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Abstract

Both scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images show that gold layers, 0.8-3.2 nm thick,
deposited on WO; films aggregate into particles at temperatures above 400°C. The particles increase in size while the number density
decreases over time. Particle size distributions indicate that the growth mechanism is coalescence due to island mobility rather than Ostwald
ripening. Both SEM and X-ray photoemission spectroscopy (XPS) analysis indicate that the amount of gold deposited on the surface is
approximately 50% of the value as determined by the quartz crystal monitor (QCM) during deposition. This difference is believed to be due
to a low initial sticking probability of gold on the WO; surface during deposition. Finding means to create and stabilize metal particles of
the optimum size remains a problem in the fields of catalysis and gas sensors. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Metals are frequently added to the surface of metal oxide
sensing films in order to increase sensitivity and selectivity
to the analyte gas [1,2]. In particular, gold has been added to
WO; to improve the detection of hydrogen sulfide [3-6].
The amount of metal added is typically a few monolayers
equivalent and exists on the surface as isolated particles or
islands.

Several factors must be considered in the design of
sensors with catalytic metal additives. First, the reactivity
of small particles can depend upon particle size, and changes
in particle size may lead to different product distributions or
reaction rates [7]. The origin of particle size effects has been
the subject of investigations in heterogeneous catalysis for
more than three decades [7,8]. A more recent study by
Goodman et al. has indicated that the important parameter
may be the thickness of the metal layer [9]. In their study,
gold clusters with a thickness of two atoms exhibited a band
gap uncharacteristic of bulk metals and were shown to be
particularly suited for catalyzing the oxidation of CO.

Second, the particle size may affect the sensing mechan-
ism. Since the decomposition of hydrocarbons can lead to
intermediate species which must diffuse from the metal
cluster to the oxide surface, better transport between parti-
cles and the oxide is expected for smaller particles. The
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larger surface area of large particles might be expected to
accelerate the oxidation of a reducing gas but the products of
the reaction would likely return to the atmosphere with little
influence on the conductivity of the supporting oxide [10].
The processes which occur near the metal/oxide interface,
such as spillover of dissociated adsorbed molecules from the
metal to the oxide, are the ones likely to affect the oxide
conductivity [4]. This dissociation and ‘spillover” can
occur for both oxygen and reducing gas molecules [11].
If the metal/oxide interface is important, then it follows that
this region should be maximized by decreasing the particle
size and increasing their number density.

Third, metal adlayers often exhibit aggregation or coar-
sening, resulting in the mean particle size growing irrever-
sibly with time, and a corresponding decrease in number
density. This process is driven by an overall decrease in the
surface free energy. The aggregation can occur by two
different mechanisms [12]. In Ostwald ripening, particles
exchange atoms by surface diffusion leading to the growth of
particles larger than a critical radius at the expense of
particles smaller than the critical radius. In coalescence,
entire particles diffuse on the surface where they collide and
coalesce into larger particles. While there is no existing data
for gold on WO3, this coarsening process has been reported
for a number of metal/substrate systems: Pd on WO;3 [13],
Au on glass [14], TiO, [15], -C and SiO [16,17], Ga, Sn,
and Ge on Si [18,19], and Ag on mica [20]. As may be
expected, cluster mobility has been shown to be substrate
dependent [17,21]. While the process is accelerated at
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elevated temperatures, it has been observed at room tem-
perature [22,23]. Since sensing films are operated at tem-
peratures as high as 300°C or more, it is possible for the
morphology of the metal particles to change with time,
causing drift in gas sensitivity [24]. Extensive efforts in
the field of catalysis have been expended in order to find
ways to stabilize small metal particles. Recent work in
surface science has focused upon stabilizing small particles
at defects, such as steps, on single crystal surfaces [25,26].
Finding means to create and stabilize metal particles of the
optimum size remains a problem.

Xu and Goodman have reported the possibility of sig-
nificant error in estimated deposition rates as measured by
quartz crystal monitor (QCM) due to the low initial sticking
probability of copper on SiO, [27]. The initial sticking
probability varied from 0.6 at 100 K to 0.1 above 400 K.
A similar finding has been reported for Cu on SiO, and Cu
on MgO at 300 K [28]. This behavior was considered
anomalous because most metals with low vapor pressures
adsorb on solid surfaces with unity sticking coefficient at
300 K.

These authors [28] proposed that the low sticking coeffi-
cient is due to the closed d-shell of the Cu and the closed-
shell nature of the substrate. Similar low sticking coeffi-
cients on oxides were predicted for metals with similar
chemical properties, such as Ag and Au.

For the work reported here, a number of experiments were
performed in order to study the effect of time and tempera-
ture on the structure of surface gold on films of WOj3. The
morphology and crystal structure of the WOj3 films, grown
on r-cut sapphire (A,O5 (1 0 1 2)) substrates, is described
elsewhere [29]. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images were used
to determine the size and number density of surface parti-
cles. Gold volume was also calculated from X-ray photo-
emission spectroscopy (XPS) peak area ratios.

The gold particles are found to increase in size while the
number density decreases over time at temperatures above
400°C. Particle size distributions indicate that the growth
mechanism is coalescence due to island mobility rather than
Ostwald ripening. The amount of gold deposited on the
surface, as determined by both SEM and XPS, is approxi-
mately 50% of the value as determined by the QCM during
deposition. This difference is believed to be due to a low
initial sticking probability of gold on the WO; surface
during deposition.

2. Experimental

The WOs; films were prepared by reactive RF magnetron
sputtering using a deposition temperature of 200°C and an
Ar/O, of 50/50 as described elsewhere [29]. Gold was added
by dc magnetron sputtering, also at a deposition temperature
of 200°C. The sample designation defined for each WOj;
thickness, gold thickness, and analysis method are shown in

Table 1

Sample designation for gold aggregation study

Sample WO; Gold Analysis
thickness (nm) thickness (nm)

A 100 0.8 SEM

B 100 1.6 SEM

C 100 32 SEM

D 500 1.5 TEM

E 500 1.5 XPS

Table 1. The amount of gold was determined by the QCM
with the assumption that the sticking coefficient was the
same for impingement of gold on the QCM and on the WO;
film.

The samples A, B, and C were heated in a tube furnace in
air and SEM images of the surface of all of the films were
taken after 3 h at 400°C, 16 h at 400°C, and 7 h at 600°C.
These temperatures are higher than the typical operating
temperature used for a WOj film sensing application [6,30]
but were chosen to simulate accelerated aging. Sample D
was heated in air for 1 h at 400°C and was examined with
TEM after back thinning.

Sample E was examined using XPS at 20°C, and again
after annealing for 20 h at 440°C and 3.5 h at 560°C, all
under UHV conditions. The W 4f and Au 4f peaks were
recorded at the beginning and the end of this annealing
process.

3. Results and discussion
3.1. Surface aggregation

The effects of aggregation of gold on WO; films are
illustrated by SEM images of sample C, taken after each of
the three annealing periods, as shown in Fig. 1. The gold
particles on the surface produce high contrast and can easily
be seen as bright regions. These images clearly show that the
gold particles increase in size and that the number density
decreases with annealing.

These images and others were analyzed with Image SXM
[31] a modification of NIH Image." A macro which per-
formed background subtraction and filtering was run for
each image [32]. The macro also includes a threshold
function which converts the gray scale image into a black
and white binary file. An example of a processed image is
shown in Fig. 2a, which can be compared to the unprocessed
image in Fig. 1c. An outline of the particles generated from
the black and white image was overlaid on the unprocessed
image as shown in Fig. 2b. This illustrates the effectiveness
of the software in identifying the particle boundaries. As can

"The public domain NIH Image program was developed at the US
National Institutes of Health and is available on the Internet at http://
rsb.info.nih.gov/nih-image/.
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Fig. 1. SEM images of 3.2 nm surface gold on a WO; film (a) after 3 h at
400°C; (b) after an additional 13 h at 400°C; (c) after an additional 7 h at
600°C.

be seen, some particles are connected in the processed image
which are not connected in the unprocessed image. A
minimum and maximum particle size (in pixels) was chosen
from the unconnected particles. The software then counted
the number of particles in this range and the area of each
particle. This process was then repeated for the remaining
particles larger than the previously chosen maximum
(assumed to be connected particles). The average area of

the particles counted in the first pass was divided into the
total area from the second pass. This number was used as the
number of connected particles and was added to the number
of unconnected particles to produce the total number of
particles.

A TEM image of sample D is shown is Fig. 3. The small
black regions, 3—15 nm in diameter, are attributed to gold
particles. These features are not seen in TEM images of
similar films with no surface gold. The particle sizes and
number density were measured for a representative area of
this image. The results of the above analysis are shown in
Table 2, which gives an estimate of the changes in number
density and particle size during the annealing process.

If the particles are assumed to be approximately hemi-
spherical in shape and the area of each particle in the image
is assumed to be the area of the hemisphere’s base, then a
volume for each particle can be calculated. The hemisphe-
rical assumption has been made in a scanning tunneling
microscopy study of Pd cluster on WO; [13]. Where the data
is available, the average volume growth rate of the particles
can be calculated. For sample C, the growth rate is 7.8 nm>/h
at 400°C and 95 nm*/h at 600°C. Assuming an Arrhenius
dependence, the activation energy can be estimated to be
0.6 eV from this data [19]. This value is within the range
reported for Ga, Sn, and Ge on Si (0.3-1.0eV) [18,19], Au
on glass (0.5 eV) [14], and Ag on mica (0.5 eV) [20].

The two models for particle growth predict different
particle size distributions. Size distributions can therefore
be used as an aid in determining which mechanism is
operable for a given metal/substrate system. Two distribu-
tions are predicted for Ostwald ripening based on whether
the rate limiting step is either surface diffusion or transfer at
the particle/substrate interface [33]. A single distribution
with one fitting parameter, based on the functional depen-
dence of the diffusion coefficient on the particle size, has
been developed for coalescence. Both models assume the
distribution is time invariant after the initial deposition and
nucleation phase, i.e. the distribution is independent of
temperature and time. The three model distribution func-
tions along with the data are plotted in Fig. 4. The data point
for each normalized radius is the mean of 10 measurements
on five samples. The normalized radius is the particle radius
divided by the average particle radius at a given time. As can
be seen in this figure, the data is modeled best by coales-
cence.

3.2. Gold volume and initial sticking

The actual volume of gold was estimated using both SEM
and XPS methods. By comparing the results with the volume
measured by the QCM during deposition, an estimate of the
initial sticking probability (sticking coefficient) for gold on
WO; can be made.

After the volume of each particle was calculated from an
SEM image, the volumes were summed for the entire image
and a volume of gold per unit area found. This can be
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Fig. 2. Processed SEM image (a) converted black and white image; (b) particle outline overlaid on unprocessed image.

compared to the volume measured by the QCM during
deposition.

For samples A-D, the results of these calculations,
obtained from images of sufficient quality to perform the
analysis, are also shown in Table 2. The volume fraction is

Fig. 3. TEM image of 1.5 nm of surface gold after 1 h at 400°C.

defined as the calculated volume divided by the nominal
volume as estimated by the QCM. The annealing process is
shown to decrease the number of particles per unit area and
increase their size. The total volume of gold tends to remain
constant but at about 50% of the volume as estimated by the
QCM. An exception to this was evident for sample A. The
images of this sample had poor contrast, due to the small
amount of gold, which produced a large error in the mea-
surement.

The discrepancy in gold volume could be accounted for
by incorrect assumptions in the QCM measurement as
discussed above. This measurement assumes the sticking
coefficient of gold is the same for the QCM and the WO;3
film. This may not be true, not only because of the
difference in composition of the surfaces, but also because
the surfaces are at different temperatures. At coverages this
low, it is not possible to check the QCM calibration by
profilometry. A QCM calibration by profilometry on a



L.J. LeGore et al./Sensors and Actuators B 76 (2001) 373-379 377

Table 2
Gold particle size analysis
Sample Thermal history Number density Average particle Gold thickness by Volume
(no./umz) area (nm>) QCM (nm?) fraction
A 3 h 400°C - - 0.8 -
16 h 400°C 7800 40 1.2
16 h 400°C, 7 h 600°C 640 180 0.83
B 3 h 400°C - - 1.6 -
16 h 400°C - - -
16 h 400°C, 7 h 600°C 1000 150 0.51
C 3 h 400°C 5800 70 32 0.44
16 h 400°C 3700 90 0.44
16 h 400°C, 7 h 600°C 1400 190 0.47
D 1 h 400°C 10000 38 1.5 0.55

thicker gold layer would be based on the sticking coeffi-
cient of gold on gold.

The assumption of hemispherical shape for the gold
particles may be inaccurate. If the particles are assumed
to be closer to spherical in shape or prismatic, then the
volume of gold calculated from the SEM images could be
closer to the QCM value. However, from surface energy
considerations, this is not likely [34].

The XPS data from sample E was used as another method
to determine the volume of gold deposited on the WO;
surface. The as-deposited sample was assumed to have a

uniform coverage of gold as shown in Fig. 5. This assump-
tion is based on the inability to observe gold particles on
samples A, B, and C by SEM, prior to annealing.

The gold thickness was calculated from the Au 4f and W
4f peak area ratios using the following equation appropriate
to a uniform overlayer (Fig. 5) where K is given by
K =TopN.

Iau _ KAuf(;leXP(_(Z//IAuAu)) dz
Iw Ky exp(—(d/iwau)) [o.exp(—(z/wwo,)) dz

(D

probability density
(3]
1

Ostwald - surface diffusion

---------- Ostwald - interface transfer
------- coalescence

] data

T T
0.0 0.5 1.0

normalized radius

Fig. 4. Particle size distribution from the mean of 10 measurements on five samples compared to three model distributions.
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Fig. 5. XPS model for as-deposited gold (uniform coverage). The paths for
photoelectrons emitted from Au and W are shown.

Literature values were used for the atom density, N, the
angular asymmetry, § [35], and the photoionization cross-
section, ¢ [36]. Either the inelastic mean free path (IMFP)
[37] or the attenuation length (AL) [38] could used in the
calculations for the length scale, /. However, no value was
available for the AL for WO3, so only the inelastic mean free
path was used. The length scale of the Au 4f photoelectrons
in gold is designated as Aayau, W 4f in WO; as Awwo,, and
W 4fin gold as Awa,. The analyzer transmission function, 7,
for the Au 4f and W 4f photoelectrons was not known but the
ratio was assumed to be proportional to the square root of the
kinetic energies [39]. The value of d in Eq. (1) was adjusted
until the intensity ratio was equal to the experimentally
determined value. The value obtained for d was 0.77 nm or
approximately 50% of the thickness as determined by the
QCM. This agrees well with the volume fractions in Table 2
obtained by SEM analysis. We interpret this to be the initial
sticking coefficient for gold on WOj for the given deposition
conditions as it falls within the range obtained for other
metal/substrate systems [27,28].

The total annealing procedure for sample E was similar to
that of samples A, B, and C. The peak area data taken after
this procedure was analyzed as above but with the assump-
tion that gold had formed hemispheres of equal radius, R, on
the surface as shown in Fig. 6. The gold volume, as
determined from d above and an assumed fractional cover-
age, 0 (i.e. the fraction of the WOj3 surface covered by gold
islands) fix the radius, R, and the number density, n, using the
hemispherical assumption.

3d 0 (20\°
Inu nKAuf(onrfo Rz*Vzexp(—(z/)LAuAu)) dzdr

_-_anal zZer

N R
N

Fig. 6. XPS model after annealing. The paths for photoelectrons emitted
from Au and W are shown.

Table 3
Comparison of SEM and XPS results

Sample B (SEM) Sample E (XPS)

q 0.15 0.31
d (nm) 0.82 0.77
n (no./pm?) 1000 7100
A (nm®) 150 44

the SEM and XPS methods, XPS tends to yield larger values
for ¢ and n, and smaller values for A.

4. Conclusions

Both SEM and TEM images showed that for a gold
coverage of less than several nanometers on polycrystalline
WO; films, aggregation into large particles occurs at tem-
peratures above 400°C. The particles increase in size and the
number density decreases over time. In order to accelerate
aging, the annealing temperature used in these experiments
was higher than the operating temperature often used in gas
sensing applications. Nevertheless, the data show significant
changes in the size and number density of surface gold
particles in a short period of time compared to the many
months that a sensing film may operate at elevated tem-
peratures. Particle size distributions indicate that the growth
mechanism is coalescence due to island mobility rather than
Ostwald ripening.

Both SEM and XPS analysis indicate that the amount of
gold deposited on the surface is approximately 50% of the
value as determined by the QCM during deposition. This

v KwAwwo, [(1 —-0)+ nf(onrexp(—(\/RZ —1r2/Awau)) dr]

In this case, 6 was adjusted until the intensity ratio was equal
to the experimentally determined value. The values of 0, d,
n, and the average particle area, A, are compared to the
values obtained for sample B by SEM in Table 3. The
thermal treatment of samples B and E was similar but not
identical. While the total volume of gold is similar for both

3)

difference is believed to be due to a low initial sticking
probability of gold on the WOj3 surface during deposition. At
low coverages, it is not possible to check the QCM calibra-
tion by profilometry. The methods used in this paper may
prove to be useful for the measurement of the actual amounts
of metals deposited at low coverages. Surface analysis
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methods such as demonstrated here may be necessary to
understand and thus control the role of particle size in sensor
response.
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