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This paper presents a controlled, large scale fabrication of mesoporous ZnO thin films. The entire ZnO
mesoporous film is one piece of a single crystal, while high porosity made of nanowalls is present. The
growth mechanism was proposed in comparison with the growth of ZnO nanowires. The ZnO mesoporous
film was successfully applied as a gas sensor. The fabrication and growth analysis of the mesoporous ZnO
thin film give general guidance for the controlled growth of nanostructures. It also provides a unique structure
with a superhigh surface-to-volume ratio for surface-related applications.

1. Introduction

Known as one of the most important semiconductor materials,
zinc oxide (ZnO) has received intensive research interest in
broad areas, including electronics, optoelectronics, and peizo-
tronics.!? Owing to its noncentrosymmetric wurtzite structure
and self-polarized crystal surfaces, ZnO exhibits the most
splendid family of nanostructure morphologies, such as nano-
belts, nanowires (NWs), nanosprings, nanorings, nanocombs,
and nanohelices.>”” Among them, aligned ZnO NWs with
controlled size, growth direction, and surfaces have shown great
potential for building nanodevices with superior mechanical,
electrical, optical, and piezoelectric properties. It has been
discovered that the aligned ZnO NWs sometimes came with a
continuous sheet-like structure connecting the bottom of the
NWs. Once the sheet became dominant, a new morphology
called nanowalls appeared.®’ As a quasi-two-dimensional nano-
structure with a high porosity, the vertically aligned ZnO
nanowalls exhibit great promise for sensors, fuel cells, solar
cells, and catalysts.'® Although formation mechanisms have been
proposed, lack of rational control makes the nanowall often be
accompanied by aligned ZnO NWs that stand directly above,
and receiving a single-phased nanowall structure becomes more
or less unpredictable

In this paper, we report a controlled growth of single crystal
mesoporous ZnO thin films composed of vertically aligned ZnO
walls. After analyzing the growth condition and structure of
the mesoporous films, we present a general understanding on
the vapor concentration-induced growth orientation selection.
Guided by this discovery, formation of NWs with the nanowall
structure can be intentionally turned on and off so that a single-
phased nanowall structure was observed repetitively. A potential
application of the film as a gas sensor has also been demonstrated.

2. Experimental Section

The mesoporous ZnO film was fabricated in a double tube
system. In this system, an alumina tube with 2-in. inner diameter
(ID) was place inside a tube furnace with both ends sealed by
a metal cap. Then a 95% A1/5% O, mixture was introduced
into the tube as carrying and reactive gases at a total flow rate
of 50 sccm. The source materials (a mixture of 0.3 g of ZnO
powder and 0.3 g of graphite power) were loaded at the center
of a 20 cm long quartz tube with 0.5-in. inner diameter. The
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substrate used for the growth is a GaN epitaxial film grown on
single crystal alumina substrate. The substrate was covered by
a layer of 0.4 nm thick Au as catalyst and was placed at one
end of the small tube. The small quartz tube was then positioned
inside the alumina tube with both tube centers aligned together
and the substrate pointing downstream of the gas flow. At a
tube vacuum of 20 torr, the tube furnace was heated up to 950
°C at a rate of 50 °C /min and the substrate was located in the
~700 °C temperature zone. The temperature and vacuum were
held steady for 2 h for ZnO deposition. Then the furnace was
turned off, and the tube was cooled to room temperature with
the vacuum unchanged.

3. Results

The as-synthesized ZnO film exhibits white-blue color. The
as-grown structure was first characterized using scanning
electronic microscopy (SEM). A low-magnification SEM image
reveals the high porosity surface of the ZnO film, as shown in
Figure 1a. The film is rather uniform and is filled with porosity.
A zoom-in image shows the sizes of pores are from 30 to 200
nm, while the ZnO walls between the pores exhibit a much more
uniform thickness at ~50 nm (inset of Figure 1a). The porous
7ZnO film also has a fairly uniform thickness across the entire
substrate. As shown by a cross-section SEM image (Figure 1b),
the overall film thickness is ~2 um. However, small variations
(mostly between £ 10 nm) can be observed because of the
nonflat top of the ZnO walls. All of the pores, regardless of
their size, are straight and extend all the way through the film
to the supporting substrate. This feature is clearly displayed by
a higher magnification SEM image of the cross-section sample
(Figure Ic). Significantly, the growth position of the porous film
can be precisely controlled by patterning the Au catalyst film,
similar to the patterned growth of NWs. As shown in Figure
1d, ZnO porous film only grew on the Au covered area, and a
very sharp edge is presented at the Au—no Au boundary.

Unlike most other porous structures, the entire piece of the
ZnO mesoporous film is a single crystal. An X-ray diffraction
(XRD) spectrum of the as-synthesized structure only shows one
strong peak at 34.8° corresponding to the (0002) atomic plane
of ZnO crystal (Figure 2a). Besides, a small diffraction peak
from the a-plane alumina substrate was also observed. The
diffraction peak of GaN buffer layer was completely overlapped
with the ZnO peak because of their high degree of lattice match.
The XRD spectrum clearly shows the single crystal structure
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Figure 1. SEM images of ZnO mesoporous thin film on Al,O;
substrate with GaN buffer layer. (a) Top-view low and high magnifica-
tion (inset) SEM images. (b) Cross-section image of the interface. (c
and d) Side-view image of the structure.
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Figure 2. (a) XRD pattern of the ZnO mesoporous thin film on Al,O;
substrate with GaN buffer layer. The first peak around 51—52° could
be ZnO (0003), and the peak located at 63.58° is from the Au (220).
(b) TEM image of the GaN—ZnO interface, the select-area electron
diffraction pattern is shown in c. (d) An HRTEM image of the interface
between vertical and horizontal ZnO walls.

of the ZnO porous film and its epitaxial relationship with the
substrate (inset of Figure 2a).
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Figure 3. Bright-field (a) and dark-field (b) images of the GaN—ZnO
interface to show the local strain field. (c and d) HRTEM images of
the interface with the incident electron beam along the [01 10] and [2110]
direction, respectively. The diffraction conditions are inserted in each
image.

The crystallography of ZnO mesoporous film was further
investigated using transmission electronic microscopy (TEM).
Figure 2b is a typical cross-section TEM image of the ZnO
film together with the GaN buffer layer at the bottom. The
orientation of the ZnO walls can be revealed by the image
contrast, where the bright and dark contrasts represent walls
parallel/nearly parallel or perpendicular/nearly perpendicular to
the paper surface, respectively. Because of the close lattice
constants of GaN and ZnO, electron diffraction taken from this
cross-section sample only gives “one” set of pattern showing
that the vertical and horizontal direction of both ZnO and GaN
is [0002] and [OlTOl, respectively (Figure 2c). After three
periods along the [01100direction, the diffraction spot of GaN
can be distinguished from that of ZnO (inset of Figure 2c) owing
to their difference in lattice parameters.'"-'

A high resolution TEM (HRTEM) image was taken from the
area where two pieces of ZnO walls meet, as shown in Figure
2d. The ZnO crystal lattice is continuous even across the
interface between the ZnO walls pointing toward different
directions. No grain boundary can be observed at the junctions.
The TEM analysis confirms that the entire mesoporous film is
a single-crystal ZnO epitaxially grown on the c-plane-oriented
GaN buffer layer.

Although GaN and ZnO have close lattice constants,
strains are still induced in the grown film, as shown in Figure
3a. The distribution of such strains can be more clearly observed
in Figure 3b, which is a dark-field image of the same area show
in Figure 3a. Mismatch dislocations are found in the ZnO side
originating from the interface. Those strains and defects could
be the factor that limits the width of ZnO walls to ~50 nm.

The HRTEM image taken at the GaN—ZnO interface revealed
an interesting epitaxial relationship between ZnO and GaN. As
shown in Figure 3c, a row of amorphous columns was
discovered once a TEM image is taken along the [0110] zone
axis. Those columns have a size of 5—8 nm and are 20—30 nm
apart from each other. Formation of the columns is believed to
release the lattice strain induced by lattice mismatch (Figure
3b). A small variation in intercolumn distance could be attributed
to the variation in local strain around the crystal edges. It is
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Figure 4. Growth model of the ZnO mesoporous thin film. See text
for detailed description.

!

further identified that the columns only extend along the 01100
direction. When the cross-section sample is tilted 30°, the
columns can no longer be clearly observed in the image taken
along the [2110] zone axis (Figure 3(d)). Considering there are
six equivalent [01100directions in the (0001) interface plane,
therefore, it can be deduced that the amorphous columns are in
[01100directions and form a 6-fold network at the GaN—ZnO
interface. The formation of the amorphous columns can serve
as indirect evidence to support the assumption that it is the
interface strain that induced the formation of ZnO wall structure.

The mesoporous ZnO film was fabricated through a process
very similar to that used for growing ZnO NWs.'* Identifying
the parameter that leads to the film formation can eventually
realize a general guidance in controlling the nanostructure
morphology. On the basis of additional experimental facts, a
growth mechanism is proposed for explaining the morphology
switch from NWs to mesoporous films (Figure 4). When a thin
film (typically <~2 nm) of Au catalyst is deposited on a
substrate, it can be melted into small nanodot islands (in the
size range of ~10—20 nm or smaller) at elevated temperature
(>500 °C)."* Those nanodots act as the nucleation site for ZnO
crystal deposition once the vapor of ZnO is introduced into the
growth chamber. This is the same initial step for both NW and
film growth (Figure 4a). The ZnO nucleates typically show three
groups of crystal surface: {0001}, {0110}, and {1120}, where
the {0001} surfaces are perpendicular to the other two groups.
The ZnO can grow along the three groups of planes but with
different rates, which are controlled by the ZnO vapor concen-
tration and kinetics. As dominated by the ionic polar charges,
the {0001} surfaces require the lowest energy for ZnO deposi-
tion. As a result, moderately supersaturated ZnO vapor is
adequate for the growth along the [0001] direction. Once a
higher supersaturated ZnO vapor is introduced, the deposition
of ZnO on the other two surfaces can be activated and
accelerated with the increase in vapor pressure.
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Figure 5. The response of ZnO mesoporous thin film fabricated gas
sensor to CH, gas.

On the basis of this model, isolated aligned ZnO NWs can
be achieved at a moderate ZnO vapor pressure, when only the
(0001) surface deposition is activated (Figure 4b). However,
the window for the formation of such a NW array is fairly small,
which has been revealed in our previous research.'"* A more
common outcome is the deposition simultaneously occurring
along both vertical and horizontal directions at a higher ZnO
vapor pressure (Figure 4c). Since the distance between nucleate
sites can be as short as tens of nanometers, the horizontal grown
7ZnO will quickly merge together, forming a continuous network.
Meanwhile, the gold catalyst dots still remain at the top of the
original ZnO nucleates, catalyzing the deposition along the
[0001] direction (Figure 4d). With the help of Au catalyst, ZnO
can quickly deposit at the Au—ZnO junction through the
vapor—liquid—solid (VLS)" or vapor—solid—solid (VSS)!®
process. Without the presence of any catalyst, the ZnO network
between the NWs grows at a much slower rate through the
vapor—solid (VS) process.!” Thus, NWs are formed through
fast growth under the Au catalyst, while a continuous network
is slowly deposited, connecting the bottom of the NWs (Figure
4e). The formation of long NWs can shadow the ZnO vapor
reaching the bottom network and further limited its growth rate.
The SEM image shown in Figure 4e is a typical result of ZnO
NWs with a bottom network catalyzed by a 2-nm Au film.

In reality, Au catalyst can be gradually consumed during the
growth because of slow diffusion into the ZnO Ilattice.'® If the
amount of Au catalyst is so small that it can be quickly
consumed at the initial growth stage, the original nucleation
sites and the network between them will grow at the same slow
rate through the VS process (Figure 4f), as the formation of
nanobelts. Therefore, the network can be turned into continuous
walls with fairly uniform heights. The small spaces between
the walls are considered as pores in the ZnO wall formed film.
The SEM image in Figure 4f shows a typical result of the ZnO
porous film catalyzed by a 0.4-nm Au film. In addition, the slow
growth rate is reflected by the 2-um thick Au-catalyzed ZnO
porous film in a 2-h deposition, while a 30-min deposition
typical generates ~3—4-um long NWs.

The ZnO mesoporous film has been applied as a gas sensor
to reveal its advantage of a significantly enlarged surface area.
A sensor device was fabricated by depositing 300-nm Au
electrodes on both ends of the ZnO mesoporous film. Current
flowing through the ZnO film was continuously measured while
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a constant DC voltage was applied between the two electrodes.
The sensing property was tested in a sealed chamber, where
the target gas species can be introduced at a controlled
percentage. The response to CHy gas, as an example, is shown
in Figure 5. A sharp jump of current was immediately observed
once 500 ppm CH,4 in Ar gas was introduced into the testing
chamber. Distinguishable conductance change was observed at
100 ppm CH,4. The mesoporous ZnO film exhibited a superior
response time and changing amplitude compared to the tradi-
tional ZnO thin film solid-state gas sensors;'*? at the same time,
it still preserves the merits of reliability and repeatability.

4. Conclusion

In summary, this paper presents a controlled, large scale
fabrication of mesoporous ZnO thin films. The morphology and
crystallography was carefully analyzed by electron microscopy
techniques. It was revealed that the entire ZnO mesoporous film
is one piece of single crystal, while a high porosity made of
nanowalls is present. The growth mechanism was proposed in
comparison with the growth of ZnO NWs, and a general
conclusion was presented for controlling the morphology by
experimental conditions, such as vapor concentration and
amount of catalysts. The ZnO mesoporous film was successfully
applied as a gas sensor. The fabrication and growth analysis of
mesoporous ZnO thin film give general guidance in direction-
controlled growth of nanostructures. Meanwhile, it also provides
a unique structure with a superhigh surface-to-volume ratio for
surface-related applications, such as sensing, catalyzing, energy
harvesting, etc.
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