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Spatial determination of gold catalyst residue used
in the production of ZnO nanowires by SIMS depth
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In this paper we demonstrate how secondary ion mass spectrometry (SIMS) can be applied to ZnO
nanowire structures for gold catalyst residue determination. Gold plays a significant role in determining
the structural properties of such nanowires, with the location of the gold after growth being a strong
indicator of the growth mechanism. For the material investigated here, we find that the gold remains at the
substrate–nanowire interface. This was not anticipated as the usual growth mechanism associated with
catalyst growth is of a vapour–liquid–solid (VLS) type. The results presented here favour a vapour–solid
(VS) growth mechanism instead. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

ZnO nanowires are expected to make a significant impact in
optoelectronics because of the wide band gap (3.37 eV) and
high exciton binding energy (¾60 meV) of the material. Both
these properties are well suited to a potentially UV lasing1

material.
One of the most common growth methods used for

producing ZnO nanowires is vapour phase synthesis. For
this method a metal coated substrate is used, where the
metal acts as a catalyst and is a necessary requirement for
nanowire growth to occur.2 – 4 It is found that the catalyst and
subsequent growth mechanism play a fundamental part in
the orientation, dimensions and defect density of the final
nanowires.5 The samples used for this work were grown
on the assumption that the nanowires were formed by the
vapour–liquid–solid (VLS) growth mechanism.6 Figure 1
shows a schematic of the process.

The overall effect that the catalyst and its residue will have
on the electrical properties of the final ZnO nanowire devices
is still unknown, but its whereabouts after growth may have
a significant impact. For this work, energy dispersive X-ray
analysis (EDX) in both transmission and scanning electron
microscopy modes were used together with secondary ion
mass spectrometry (SIMS) analysis through spectroscopy
and depth profiling to locate the residual gold.

EXPERIMENTAL

The starting material was a gold-coated (1–10 nm) sapphire
substrate which was loaded into the furnace tube. The
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arrangement of the heater windings of the furnace tubes
meant that the tube was hottest at the centre. ZnO : C in
the ratio 1 : 1 was placed at the centre of the furnace tube
and heated to ¾1000 °C, at which point it forms a vapour
(Zn(g) C CO(g) C CO2�g�). This was transported by means
of a purified air mixture containing 21% oxygen. The gold-
coated sapphire substrate was located downstream from
the centre at a lower temperature (¾860–640 °C). At such
temperatures the thin gold layer forms nanometre-scale
droplets, upon which the vapour condenses leading to ZnO
nanowire formation.5

High-resolution imaging and EDX characterisation of the
nanowires was performed using a Jeol 2000FX transmission
electron microscope fitted with an EDAX Genesis analytical
system.7 Further imaging and EDX analysis was carried out
using a Zeiss SUPRA 55VP scanning electron microscope
(SEM), fitted with a similar detector. Figure 2(a) shows a
high-resolution SEM image of the side perspective of the
nanowires, while Fig. 2(b) shows an image taken from above
and displays the tips of the nanowires in plan view. The
images reveal that the nanowires project directly upwards,
are of similar length and have cross-sectional diameters
in the range 50–200 nm. Their density suggests that they
completely obscure the sapphire substrate.

SIMS analysis using mass spectra (0–250 Da) and depth
profiling for specific masses was performed. All the SIMS
analysis were carried out using the Atomika 4500 SIMS tool
at Warwick University with a primary caesium beam to
produce high secondary ion yields for gold. Two advantages
of the SIMS technique are a lower detection limit (ppm/ppb)8

compared to EDX (0.5–1 at%),9 and the ability to depth-
profile. However, the achievement of high depth resolution
is dependent on minimal sample surface topography, with
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Figure 1. Schematic representation of the vapour–liquid–solid
(VLS) growth mechanism for vapour phase synthesis nanowire
production using a catalyst. (a) Metal catalyst coated starting
substrate, (b) formation of catalyst-substrate nanoparticles
upon heating, (c) introduction of vapour and (d) nanowire
formation with some of the alloy remaining at the nanowire tips.
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Figure 2. (a) SEM image of the ZnO nanowires’ side-on
perspective and (b) an SEM image of the nanowire tips from
above.

the best depth resolution only achievable from an atomically
flat surface. In the case of the nanowires analysed here, the

surface topography clearly precludes high depth resolution,
and it is also necessary to monitor the effects of sputtering
on the nanowires to ensure that the general location of any
signals can be reliably determined.

SIMS spectra were acquired using 500 eV CsC at low
current (5 nA) and at 50° to the surface normal. The
diameter of the caesium beam was ¾100 µm and a large
area (500 ð 500 µm) was analysed. Under these bombarding
conditions a slow erosion rate is achieved, limiting the
analysis to the near-surface region (with the nanowires
blocking beam access to the substrate) while offering a
larger number of nanowires to be sampled simultaneously.
Individual mass spectra were taken from separate regions
and also sequentially from the same region in order to obtain
near-surface lateral and vertical information.

In the case of the SIMS depth profiling analysis, the angle
of incidence of the caesium beam was kept at 50° from normal
but the energy and current were increased (1.5 keV, ¾25 nA).
The area of analysis was reduced (250 µm ð 250 µm) to
enhance the erosion rate. The masses profiled were 18O,
27Al and 197Au. Oxygen was measured because it is one
of the main nanowire constituents, while the obvious
alternative, zinc, does not produce high negative secondary
ion yields under caesium bombardment. The oxygen signal
provided basic information about the matrix uniformity,
while that of aluminium was monitored as an indicator for
the nanowire–substrate interface.

RESULTS AND DISCUSSION

A distinctive characteristic of the VLS growth mechanism is
that some of the catalyst remains at the tips of the nanowires
during growth.10 In order to investigate this, ZnO nanowires
were carefully parted from the sapphire substrate and
placed onto a carbon-coated copper transmission electron
microscope (TEM) grid. From high-resolution TEM imaging,
no gold/gold alloy was observed for the many nanowires
investigated (Fig. 3). EDX measurements were subsequently
carried out along the lengths of numerous nanowires, both
individually and simultaneously, with no gold emission
observed. Further EDX analysis was performed using SEM.
From SEM imaging, different regions of the sample were
selected enabling as-grown nanowires, regions where the
nanowires had been carefully removed for TEM analysis
and SIMS sputtered craters to be analysed. Once again, no
evidence of gold from any of the regions analysed was
found. Figure 4 shows a typical EDX spectrum of the as-
grown material, from which only the main constituents
of the ZnO nanowires were observed: Zinc (L˛: 1.012 keV,
K˛: 8.630 keV, Kˇ1: 9.570 keV), oxygen (K˛: 0.532 keV) and
carbon (K˛: 0.284 keV). For EDX analysis performed in close
proximity to the substrate and sputtered SIMS craters, an
aluminium emission peak (K˛: 1.486 keV) was also observed.
If gold had been detected, its principal emission lines11

at 2.121 and 9.712 keV would have been evident. From
EDX analysis performed on a piece of gold and a 5 nm
gold-coated sapphire substrate using identical conditions,
minimum detectable concentration (MDC) levels of 0.5 and 6
at% were determined, respectively. The MDC value obtained
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Figure 3. High-resolution TEM image of one of the many
nanowires imaged. No gold alloying was observed on the tips
of the wires.
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Figure 4. Typical EDX spectra from the nanowires showing
only the expected main constituents.

for the thin gold layer arises because the electron interaction
volume lies principally in the substrate. The lack of sensitivity
becomes a more significant problem if the gold becomes
diluted through reaction or alloying – a possible outcome
with vapour phase synthesis.12

SIMS analysis was performed on the same set of samples.
Figure 5(a) and (b) show typical SIMS spectra obtained from
a piece of gold and a nanowire sample, respectively. The
gold was used to tune the instrument, and from the gold
sample spectrum, a peak at 197 Da was observed with
an intensity of ¾1.5 ð 104 counts s�1 while a maximum
background level of ¾2 counts s�1 was estimated. From
the 5 nm gold-coated sapphire substrate analysed under
identical conditions, similar peak intensity and background
levels were observed. The results imply at least a qualitative
detection limit of ¾0.01 at% for both bulk gold and a 5 nm
gold layer on sapphire, offering much better sensitivities
compared to EDX. For the nanowire sample analysed, no
gold signal was observed at the nanowire tips, putting the
gold level below 0.01 at%.

A typical depth profile from the nanowire material is
shown in Fig. 6. For the initial part of the profile, the signal
at 197 Da is constant, either representing a low gold level,
or a background signal. The 27Al signal at the beginning
of the profile is probably surface contamination either from
aluminium particulates emanating from the substrate during
cleaving or absorbed hydrocarbons (e.g. C2H3). After a
significant period (¾250 min), the measured gold signal
rises until it reaches a peak of ¾3 ð 102 counts s�1 before
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Figure 5. 500 eV caesium near-surface mass spectra taken
from (a) piece of gold and (b) ZnO nanowire structures.

slowly decaying away again. The peak in the gold signal
coincides with a rise in aluminium signal indicating that
most of the gold is close to, or at the substrate surface. The
slow rise observed in the gold and aluminium signals, along
with the long tail found for the gold, can be attributed to poor
depth resolution caused by topographic effects. Owing to the
smearing of the gold’s profile, only a minimum concentration
could be estimated, which was determined to be ¾0.3 at%.

Although VLS is the usual mechanism by which ZnO
nanowires form under catalytic vapour phase synthesis,
the results presented here are not consistent with a VLS
growth mechanism. They suggest a base-type growth such
as a vapour–solid (VS) growth mechanism instead. It has
been reported that the ratio of source vapour feed can
strongly influence the growth mechanism and under certain
conditions lead to a VS growth.13
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Figure 6. 1.5 keV caesium SIMS depth profile of the nanowire
structures.
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CONCLUSIONS

From high-resolution TEM imaging and EDX analysis no
gold alloy was observed. Using the SEM, EDX analysis of
the nanowires and substrate region from where nanowires
had been removed showed only the main constituents of the
nanowire and the substrate (Zn, O, C and Al). The MDC
level of the EDX method for a 5 nm gold layer deposited
on sapphire was calculated to be ¾6 at% and a possible
reason for the lack of gold observed. Near-surface mass
spectra using low-energy SIMS, which offers a more sensitive
detection level (¾0.01 at%), supported these findings at
the nanowire tips. However, from higher-energy SIMS
depth profiles, gold was detected further into the nanowire
structures. Smearing effects due to the poor topography
made accurate location of the gold difficult. The peak of the
gold signal coincided with a rise in the aluminium signal
emanating from the sapphire substrate and clearly indicates
that gold had remained at the nanowire–sapphire substrate
interface during and after growth. The location of the gold
indicates that a base-type growth (e.g. VS) was responsible
for the nanowire formation and not the expected VLS growth.
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