is found that there is an obvious competitive relationship between the nanodots and the microwires. In a growth
temperature range from 500 °C to 660 °C, the microwires turn longest and widest at 600 °C, but in contrast, the nanodots
grow into the smallest diameter at 600 °C. This phenomenon could be illustrated by the energy barrier, decomposition
rate of Zr(tmhd)y, and mobility of atoms. In addition, growth time or oxygen partial pressure also affects the competitive
relationship between the nanodots and the microwires. With increasing oxygen partial pressure from 451 Pa to 752 Pa,
the microwires gradually grow larger while the nanodots become smaller. To further achieve the controllable growth, the
coarsening effect of ZrO, is modified by varying the growth time, and the experimental results show that the coarsening
effect of microwires is higher than that of nanodots by increasing the growth time to quickly minimize ZrO, energy density.
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1. Introduction

ZrO, with excellent physical and chemical proper-
ties is attracting extensive interest in many fields nowa-
days. Because of the high-refractive index of ZrOj,
ZrO,/Epoxy nano-composites are considered to be used as
LED encapsulations.l!! ZrO, nanostructures have already
been used as artificial pinning centers (APCs) to strongly pin
the quantized vortices in high temperature superconductors
(HTS).[?) ZrO, is the only transition metal oxide which pos-
sesses not only acidic sites but also alkaline sites and can be
used as both catalyst and catalyst carrier.[>>! Especially, ow-
ing to the excellent chemical stability and larger relative sur-
face area, catalytic performance of ZrO; nanostructure can be
much better than bulk material.'%”] Based on these charming
applications, an investigation about the way to grow control-
lable nanostructures of ZrO, is essential.

Varieties of methods have been utilized for ZrO, fabri-
cation, such as pulsed laser deposition (PLD),®! atomic layer
deposition (ALD),® and sputtering.!'°l Compared with these
methods, metal-organic chemical vapor deposition (MOCVD)
technology is a proven fabrication technology and versatile
process for high quality/large-area production of materials
with high growth rates.[!=13! Various papers have reported the
preparation of ZrO, films by MOCVD technology, and dis-

[16,17

cussed the growth mechanism. 1 However, there are no re-
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ports on ZrO, nanostructures prepared by MOCVD.
Compared with the ordinary heat treatment technol-
ogy, the photo-activation in the photo-assisted process pos-
sesses some advantages,!'®!9! for example, superconducting
YBa,Cu30;_5 (YBCO), GdBa;CuzO;_g5 (GdBCO) films pre-
pared by photo-assisted MOCVD have good alignments and

[20-22] Experimental results indicated that

high growth speeds.
photo-assisted annealing had obviously a higher oxidization
rate for the YBCO films in one oxygen atmosphere than ther-
mal annealing.”®! In the present work, the photo-assisted
MOCVD is applied to the preparation of ZrO, nanostructure
for the first time.

Quite a lot of reports show that growth parameters have
significant effects on the morphologies and physical proper-
ties of nanostructures prepared by MOCVD. For example, in
a growth temperature range from 500 °C to 610 °C, the is-
land density of GaSb first increases and then decreases.>*!
Furthermore, there is a linear relationship between the size of
ZnO nanodots and the growth time.!>>! Oxygen partial pres-
sure is also an important factor in the growth of Y,0O3 by
MOCVD.?%! So the effect of growth parameters on the sur-
face morphologies of ZrO, is worthy of investigation. Our
study shows that the morphologies of ZrO, could be con-
trolled through systematically modulating the growth parame-
ters, such as growth temperature, oxygen partial pressure and
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growth time. The effects of the growth parameters on the sur-
face morphologies of ZrO, are systematically analyzed and
the growth mechanism is discussed.

2. Experiments

Hetero-epitaxial ZrO, was grown on a single crystal LAO
(100) substrate with a perovskite pseudocubic structure by a
photo-assisted MOCVD system. The structure of the photo-
assisted MOCVD system has been reported in our previous
work.?!1 Solid metal-organic source of Zr(tmhd) (tmhd =
2, 2, 6, O-tetramethyl-3, 5-heptanedionate) was used as a
precursor of Zr. A mixture containing oxygen and nitrous
oxide with a volume ratio of 3:2 was used as an oxidizing
agent.[27J Zr(tmhd)4 was sublimated at 230 °C in a carrier
gas of high purity (99.999%) argon with a molar flow rate at
2 x 10~* mol/min to participate in the reaction. The total pres-
sure in the reaction chamber was controlled and set at 1000 Pa.
Oxygen partial pressure was determined by the flow rate of the
oxidizing gas, with the flow rate of argon kept constant.

For these experiments the dependence of the morpholo-
gies of ZrO, on the growth parameters was investigated.
Those growth parameters including growth temperature, oxy-
gen partial pressure, and growth time were set and controlled
according to a set of primary experiments. Firstly, the growth
temperature was varied from 500 °C to 660 °C, while the oxy-
gen partial pressure and growth time were set at 752 Pa and
60 s, respectively. Secondly, ZrO; nanostructures were fabri-
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cated at various oxygen partial pressures ranging from 451 Pa
to 752 Pa. The growth temperature was kept constant (at
600 °C), and the growth time was set to 60 s. Finally, the
growth times were set to 20 s, 40 s, and 60 s while the oxygen
partial pressure was set to 752 Pa at the growth temperature of
600 °C.

Surface morphologies of ZrO, were investigated by an
atomic force microscope (AFM; iCON, Veeco) with the tap-
ping mode at room temperature. Statistical analyses of AFM
images including the diameter, height, and density of nanodots
as well as the length, width, and height of microwires were
carried out by NanoScope Analysis software.

3. Results and discussion
3.1. Dependence of nanodots on growth parameters

The effect of growth temperature on the surface mor-
phologies of ZrO, nanostructures is determined at constant
oxygen partial pressure (752 Pa) and growth time (60 s)
as shown in Fig. 1. It is clearly seen that the morpholo-
gies of ZrO, nanostructures are strongly influenced by the
growth temperature and most of the nanodots present a typical
isotropic dome-like morphology. It is found that as the tem-
perature increases from 500 °C to 600 °C, the nanodots change
from large and sparse islands to smaller and more closely
packed ones. However, when the temperature increases to
660 °C, the sizes of nanodots gradually become larger while
their density becomes lower.

47.4 nm

15.2 nm

0 nm

0 nm 0 nm

Fig. 1. (color online) The 2 um x 2 um two-dimensional AFM images of the ZrO, nanodots on LAO (100) at various substrate temperatures: (a) 500 °C
(scaled: 10 pm x 10 pm), (b) 525 °C, (c¢) 550 °C, (d) 575 °C, (e) 600 °C, (f) 630 °C, and (g) 660 °C.

Figure 2 shows the sizes and densities of ZrO, nan-
odots each as a function of growth temperature. As shown in
Fig. 2(a), the diameter and height of nanodots first decrease
and then increase with growth temperature increasing from
500 °C to 660 °C. At 500 °C, the average height of nanodots

is 94 nm, and the average diameter is 401.1 nm. The aver-

age height of nanodots reaches a minimum value of 7.7 nm
at 575 °C while the minimum average diameter is 8§1.1 nm at
600 °C in the range of 500 °C-600 °C. As temperature in-
creases to 660 °C, the average height and diameter of nan-
odots are up to 11.5 nm and 152.8 nm, respectively. How-

ever, the trend of nanodot density is quite different. When the
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growth temperatures are 500 °C and 660 °C, the densities of
nanodots are only 7.0x10° cm™~2 and 3.3x10% cm~2, respec-

2 at

tively. The maximum value of the density is 7.4x10° cm™
600 °C (Fig. 2(b)). Moreover, there are two different tempera-
ture regions, in which the influences of growth temperature on
the density and average size are different. A low density and
large diameter are obtained at a lower temperature. This could
be explained by the low decomposition rate of Zr(tmhd)s at
the low temperature, leading to less nucleation sites, and the
low migration rate resulting in a short surface mobility dis-
tance. This similar behavior was also reported in Ref. [28].
As the surface migration rate increases with temperature, the
nanodots become small and closely packed. When the temper-
ature is further increased, a high surface migration rate could
result in a significant coarsening.

The controllable growth of ZrO, nanodots is difficult to
achieve by an isolated set of experiments. For investigating
the kinetic processes involved in the growth of ZrO, nan-
odots on LAO (100) substrates, a series of samples is pre-
pared at oxygen partial pressures from 451 Pa to 752 Pa at
fixed growth temperature (600 °C) and growth time (60 s) as
shown in Fig. 3. The results show that the oxygen partial pres-
sure has a great influence on the sizes and densities of ZrO;
nanodots. As observed from Fig. 3, when oxygen partial pres-
sure increases from 451 Pa to 752 Pa, the nanodots become
small and dense in terms of the growth trend of nanodots.
The variations of ZrO; nanodot size and density are shown
in Fig. 4. In Fig. 4, when the oxygen partial pressure changes
from 451 Pa to 752 Pa, the average diameter and height of
71O, nanodots decrease from 128.8 nm to 81.1 nm, and from
18.1 nm to 10 nm, respectively, while the density increases
from 7.3x 108 cm~2 to 7.4x10° cm™2. The total pressure and
the amount of Zr(tmhd)4 provided for the reactor chamber are
fixed. Variation of oxygen partial pressure is replaced by the
same amount of argon partial pressure. Different oxygen par-

31.3 nm|

0 nm

tial pressure can affect the efficiency of the source in the reac-
tion, leading to changes in the size and density of nanostruc-
tures. We assume that at high partial pressure of oxygen, a
sufficient amount of oxidizing gas could make more Zr atoms
involved in the reaction, so nucleation would be rapid and mas-
sive on the substrate surface. This could be a reason why the

nanodots are relatively small and dense at an oxygen partial

pressure of 752 Pa.
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Fig. 2. (a) Average height and diameter of ZrO, nanodots, and (b) den-
sity of nanodots versus growth temperature.
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Fig. 3. (color online) The 2 um x 2 pm two-dimensional AFM images of ZrO, nanodots on LAO (100) at different oxygen partial pressures: (a)

451 Pa, (b) 602 Pa, (c) 752 Pa.

For further discussing the mechanism of the growth pro-
cess of nanodots, the growth time is modulated at a fixed tem-
perature of 600 °C and oxygen partial pressure of 752 Pa, the

effect of growth time on the ZrO, nanostructures is as fol-

lows (Fig. 5). The ZrO, nanostructures each have an isotropic
dome-like shape. The dependences of the average size and
density of ZrO, nanodots on growth time are shown in Fig. 6.

As shown in this figure, the diameter of ZrO, nanodot be-
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comes larger with the increase of growth time, while the height
is constant. The average diameter and height of nanodots are
61.5 nm and 10.4 nm, respectively, when the growth time is
20 s. With the growth time increasing up to 60 s, the average
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diameter reaches 82.6 nm, while the average height is only
10.1 nm. This indicates that the ZrO, nanodots tend to later-
ally grow rather than vertically grow. Meanwhile, the density
of nanodots is about twice as large as the initial density.
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Fig. 4. (a) Average height and diameter of ZrO, nanodots, and (b) density versus oxygen partial pressure.

19.0 nm

0 nm

15.1 nm

0 nm

Fig. 5. (color online) The 2 um x 2 um two-dimensional AFM images of ZrO; nanostructures on LAO (100) at various growth times: (a) 20 s, (b)

40s, (c) 60 s.
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Fig. 6. Growth time dependences of (a) average size and (b) density of ZrO, nanodots on LAO (100) substrates grown by photo-

assisted MOCVD.
3.2. Dependence of microwires on growth parameters
Surprisingly, the anisotropic ZrO, microwires are found

on LAO (100) substrates. These mutually perpendicular mi-

crowires constitute a network structure. Owing to the large

sizes of microwires compared with those of the nanodots, the
nanodots cannot be seen. It is found that growth conditions
also have a great influence on the morphologies of microwires.
Besides, experimental results indicate that the two different

ZrO, morphologies are in competition.
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The surface morphologies of ZrO, microwires grown at
various growth temperatures are shown in Fig. 7. The scanned
area for each AFM image is 50 um x 50 pm. The size of mi-
crowire increases with the temperature increasing from 500 °C
to 600 °C, but when the temperature is varied from 600 °C
to 660 °C, the size begins to decline. The length and width
of the microwire reach maxima of 17.23 um and 2.77 pm at
600 °C, respectively. However, the height reaches a maximum
of 471.3 nm at 630 °C. Figure 8 shows that the competitive
relationship between the diameter of nanodots and the length

145.5 nm

-

30 pm

4 121.9 nm

of microwires can be seen clearly. From 500 °C to 600 °C, the
growth of microwires dominates gradually, which is mainly
due to the fact that the energy barrier of the microwire is lower
at high temperature, which is similar to the growth of CGO on
the LAO."?°! When the temperature is higher than 600 °C, the
diameter of nanodots slightly increases. At 660 °C, the layered
structure is found under the nanodots (as seen in Fig. 1(g)),
while the size of microwires drops rapidly. This is related to
the higher mobility of atoms and the higher volatility of the
reaction atoms at high temperature.
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o 0 nm

Fig. 7. (color online) The 50 um x 50 um two-dimensional AFM images of ZrO, microwires on LAO (100) at various growth temperatures: (a) 500 °C,

(b) 525 °C, (c) 550 °C, (d) 575 °C, (e) 600 °C, (f) 630 °C, and (g) 660 °C.
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Fig. 8. (color online) Diameter of nanodots and length of microwires
versus growth temperature, showing their competitive relationship.

In order to further understand the competitive relationship
between the ZrO, nanodot and microwire, the microwires are

228.8 nm

0 pm

0 nm

prepared at various oxygen partial pressures, with growth tem-
perature (600 °C) and time (60 s) kept unchanged. Figure 9
shows AFM images of the morphologies of ZrO, microwires
on LAO substrates at different oxygen partial pressures. As
shown in Fig. 9, the height, width, and length of microwires
all increase with oxygen partial pressure increasing. For an
oxygen partial pressure of 752 Pa, the width and length of the
microwire are 2.77 pm and 17.23 pm, respectively, while the
width and length of microwires are only about half those when
the oxygen pressure drops to 451 Pa, and the height of the mi-
crowire also decreases from 152.2 nm to 127.5 nm. While the
variation trend of the nanodots is different, the competitive re-
lationship between the diameter of nanodots and the length of
microwires versus oxygen pressure can be seen in Fig. 10.

246.8 nm

10 pm

10 ym

0 nm

Fig. 9. (color online) The 50 pm x 50 um two-dimensional AFM images of ZrO, microwires on LAO (100) at different oxygen partial pressures:

(a) 451 Pa, (b) 602 Pa, (c) 752 Pa.
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Fig. 10. (color online) Variations of diameter of nanodots and the length
of microwires with oxygen partial pressure, showing their competitive
relationship.

In addition, the influence of growth time on the compe-
tition between the nanodots and the microwires is also inves-
tigated. As mentioned above, the ZrO;, nanodots tend to lat-
erally grow rather than vertically grow. As for the ZrO, mi-
crowires, a similar law is found in Fig. 11. The AFM im-
ages show the morphologies of ZrO, microwires for different
growth times. With the increasing of growth time, the ZrO»
microwires continuously coarsen. However, the coarse effi-
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ciencies of anisotropic ZrO, microwires in different directions
are different. Compared to the microwire width of 1.24 pm
at 20 s, the width of microwires is raised to 2.33 times at
60 s, while the length of the ZrO, microwire is increased from
5.12 um to 17.23 pum. It is similar to the growth trend of nan-
odots, the height of microwires is changed slightly. When the
growth time is 20 s, the height of microwires is 133.7 nm.
However, as the time increases up to 60 s, the increment of
height is only 18.5 nm. This shows that the anisotropy ZrO,
microwires are more inclined to coarsen in the long axis di-
rection. Figure 12 shows the average diameter of nanodots
and the average length of microwires each as a function of
growth time, it can be found that the competitive relationship
also exists. The diameter of nanodots is increased to 1.34
times of the original diameter, while the length of ZrO, mi-
crowire increases to 3.37 times. So ZrQO; is more inclined to
strengthen the length of ZrO, microwire than the growth of
nanodot grown at 600 °C and the oxygen partial pressure of
752 Pa. According to the experimental results of Marta Gibert
et al.,13% we infer that it is because of this phenomenon that
ZrO; energy density can be quickly minimized.
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10,pm
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nm 0 nm

Fig. 11. (color online) The 50 pm x 50 um two-dimensional AFM images of ZrO, microwires on LAO (100) at various growth times:

(a) 20 s, (b) 40 s, (c) 60 s.
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Fig. 12. (color online) Variations of diameter of nanodots and length of
microwires with growth time, showing their competitive relationship.

4. Conclusions

In this work, the growth of ZrO, nanostructures
on LaAlO3 (LAO) (100) substrates by the photo-assisted
MOCVD is investigated, and two kinds of completely differ-

ent surface morphologies of ZrO; are observed, i.e., ZrO, nan-
odots and microwires. The experimental results show that the
two kinds of surface morphologies of ZrO, depend strongly
on the growth parameters. At high oxygen partial pressure,
the growth of microwires tends to be dominant. With increas-
ing the growth time, the microwires of ZrO, preferentially
coarsen to minimize ZrO, energy density. Similarly, there is a
clear competitive relationship between the ZrO, nanodot and
microwire in the process of modulating the growth tempera-
ture. When grown at low temperature, the nanodot presents
the shape of large and sparse ones because of the less nu-
cleation sites and the low migration rate of atoms. With in-
creasing the growth temperature, the nanodots become small
and dense. When the temperature increases further, a high
surface migration rate could result in a significant coarsening.
The morphologies of nanodots are characterized by large and
sparse ones again. However, the trend of microwires is totally
different. Compared with the size at 600 °C, the size of mi-
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crowires is small at 500 °C, and so is it at 660 °C. Our exper-

imental results demonstrate the feasibility for the controllable
growth of ZrO, by photo-assisted MOCVD.
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