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Abstract

The structural and crystal quality of ZnO film, Au-catalyzed ZnO nanowires (NWSs) and catalyst-
free ZnO NWs were studied. ZnO film deposited at 145°C by atomic layer deposition (ALD) had a
smooth surface (RMS roughness: 2.850 nm), high transmittance in the visible light region
(89.9+6.7%) and good film resistivity (4.131x10° Q.cm). Thus, ZnO films with these attractive
properties are suitable for transparent conducting oxide (TCO) applications. Both catalyst-free ZnO
NWs and Au-catalyzed ZnO NWSs were grown using chemical vapour deposition (CVD).
Vertically aligned ZnO NWs (catalyst-free) could be synthesized using highly (002) oriented ZnO
seed film pre-deposited on silicon substrate. The catalyst-free ZnO NWs exhibited the best crystal
quality as it showed the largest percentage of Zn-O bonds in XPS analysis and highest UV/visible
ratio in PL measurement. However, randomly grown Au-catalyzed ZnO NWSs were synthesized on
bare silicon substrate. The randomly grown NWs has been attributed to the large lattice mismatch
between ZnO and silicon wafer. The growth of Au-catalyzed ZnO NWs was proposed to be
governed by Vapour-Liquid-Solid_Vapour-Solid (VLS-VS) mechanism.
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Introduction

ZnO is an attractive compound semiconductor with a wide band gap (E; = 3.3 eV) and a
large exciton binding energy (~ 60 meV) at room temperature. It is one of a few materials
that are suitable for fabrication of optoelectronic devices in short wave region [1] attributes
to these unique properties. Furthermore, ZnO can be used for various applications such as
field effect transistor [2], solar cells [3] and surface acoustic wave devices [4].

Various techniques have been used to grow ZnO thin film and nanostructures. For
examples, Radio Frequency (RF) sputtering [5], Pulsed Laser Deposition (PLD) [6] and
Metal Organic Chemical VVapour Deposition (MOCVD) [7] have been used to deposit ZnO
film. On the other hand, Chemical Vapour Deposition (CVD) [8] and direct oxidation from
Zn metal block [9] have been used to grow ZnO NWs. In order to realize the importance of
using ZnO nanostructures in the above mentioned applications, it is necessary to produce
ZnO nanostructures with good crystal quality at relatively low synthesis temperature.

In this work, the structural and optical properties of ZnO film, catalyst-free ZnO NWs
and Au-catalyzed ZnO NWs were studied. The ZnO film was deposited using atomic layer

deposition at 145°C, whereas ZnO NWs were grown using chemical vapour deposition at
650°C.
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Experimental Method

Atomic layer deposition (ALD, Cambridge Nanotech, Savannah 100) was used to deposit
ZnO thin films on Si substrates (p-type, (100)) and glasses. Diethylzinc (DEZn) and water
(H20) were used as precursors for deposition of ZnO thin films. The ALD chamber was
evacuated by a rotary pump (50 to 70 Pa) before the manual valve of the DEZn bubbler
was turned on. The vapors of both precursors were purged alternately into the chamber
through separate inlet lines. The deposition temperature was set at 145°C. The details of
the deposition procedure and conditions were reported elsewhere [8].

Highly (002) ZnO seed film and 5 nm thick Au film were pre-deposited on silicon
substrates using ALD (280°C, 1200 cycles) and sputtering, respectively. The growth of
ZnO NWs was carried out in a horizontal tube reactor at 2 kPa and 650 C. Zn powder
(99.99% purity) was loaded in the middle of quartz tube of the reactor. The substrates were
loaded at the downstream of the reactor. The reactor was heated to 650°C under a constant
flow of argon gas (95 sccm). After reaching the desired temperature, oxygen gas (5 sccm)
was flowed into the furnace for 30 minutes for the growth of NWs.

The crystalline structure of ZnO nanostructures were characterized by transmission
electron microscope (TEM, JEOL, JEM-2100F). The surface morphology of the
nanostructures was examined using a scanning electron microscope (SEM, Philips XL30
ESEMFEG). X-ray photoelectron microscope (VG Scientific, ESCALAB Mark |l,
Algqradiation with wavelength of 1486.6 eV) was used to characterize the chemical
bonds of these specimens. The measurement area of each samples was 1mm
X 1mm. Photoluminescence (PL) studies were performed on these ZnO specimens with
N, laser excitation source (337 nm, pulse rate 20 Hz). The surface roughness of ZnO thin
films was measured by atomic force microscope (AFM, Veeco CPIlI-Research
Scanning Probe Microscope) in contact mode. The sheet resistance (Rs) of ZnO thin films
was determined using the Van der Pauw resistivity measurement technique. The
optical transmittance spectra were measured by a Biochrom Libra S22 UV/Vis
spectrometer in the wavelength range of 300 - 850 nm. The thickness of ZnO layer was
measured using ellipsometer (Jobin Yvon, MM16).

Results and Discussion

ZnO Film

Figure 1 shows the morphology of thin film deposited at 145°C (1200 process cycles,
0.015s DEZn and 0.015s H,0). It consists of a number of tiny and longish grains. The
RMS surface roughness of the film measured by AFM in contact mode was found to be
2.850 nm. The stoichiometry of this film was characterized by XPS. As shown in Figure 2,
the presence of the Zn LMN Auger peak at 498.0 eV and the O 1s peak at 530.4eV verifies
that the as-deposited film was ZnO. The ratio of atomic percentage of Zn to O was 56.5%:
43.5%. The thickness of ZnO film was 232.1+10.4 nm as measured by ellipsometer.
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Figure 1. SEM image of thin film deposited at 145°C (1200 process cycles, 0.015s DEZn
and 0.015s H,0)
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Figure 2. XPS spectrum of the film deposited at 145°C (1200 process cycles, 0.015s DEZn
and 0.015s H,0)
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The ZnO film coated on glass substrate was highly transparent under visible light. As
displayed in Figure 3 (a), the transmittance of this ZnO film in the visible light region (380
to 750 nm) was 89.9+6.7 %. It exhibits a sharp ultraviolet cut-off at approximately 365
nm. The energy gap (Eg) was estimated by assuming a direct transition between valence
and conduction bands using equation (1):

ahv=K(hv-Eg)" @

where K is a constant, Eg is determined by extrapolating the straight line portion of the
spectrum to ahv = 0. From Figure 3 (b), the optical energy gap (Eg) of 3.26 eV is deduced.
This value is slightly smaller than the bulk value (Eg = 3.31 eV) [10]. However, it is in
good agreement with reported value of ZnO thin films [11-12].
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Figure 3. (a) UV-Vis spectrum and (b) plot of o vs photon energy (hv) of ZnO film
deposited at 145 C (1200 process cycles, 0.015s DEZn and 0.015s H,0)

ASEAN Engineering Journal Part B, Vol 1 No 1 (2012), ISSN 2286-7694 p.49



Furthermore, the film resistivity measured by the Van der Pauw technique showed
promising results (e.g. 4.131x10° Q.cm). Therefore, it could be concluded that highly
transparent ZnO film had been successfully grown by the ALD technique using DEZn and
H,0 as precursors.

Catalyst-Free ZnO NWs

Catalyst-free ZnO NWs were grown on ZnO seed film pre-deposited on silicon surface
using CVD. In this study, highly (002) oriented ZnO seed film was needed to facilitate the
aligned growth of catalyst-free ZnO NWs [8] as shown in Figure 4 (a) and 4 (b). The
average diameter, length and aspect ratio of catalyst-free ZnO NWs was 87.78+22.19 nm,
256.67+28.76 nm and 3.10+0.81, respectively. Figure 4 (c) shows the HRTEM image of
the ZnO NWs. This image reveals a clear lattice spacing of 0.52 nm corresponding to the
interplanar spacing of wurtzite ZnO (002) which indicates that the growth of the ZnO NWs
occurred preferentially along the [0001] direction. The SAED analysis of the ZnO NWs
confirmed that the NW was single-crystalline in structure as seen in Figure 4 (d). It is
worth mentioning that synthesis condition that allows moderate growth rate is also
required to produce aligned NWs with uniform diameter [13].

Figure 4. Catalyst-free ZnO NWs grown by CVD, (a) side view (SEM), and (b) top view
(SEM), (c) HRTEM and (d) SAED
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The growth of catalyst-free ZnO NWs was governed by Vapor-Solid (VS) mechanism.
The surface energy of a plane, which can be related to the effectiveness of capturing the
adsorbed atoms, decides the growth rate and the proportion of crystallographic planes such
as {001}, {100} and {101} in the final structure under certain supersaturation level of Zn

and O vapours. In the case of ZnO, the (002) plane has the lowest surface free energy,
followed by the {100} planes. Thus, ZnO NWs have the highest growth rate in [0001]

direction, followed by the <1010>. Generally, low supersaturation of Zn and O vapours is
favoured for the growth of perfect crystals, i.e. a well-faceted hexagonal ZnO NWs.

Au-catalyzed ZnO NWs

As shown in Figure 5, randomly grown Au-catalyzed ZnO NWs was synthesized
on silicon substrate attributed to the large lattice mismatch between ZnO and Si [14].
The average diameter, length and aspect ratio of Au-catalyzed ZnO NWs was 63.12+21.63
nm, 344.15+82.73 nm and 6.45+3.51, respectively. Au alloy nanoparticles
(highlighted in circles) could be found at the base and at the tip of the NWs.

Generally, the growth of Au-catalyzed ZnO NWs was suggested to govern by
VLS mechanism [15]. In VLS mechanism, Au-Si liquid droplets served as preferential
sites for absorption of the gas phase of the Zn and oxygen reactants. When the liquid
droplets were supersaturated with the reactants, they became the nucleation sites for ZnO
crystallization. The solid-liquid interface formed the growth interface. It acted as a
sink causing the continued Zn and O incorporation into the lattice and, thereby, the
growth of the ZnO NW with the alloy droplet riding on the top. Since the (001) plane
has the highest atomic packing density, NWs tend to grow in the [0001] direction in
order to achieve minimum surface free energy. The growth of NWs continued as long as
the catalyst alloy remains in a liquid state and the reactant is available.

However, we propose that two possible growth mechanisms, i.e. VLS and VS
mechanism, could possibly occur at the same time during the growth of Au-catalyzed ZnO
NWs. VLS mechanism occurred at the Au alloy droplets (nanoparticles) while
VS mechanism occurred at the side facets of NWs. The growth of ZnO NWs continued as
long as the supply of Zn and O vapor was available. Therefore, it is more
appropriate to describe that the growth of Au-catalyzed ZnO NWs was governed by the
combined VLS-VS mechanism [16].
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Figure 5. SEM image of Au alloy particles at the tips and at the bases of Au-catalyzed ZnO
NWs grown by CVD technique

Comparison on Crystal Quality of ZnO Nanostructures

The stoichiometry of these ZnO specimens was characterized by XPS. As illustrated in
Figure 6, the O 1s peak can be fitted by two Gaussian curves with the main peak (O,)
centered at 530.4 eV and the shoulder peak (Op) centered at 532.2 eV [17]. The O, peak is
attributed to the Zn—O bonds, whereas the Oy peak is usually referred to chemisorbed or
dissociated oxygen or OH species on the surface of ZnO e.g. —COg, adsorbed H,O or
adsorbed O,. The relative areas of the main O, curve and the shoulder Oy, curve of the ZnO
specimens were calculated and shown in Table 1.

The catalyst-free ZnO NWs have relatively largest O, percentage (Zn-O bonds) as
compared to Au-catalyzed ZnO NWs and ZnO films. In other words, the catalyst-free ZnO
NWs have fewer defects as it was mainly composed of Zn-O bonds. In contrary, the ZnO
film has largest O, percentage. This result was acceptable as the ZnO film could contain
others components such as OH species and fragments of hydrocarbon due to incomplete
decomposition of precursors [8].
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Figure 6. XPS spectrum of the O 1s peak of Au-catalyzed ZnO NWs, which could be fitted
by two distributions, i.e Oy & Oy

Table 1: Relative Percentage of O, and Oy, Curves Area Calculated from XPS
Results.

% 0,(530.4¢6V) %0, (532.2¢V)

Au-catalyzed ZnO NWs 63.20 36.80
ZnO film 52.01 47.99
Catalyst-free ZnO NWs 70.16 29.84

A dominant UV emission peak (377.3 nm) and a weak green emission peak (521.8 nm)
were observed on these samples from room temperature PL measurement as shown in
Figure 7. The UV emission peak of ZnO was referred to the near-band edge (NBE)
emission of wide-band-gap ZnO whereas the green emission was related to crystal defects
such as oxygen deficiency [18-19]. Thus, the UV/visible light intensity ratio of PL
measurement is normally an indirect indication of the crystal quality of ZnO nanostructure.
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The catalyst-free ZnO NWs exhibited the best crystal quality amongst these three ZnO
nanostructures as it had the highest UV/visible light ratio, i.e. ~35. The UV/visible light
intensity ratio of ZnO film was ~19, which was lower as compared to the catalyst-free
ZnO NWs. This could be attributed to the presence of OH species or fragments of
hydrocarbon in the film as a result of incomplete decomposition of precursors in this
relatively low deposition temperature (145°C) [8]. The UV/visible light intensity ratio of
Au-catalyzed ZnO NWs was the lowest ~15. This result indicates that the Au-catalyzed
ZnO NWs have the poorest crystal quality. The cause of this observation needs further
investigation although presence of trace Au in the ZnO NWs might deteriorate the crystal
quality in addition to the contribution from the oxygen related defects.

Catalyst-free ZnO NWs
fffff Au-catalyzed ZnO NWs

R ZnO film(145°C)

Intensity (a.u.)

. : . T . :
350 400 450 500 550 600
Wavelength (nm)

Figure 7. PL spectrum of catalyst-free ZnO NWs, Au-catalyzed ZnO NWs and ZnO film
(145°C) measured at room temperature

Conclusions

Highly uniform and conductive (4.131x10® Q.cm) ZnO film could be produced by ALD at
low temperature (145C). The as-deposited ZnO film had a smooth surface (RMS
roughness: 2.850 nm) and highly transmittance in the visible light region (89.9+6.7%).
Therefore, these ZnO films are suitable for transparent conducting oxide (TCO)
applications. Vertically aligned ZnO NWs (catalyst-free) could be synthesized using highly
(002) oriented ZnO seed film pre-deposited on silicon substrate. These NWs had the best
crystal quality as compared to Au-catalyzed ZnO NWs and ZnO film as it had the largest
percentage of Zn-O bonds in XPS analysis and highest UV/visible ratio in PL
measurement. On the other hand, randomly grown Au-catalyzed ZnO NWs were
synthesized on silicon substrates using CVD. The random alignment of NWs was attributed
to the large lattice mismatch between ZnO and silicon wafer. A combined VLS-VS
mechanism is proposed to describe the growth of Au-catalyzed ZnO NWs.
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