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Correlation between photoluminescence and varied growth pressure
of well-aligned ZnO nanorods on fused silica substrate
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Abstract

Well-aligned ZnO nanorods with variable diameters were fabricated on fused silica substrates by the simple physical vapor deposition
method with and without pre-deposited NiO particles. The diameter control of ZnO nanorods on the fused silica substrates was achieved
by varying the growth pressure. The room-temperature photoluminescence spectra of the ZnO nanorods exhibit strong exciton emission
at 3.25 eV that reveals good crystal quality. The exciton emission peak shifts toward 3.22 eV for the samples made at the larger growth
pressure that is attributed to the influence of the electron-acceptor-level transition. The ZnO nanorods were examined by high resolution
transmission electron microscopy and X-ray diffraction to show single crystal quality and preferentially c-axis alignment. Furthermore,
we used scanning electron microscope to verify not only the size but also the growth mechanisms of ZnO nanorods. The results show a
ZnO buffer layer formed between the flat top-facet nanorods and the substrate. In comparison with the samples without pre-deposited
NiO particles on the substrate, the pre-deposited NiO particles act as nucleation centers for Zn vapor during the deposition process that

improves the quality of the buffer layer.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO has some of the greatest potential among semicon-
ductor materials for applications in ultraviolet regions and
nanotechnology. It has a wide direct bandgap of about
3.37 eV at room temperature, and large exciton binding
energy of about 60 meV. These properties allow it to emit
ultraviolet light with high efficiency at room temperature,
and give it superiority in many applications. For instance,
ZnO thin film structures can be utilized as piezoelectrical
device and ultraviolet light emitting diode [1]. Recently,
large second order susceptibility (up to 56 pm/V), which
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is a crucial technological parameter, had been measured
in ZnO films deposited on MgO substrates [2]. The nano-
confined effect and interface separating substrate and the
nanoparticles play the major role on the large optical non-
linearity in these ZnO films. For low-dimensional ZnO
nanostructures, ZnO nanoparticles or quantum dots have
attracted much research attention in fundamental studies
and technical applications because of their unusual charac-
teristics [3]. Besides, ZnO had been made into solar cells
using nanorods [4] and nanoparticles [5], nano logic circuit
[6], nano laser source [7], and field emission device [8] have
been studied using one-dimensional (1D) ZnO nanostruc-
tures, which can be fabricated on various substrates such
as Si [9-12], sapphire [13,14], Al,O3 [15], silica [16], etc.

It is very important for fabricating nano-photonic
devices in 1D nanostructures with well control of diameter.
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Yang et al. [9] reported that the diameters of the ZnO
nanorods should depend on the size of the catalyst, gold
nanoparticles, in a vapor-liquid-solid growth mechanism.
Lee et al. [15] reported that the diameter can be controlled
by the growth temperatures in a limit range. By varying the
growth ambient pressure, diameter-controlled Si nanowires
of 6-25 nm were reported [17]. For the potential of pho-
tonic application and of merging with the Si-based technol-
ogies, in this paper, we fabricated well-aligned ZnO
nanorods by using the simple physical vapor-deposition
method [15] on silica substrates and showed that the mean
diameter of ZnO nanorods can be varied by the ambient
pressure inside the furnace tube. The room-temperature
photoluminescence (PL) properties of the samples were
investigated to realize the growth pressure dependence of
the ZnO nanorod quality. Furthermore, the growth mech-
anism is also discussed.

2. Experimental

The ZnO nanorods were fabricated by the following
procedure: The 0.01 M Ni(NO3),6H,0 dissolved in ethanol
was sprayed on a clean fused silica substrate. After baking
for 5Smin in air on a hotplate at 60 °C, the substrate was
loaded 2 cm above an alumina boat that contains 1 g metal
zinc balls (99.999% with 1-3 mm in diameter). Then the
boat was placed in the center of a quartz tube furnace.
After evacuating the tube by a mechanical pump, argon
gas was introduced into the tube with a flow rate of
50 sccm. Then the tube was heated at the rate of 20 °C/
min to the reaction temperature of 600 °C, and maintained
for 30 min at the ambient pressures of 50 Torr. Finally, the
furnace was cooled to room temperature at cooling rate of
about 100 °C per hour, and the gray wax-like product was
found on the substrate surface.

A 20-mW He-Cd laser (Omnichrome 74 Series), radi-
ated at 325 nm, was used as the excitation source for the
PL measurement at room temperature. The emitted light
was collected by a Triax 320 spectrometer equipped with
a UV-sensitive photomultiplier tube. The morphology
and crystal structure of the product were characterized by
field emission scanning electron microscopy (FESEM),
high resolution transmission electron microscopy
(HRTEM), and X-ray diffraction (XRD).

3. Results and discussion
3.1. Photoluminescence

The power of about 20-mW from the He-Cd laser
(Omnichrome 74 Series) was used to excite the samples in
the PL measurement. Fig. la shows a room-temperature
PL spectrum of the ZnO nanorods that were grown at
the ambient pressures of 50, 100, 110, and 150 Torr, respec-
tively. As the ambient pressure increases over 100 Torr, the
strong near bandedge (NBE) peak, which is attributed to
the exciton emission, starts to red-shift from 3.25¢eV to
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Fig. 1. (a) The room-temperature PL spectrum of the ZnO nanorods
grown at the ambient pressure of 50, 100, 110 and 150 Torr, and the weak
broadband emission at about 2.54 ¢V inside the inset picture. (b) The
FHWM and the peak position of the strong emission depending on the
ambient pressures.

3.22 eV with its FWHM being broadened from 111 meV
to 164 meV. The inset of Fig. 1a shows the relatively weak
broadband emission at about 2.54 eV with large FWHM of
~770 meV. The FWHM and the peak position of the NBE
emission versus the growth pressure are shown in Fig. 1b.
The FWHM increases obviously with increasing ambient
pressure when the pressure exceeds 100 Torr; meanwhile,
the peak position starts to red-shift.

From the PL spectra, the samples formed at less than
100 Torr ambient pressure have a strong NBE emission,
with peak position at about 3.25eV. The red-shifting
behavior of the NBE emission at room temperature for
the ambient pressure beyond 100 Torr is attributed to the
defect influence. The defects in the ZnO produce the elec-
tron-acceptor-level transition emission (eA’) and lead the
NBE peak position to vary from 3.22 eV to 3.25eV. This
was attributed to the overlap of the 3.31 eV (due to free
exciton emission) and 3.23eV (due to eA®) [14,18]. The
acceptor could be the Zn vacancy because, in the experi-
ment procedure, there was no any acceptor source except
for the Zn vacancy. The red-shifting behavior implies that
the acceptor density increases with the growth pressure.
The acceptor could be attributed to the turbulent flow
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condition, which could disturb the crystal growth process
and result in the Zn vacancy appearance; the acceptor den-
sity depends on the turbulent flow degree.

3.2. Technological details

In order to verify dependence of PL on diameter of ZnO
nanorods under various growth pressures, we used SEM to
characterize our samples under different growth conditions.
We also compared the growth mechanisms with and with-
out pre-coated NiO particles in this section.

Fig. 2a shows the SEM top-view of the ZnO nanorods
that were synthesized at 600 °C and 50 Torr ambient pres-
sure. The ZnO nanorods reveal flat tip facet with no NiO
particles on top with their diameters ranging between 100
and 200 nm and density of about 3.3 x 10® cm ™. Fig. 2b
is the cross-section image of the sample. From this image,
a 2-um thick ZnO buffer layer was observed between the
ZnO nanorods and the fused silica substrate. The ZnO
nanorods are well aligned on the buffer layer and have a
mean diameter of ~130 nm and length of ~5pum. The
ZnO nanorods on the buffer layer have a slight tilt to the
substrate surface and reveal slightly larger diameters at
the root of the nanorods close to the buffer layer. The
HRTEM image (Fig. 2c) shows that the ZnO nanorods
have c-axial grown single-crystalline structure. The inset
of Fig. 2¢ is the sclected area electron diffraction pattern
of (11-20) zone axis of ZnO nanorods that reveals a sin-
gle-crystalline structure of ZnO nanorods. These results
reveal that high-crystalline structured ZnO nanorods were
successfully synthesized.

Fig. 2d is the 6-20 XRD scan data of the as-grown ZnO
products on the silica substrate. Since The XRD structure
is analyzed within a framework of the bulk-like structure,
contribution of the nano-sized sheet (buffer layer) may be
present in the XRD data. The strongest peak at 34.5°
and two relatively smaller peaks at 31.58° and 36.1° were
identified as ZnO (002), (100), and (101) crystal planes,
respectively. The results indicate that the ZnO nanorods
were grown with a c-axis orientation that is perpendicular
to the substrate surface. The lattice constants of a=
3269 A and ¢=5.195A (bulk ZnO: a=3.249 A and
¢=5.206 A, according to JCPD-36-1451) were calculated
from the XRD scan data.

In order to investigate the influence of the NiO particles
on growth of nanorods, we made two samples at the same
condition (fabricated at 600 °C and 50 Torr ambient pres-
sure); one was coated with NiO particles on the substrate
surface, and the other was not. From the XRD 0-rocking
curve measurement in Fig. 3a and b, the degree of nanorod
alignment to the normal direction of the substrate surface
was indicated [19]. Fig. 3a shows the XRD 6-rocking curve
measurement of the sample coated with NiO particles on
the substrate and indicates the full width at half maximum
(FWHM) value of 9.24°, whereas, FWHM value of 12.18°
in Fig. 3b for the sample without pre-coated NiO particles.
This comparison implies that the degree of nanorod align-
ment of the sample with NiO particles is better than the
sample without NiO particles.

As mentioned above, since no NiO particles on the tip of
the ZnO nanorods that suggests the NiO particles do not
act as catalysts of the vapor-liquid—solid (VLS) mechanism
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Fig. 2. The ZnO material synthesized at 600 °C and 50 Torr ambient pressure shows (a) the top-viewed SEM image, (b) the cross-section SEM image, (c)
the HRTEM image with inset image showing the selected area electron diffraction pattern of (11-20) zone axis in ZnO nanorods, (d) and the 6-20 XRD

scan data.
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Fig. 3. The XRD 6-rocking curve measurement of the two samples both made at 600 °C and 50 Torr. (a) One had coated with NiO particles on the
substrate surface and (b) the other had not. The grazing incident X-ray diffraction (GID) (c) and rocking curve (d) of the ZnO buffer layer.

[9]. The NiO particles probably were covered under the
ZnO buffer layer, and the ZnO nanorods follow a cata-
lyst-free growth model [15]. In the initial deposition stage,
the NiO particles may act as the centers of the nucleation
that induce the Zn vapor to condense and react with the
residual oxygen in the furnace tube. Therefore, the ZnO,
with x <1 may be formed around the NiO particles. Due
to the low melting point of ~490 °C for ZnO, [20], the
melting ZnO,, cannot only move around but also further
react with the residual oxygen. Then the ZnO, becomes
ZnO and forms a rough ZnO buffer layer during the grown
temperature increase. Finally the c-axis vertically aligned
ZnO nanorods started to grow on the (001) prefer-ori-
ented rough ZnO bulffer layer. The ZnO buffer layer formed
under such a condition should have a rough crystalline
quality, due to the amorphous substrate and NiO crystal-
line orientation on the amorphous substrate. While the
ZnO nanorods start to grow, the orientation of nanorods
would depend on the quality of the ZnO buffer layer and
have a slight tilt to the substrate surface. To investigate
the tilt orientation of the buffer layer, the sample had been
polished to remove the ZnO nanorods. Two measurements
were taken of the buffer layer—grazing incident X-ray dif-
fraction (GID) in Fig. 3c and rocking curve in Fig. 3d.
These two measurements indicated the polycrystalline
quality and growth orientation, which had a slight mis-
alignment with the c-axis.

The oblique-view SEM images of Fig. 4a and b show the
obvious difference in the size of the ZnO nanorods that

were grown at different ambient pressures of 50 and
150 Torr, respectively. The mean diameters and corre-
sponding deviations of the ZnO nanorods grown at a series
of different ambient pressures (10-150 Torr) were estimated
in Fig. 4c. It was observed that the mean diameters of the
ZnO nanorods increase as a function of the ambient pres-
sure. The mean diameter of the ZnO nanorods nearly
equals 130 nm below the ambient pressure at 100 Torr,
and shows a tendency to increase with the increasing ambi-
ent pressure above 100 Torr. This result implies some kind
of relationship between the pressure and the size of the
nanorods. The gas flow condition during the reaction pro-
cess would strongly influence the dimension and the quality
of the ZnO nanorods in the vapor deposition process. In
our vapor deposition process, the ambient pressure in the
reaction tube is controlled by the evacuation rate, using a
mechanical pump while keeping constant Ar-gas flow rate.
The NiO particles probably would lead the ZnO buffer
layer to grow grain by grain, with randomly grown ZnO
nanorods showing increasing diameters as the ambient
pressure in the tube furnace increases. The flow condition
can be indicated by the Reynolds number (Re):
Re = (Duvp)/u, where D is the characteristic length (deter-
mined by the diameter of reaction tube and shape of the
boat), v is the fluid velocity, p is the fluid density, and u
is the fluid viscosity. The larger ambient pressure makes
the larger fluid density, and the flow condition may transfer
from the laminar flow to the more turbulent flow even with
the constant Ar-gas flow rate. For this reason, the Zn
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Fig. 4. The oblique-view SEM images of the ZnO nanorods grown at (a) 50 Torr and (b) 150 Torr, and (c) the mean diameters and corresponding
deviations of the ZnO nanorods grown at a series of different ambient pressures (10-150 Torr).

vapor atoms flowing with Ar-gas would more frequently
and turbulently collide with the substrate surface at the
higher ambient pressure. This condition increases the prob-
ability of contacting the side plane of the ZnO nanorods
and benefits the increasing of the ZnO nanorods diameter.
The influence of the ambient pressure also had been dis-
cussed on the diameter of Si nanorods ranging from 150
to 600 Torr [17].

4. Conclusion

The well-aligned ZnO nanorods were successfully fabri-
cated on the amorphous fused silica substrate. From the
preceding investigation, the alignment of the nanorods on
the amorphous substrate was attributed to the buffer layer
that was studied by the GID and rocking-curve measure-
ment. The HRTEM and XRD patterns indicated that the
as-grown ZnO nanorods have wurtzite structure and good
single crystalline quality. The analysis indicated that the
function of the NiO particles in this procedure is to attract
the Zn vapor and to form the ZnO buffer layer, which
improves the alignment of the nanorods on the amorphous
silica substrate. The XRD rocking curve indicated the
degree of vertical alignment of the ZnO nanorods. The
diameters of the ZnO nanorods were related to the ambient
pressure in the vapor deposition process. We could take
advantage of the characteristic to regulate the mean diam-
eter of the ZnO nanorods in the range of 130-500 nm. The
defect density related to the ambient pressure in the vapor
deposition process. The red-shift of the emission peak was

attributed to the influence of the electron-acceptor-level
transition emission. The red-shift of the emission peak
reflects the defect density and crystal quality of the ZnO
nanorods.
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