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Here we report thermal evaporation dynamics of Au nanoparticles on single crystal oxide substrates, including
MgO, SrTiO3 , and Al2 O3 . The size reduction rate of Au nanoparticles via thermal treatments is strongly dependent
on not only temperature but also pressure. Lowering the pressure of inert Ar gas from 105 to 10 Pa increases
the size reduction rate over 30 times in the temperature range 800 ◦ C–950 ◦ C. The temperature dependence is
solely due to the variation of saturated vapor pressure of Au, whereas the pressure dependence of the surrounding
inert gas can be interpreted in terms of a pressure dependence on a gas-phase diffusion of evaporated Au atoms
into the surroundings. We present a simplified model to explain an evaporation dynamics, which well describes
the pressure dependence on a size reduction rate of Au nanoparticles. By utilizing this useful pressure-induced
evaporation dynamics, we succeeded in manipulating a size reduction of Au nanoparticle arrays down to − 10 nm
diameter range from − 300 nm initial size by programming sequentially a surrounding pressure.
DOI: 10.1103/PhysRevE.87.012405

PACS number(s): 68.03.Fg, 68.35.Fx, 68.08.Bc

I. INTRODUCTION
2

Noble metal nanoparticles (size: 10–10 nm) on oxide
surfaces have attracted much attention due to their various
fascinating characteristics, including catalytic, optical, and
electronic properties for energy conversion; environmental
applications [1–3]; and also as seeds for nanostructure formation [4–27]. For example, Au nanoparticles on oxides
exhibit a distinct catalytic property, which has not been
observable in bulk Au [28]. Defining and tuning a size
range of metal nanoparticles on oxide surfaces is essential
to manipulating such size-dependent properties [29,30]. In
addition, monodisperse nanoparticle arrays on oxide substrates
offer an interesting tool to study the size dependence on
their properties in the absence of size distributions [31].
Existing conventional lithographic technologies, including
electron beam lithography, photolithography, and imprinting
lithography, allow us to fabricate such nanoparticle arrays
down to a scale of several tens of nanometers [32,33]. However,
it is still rather challenging to form nanoparticle arrays on
insulative oxide substrates in the size range below 50 nm,
especially for a large scale [34,35]. Thermal evaporation
is the simplest way to reduce the size of subjects via a
mass transport through an interface [36,37]. Although this
facile evaporation technique is clearly capable of reducing
the meansize of nanoparticles on oxide surfaces, a knowledge
of the feasibility and the detailed mechanisms as to an
evaporation dynamics of metals on oxide surfaces is far from
comprehensive.
Here we report on a thermal evaporation dynamics of
Au nanoparticles on single crystal oxide substrates, including MgO, SrTiO3 , and Al2 O3 , when varying systematically surrounding conditions. The size reduction rate of Au
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nanoparticles via thermal treatments was found to be strongly
dependent on not only temperature but also pressure. We
present a simple model to interpret the evaporation dynamics,
which explains the pressure dependence on the evaporation
rate of Au nanoparticles.

II. EXPERIMENT

The overall experimental procedure to tailor the size of
Au particle arrays is shown schematically in Fig. 1. A
polydimethylsiloxane (PDMS, Dow Corning) mold with pillar
size of 650 nm (width) × 650 nm (width) × 400 nm (height)
and spacing of 1000 nm was utilized to fabricate Au array
patterns on single crystal oxide substrates, including MgO,
SrTiO3 , and Al2 O3 , by the capillary force assisted contact
printing technique [38–40]. First, photoresist AZ 5206-E
(Hoechst) diluted by AZ 5200 thinner (Hoechst) was coated on
the substrate with a thickness of about 200 nm by conventional
spin coating. Immediately, the PDMS mold was carefully
attached with the photoresist gel. Conformal contact between
the mold and the substrate can be formed due to a strong
capillary interaction. Once the molding process was completed
via a soft baking at 60 ◦ C for 3 min, the PDMS mold was
allowed to detach from the substrate. A residual resist layer at
the bottom of the pattern was etched by oxygen plasma (100 W,
4.0 Pa, and 35 s). Finally, Au pad patterns can be obtained by
depositing 20 nm Au film and a subsequent lift-off process.
Figure 2(a) shows a SEM image of the initial Au pattern with
650 nm × 650 nm and spacing of 1000 nm. By annealing at
900 ◦ C under atmospheric pressure for 10 min, the Au pad film
agglomerates to become a hemispherical-nanoparticle shape
through a dewetting process [41,42], as shown in Fig. 2(b).
By assuming a hemispherical shape of Au nanoparticles,
the diameter of the dewetted nanoparticle volume can be
estimated from the initial total nanoparticle volume [43]. As
shown in Fig. 2(c), the estimated diameter from the initial Au
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FIG. 1. (Color online) Employed process to perform a size reduction of Au nanoparticle arrays by thermal treatment. This process includes
patterning submicron hole arrays by nanoimprint lithography, etching a residual resist layer by O2 plasma, sputtering Au film, lift-off process
of resist, and thermal treatment in furnace.

nanoparticle volume is consistent with the measured average
diameter of nanoparticles after dewetting.
Thermal treatments were conducted in a handmade horizontal tube furnace, where a temperature and surrounding
gas pressure can be controlled with relatively low background
pressure of 10−4 Pa, which allows us to vary a surrounding
pressure over a wide range. The initial Au patterned sample
was placed in the center of the tube furnace. After that,
high-purity Ar (99.9%) with a flow rate of 6 SCCM (SCCM
denotes cubic centimeters per minute at STP) was introduced
into the quartz tube, and the ambient Ar pressure was set to be

10–105 Pa. Then the furnace was heated up to 800 ◦ C–950 ◦ C
with a raising rate of 15 ◦ C/min, and kept for 5 min–20 h.
Below 800 ◦ C, no significant evaporation of Au nanoparticles
was found. On the other hand, above 1000 ◦ C a bumping rather
than evaporation occurs and Au nanoparticles disappeared
within several tens of minutes; the rate is too fast to measure as
time series data. Thus we have performed thermal evaporation
experiments for the temperature range of 800 ◦ C–950 ◦ C. After
cooling down to room temperature, the diameter of the Au
particles arrays was examined by field-emission scanning
electron microscopy (FESEM) (JEOL JSM-7001F). The size
measurements were performed at least for 300 nanoparticles to
obtain a statistical reliability. The Au nanoparticles were also
evaluated by high-resolution transmission electron microscopy
(HRTEM) (JEOL JEM-3000F).
III. RESULTS AND DISCUSSIONS

FIG. 2. (Color online) (a) SEM image of Au pad arrays patterned by nanoimprint lithography. Inset shows a magnified image.
(b) SEM image of Au nanoparticle arrays with size of 290 nm after
a dewetting process. (c) Correlation between a diameter of dewetted
Au nanoparticles and a volume of Au pad film. Rhombus symbol
represents a mean diameter of dewetted nanoparticles measured by
SEM. Dashed line shows the diameter values, which are calculated
by assuming a shape transformation from a slab to a hemisphere.

Figures 3(a) and 3(b) show typical time series data of
diameters of Au nanoparticles during thermal treatments.
These thermal treatments were performed for Au nanoparticle
arrays on MgO substrates by varying temperatures ranging
from 800 ◦ C to 950 ◦ C, and Figs. 3(a) and 3(b) show the data
under Ar pressures of 105 and 10 Pa, respectively. Clearly
there is a significant difference between the two different Ar
pressures on the trend of size reduction of Au nanoparticles.
In Ar pressure of 105 Pa, the size reduction rate remains
quite slow, even when increasing the temperature from 800 ◦
to 950 ◦ C. For example, for the highest temperature, 950 ◦ C,
the size reduction rate (defined as a diameter change of Au
nanoparticles per unit of time) is still 5.0 nm/h. On the
other hand, for Ar pressure of 10 Pa the size reduction rate
increases more drastically when increasing the temperature.
For instance, at 950 ◦ C the size reduction rate is 136 nm/h,
which is in fact 27 times faster than that for 105 Pa.
Figure 3(c) shows the mapping data of the size reduction rate
of Au nanoparticles on MgO substrates when varying both
temperature and Ar pressure. Here we define the size reduction
rate as an averaged size reduction rate between the initial size
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FIG. 3. (Color online) Size reduction of Au nanoparticle arrays
under various temperatures under the surrounding Ar pressure of
(a) 105 Pa, (b) 10 Pa. (c) Mapping data of size reduction rate as a
function of temperature and surrounding Ar pressure. Dashed circle
indicates the experimental conditions under which we have performed
experiments. MgO substrate is utilized in (a)–(c). (d) Dependence of
substrate materials on a size reduction of Au nanoparticles via thermal
treatments. Data on Al2 O3 and SrTiO3 substrates are shown.

and the reduced size at the end of the thermal treatment for
each condition. For 850 ◦ C, the difference between 10 and
105 Pa on the size reduction rate is over 30 times. Clearly,
lowering a pressure of inert Ar surrounding gas significantly
increases the size reduction rate for the used temperature
range. Thus these results highlight that surrounding pressure
plays an important role in size reduction of Au nanoparticles
on oxide substrates via thermal treatment. This trend as
to the surrounding pressure effects has been consistently
observed for other oxide substrates, including SrTiO3 and
Al2 O3 , as can be seen in Fig. 3(d). This insensitivity of
substrate materials to the thermal evaporation events infers the
minor contribution of intermixing effects between a substrate
and Au nanoparticles during the evaporation events [44,45].
Figure 4 shows the cross-sectional TEM image of an interface
between Au nanoparticles and SrTiO3 substrate after thermal
treatment of 16 h at 900 ◦ C. The clear interface can be seen

FIG. 4. (a) Typical HRTEM cross section image of Au nanoparticle on SrTiO3 substrate. (b) High-magnification image of Au-SrTiO3
interface.

FIG. 5. (Color online) Schematic of a thermal size reduction of
Au nanoparticles arrays. Spatial vapor density distribution of Au
atoms ρv (r) in a spherical coordinate system is shown. Size reduction
rate of nanoparticles is determined by a vapor density difference
between saturated vapor density and actual vapor density around a
nanoparticle surface.

in the image, highlighting that the intermixing through the
interface is negligible at least within the range of experimental
conditions and materials employed [46]. In addition, the Au
nanoparticles are a crystalline state because our present cooling
time is quite long, more than 3 h, which might be long
enough to crystallize for Au nanoparticles during cooling.
These results demonstrate that a mass transport from a surface
of Au nanoparticles dominates a thermal evaporation (or
sublimation) of Au nanoparticles in our experiments.
Next, we discuss the observed thermal evaporation dynamics of Au nanoparticles on oxide substrates, especially the
remarkable surrounding pressure effects. Consider a thermal
evaporation behavior of Au hemispherical nanoparticles on oxide substrates, as illustrated in Fig. 5. In order to model a mass
transport phenomenon from a surface of Au nanoparticles into
the surroundings (i.e., evaporation or sublimation process),
we utilize a variable r, which is defined as a distance from the
center of the hemispherical Au nanoparticle. We also define
a spatial density distribution of Au atoms in the gas phase
as ρv (r), when r is larger than a radius of the Au nanoparticle (RAu ). Here we suppose a pseudoequilibrium condition
between a gas and a nanoparticle. In a thermal evaporation
phenomenon, two important physical quantities, including a
gas-phase density of Au at the nanoparticle surface ρv (RAu )
and a saturated vapor density of Au (ρvsat ) must be considered to
understand a thermal evaporation [47]. In addition, two major
mass transfer processes coexist and dominate the thermal
evaporation process. One is a mass transfer process at the
surface of a nanoparticle via evaporation, and the other is
a mass transfer process into the surroundings via diffusion.
Considering the two major mass transfer processes, we can
describe the thermal evaporation dynamics as follows.
By defining evaporation flux (j ev ), which is a net mass
transfer rate through unit of surface to surrounding gas phase
per unit of time, the temporal change of a hemispherical Au
nanoparticle can be expressed as


d 2
3
2
π RAu ρ l = −2π RAu
j ev ,
(1)
dt 3
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where ρl is the bulk density of an Au particle as shown in
Fig. 5. Since j ev can be empirically expressed as the product
of evaporation rate constant k and density difference [ρvsat −
ρv (RAu )] on the surface (r = RAu ) of an Au particle [48],


(2)
j ev = k ρvsat − ρv (RAu ) .

Temperature (ºC)

Size reduction rate (nm/h)

Based on Eqs. (1) and (2), a size reduction rate of Au
nanoparticles is described as

2k  sat
d(2RAu )
=
(3)
ρv − ρv (RAu ) ,
−
dt
ρl
ρvsat

though, strictly speaking, a saturated vapor density
depends on a radius, RAu , via a surface tension and on a
total vapor pressure. However, since such dependences are
very weak within our experimental range (see Appendix), ρvsat
can be assumed as simply the function of temperature. The
evaporation rate constant k also can be assumed as a constant
at a given temperature. For the semiquantitative discussion, Au
spatial density distribution in the gas phase can be expressed
in terms of a diffusion mechanism. The diffusion equation of
a spherical coordinate system can be solved by use of static
approximation and a boundary condition of ρ = 0 at r = ∞.
The steady state solution is ρ(r) = RAu ρ(RAu )/r, and flux j diff
is given by a product of diffusion constant D and divergence
of ρ, i.e.,
j diff (r) = DRAu ρ (RAu ) /r 2 .

(4)

Using Eqs. (2)–(4) and the continuity, j = j , at the
surface, r = RAu , we can obtain the following simplified
formula:


D/RAu
d
2k sat
− (2RAu ) =
ρ
dt
ρl v
D/RAu + k


1
2k sat
,
(5)
≈
ρ
ρl v
1 + αRAu P
ev

diff

where α is a constant parameter and P is surrounding pressure.
In this formula, we assume D ∝ P −1 based on ChapmanEnskog theory [49].
Two mass transfer processes such as evaporation kinetics
from a surface and diffusion dynamics into the surroundings
strongly govern a thermal evaporation rate of Au nanoparticles.
Equation (3) describes the contributions of two such mass
transfer processes as a difference between ρvsat and ρv (RAu ).
When ρvsat is much larger than ρv (RAu ), a size reduction rate
− d2RAu /dt can be approximated to kρvsat /ρl . Equation (5)
indicates that such evaporation limited process can occur
when pressure is low. This is a good approximation for actual
experimental conditions with relatively high temperatures and
fast diffusion phenomena with low surrounding pressures. On
the other hand, under the high-pressure range (associated with
small diffusion constant), a size reduction rate − d2RAu /dt
can be approximated to ρvsat D/(ρl RAu ). In this case we
call a diffusion limited process for constant temperature
configurations [48,50]. According to Chapman-Enskog theory
[49], a surrounding pressure influences a diffusion constant of
atoms. Thus the idea of the diffusion controlled evaporation
process is a first qualitative explanation for the surrounding
pressure effect experimentally observed in Fig. 3.
Using Eqs. (3) and (5), let us consider more quantitatively
a size reduction of Au nanoparticles. When Ar pressure is
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FIG. 6. (Color online) Temperature dependence of a size reduction rate of Au nanoparticles. Surrounding Ar pressure is 10 Pa,
and MgO substrate is used. The dashed line shows −d2RAu /dt =
kρvsat /ρl , with a constant k.

relatively low, that is, a diffusion process into the surroundings
is fast enough, a size reduction rate should be approximated to
ρvsat /ρl , as previously discussed. Figure 6 shows the temperature dependence of a size reduction rate of Au nanoparticles.
The thermal treatments were performed for Au nanoparticle
arrays on MgO substrate under constant Ar pressure of 10 Pa.
In the figure, we estimated a saturated vapor density of
Au when varying a temperature, and such estimated data
were plotted. Saturated vapor density ρvsat as a function of
temperature was estimated using the Antoine equation and the
ideal gas law equation as
ρvsat =

M A− B −C ln T
10 T
,
RT

(6)

where R is a gas constant; R = 8.314 J K−1 ·mol−1 ; M is molar
mass of Au; M = 197 g/mol; A, B, and C are componentspecific constants; A = 14.158, B = 19 343, and C = 0.7479
[51]. The linear relationship between a size reduction rate
−d2RAu /dt and a saturated vapor pressure ρvsat can be seen.
Clearly our temperature dependence data are a good fit to the
proposed Eq. (3).
Next we analyze the surrounding pressure effect. According
to Eq. (5), the average size reduction rate is described as


1
k sat
ini
,
(7)
dRAu /dt ≡ RAu /τ = ρv
ini
ρl
1 + αRAu
P /2
where τ is the time scale for an Au nanoparticle with initial
ini
radius RAu
to vanish. Figure 7 shows a size reduction rate
of Au nanoparticles under various surrounding Ar pressures
ranging from 105 to 10 Pa. The thermal treatments were
performed for Au nanoparticle arrays on MgO substrate under
a constant temperature of 900 ◦ C. Increasing the surrounding
pressure decreases the size reduction rate, especially around
103 –104 Pa range. As clearly seen in Fig. 7, Eq. (7) can
well describe experimental data. Namely, the faster size
reduction at lower pressures must be due to the faster diffusion
in the gas phase, while thermal evaporation under higher
pressures is greatly limited by smaller diffusion rate in the gas
phase. The agreement gives a semiquantitative interpretation
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FIG. 7. (Color online) Pressure dependence of a size reduction
rate of Au nanoparticles. Temperature is 900 ◦ C, and MgO substrate
is used. The dashed curve is the model line using Eq. (7).

of how diffusion processes in a gas phase affect the size
reduction of Au nanoparticles. Thus we conclude that Eqs. (5)
and (7) can give a semiquantitative description as to the
surrounding pressure effects on the thermal size reduction of
Au nanoparticles.
Based on the above knowledge as to the significant
surrounding pressure effect on a thermal size reduction, one
can expect that manipulating a surrounding pressure gives
an effective approach to control precisely a size reduction
rate of noble metal nanoparticles. This is because pressure is
in general the easiest controlling parameter with more rapid
stabilization than other parameters including temperature.
Although a heating system for large samples usually needs
quite a long time to stabilize a temperature when changing
the temperature, a pressure can be immediately altered and
stabilized within a few seconds even in the larger heating
system as long as the chamber is well designed for pumping. As
one example for the pressure-control capability, we performed
two-step size reduction experiments at a constant temperature
of 900 ◦ C. At the first step, the lower Ar pressure of 10 Pa was
applied for 6 h to reduce the nanoparticles array for a relatively
short time, and after that the pressure was rapidly increased
to 1 × 104 Pa in order to achieve a slower size reduction
rate with diffusion-limited mode. The observed behavior is
shown in Fig. 8. Variation of shrinking rate depending on the
pressure is clearly observed in Fig. 8(a), and the size reduction
rates were 28.8 nm/h or 10.0 nm/h for each step. Figure 8(b)
shows SEM images of reduced Au nanoparticles during the
two-step size reduction process. Size of Au nanoparticles can
be gradually varied from 290 nm to ∼10 nm. In each stage, Au
nanoparticle arrays have nearly identical size, demonstrating
no inhomogeneous mass exchange among particles, like
Ostwald ripening or other effects [52,53]. This might be due
to relatively large distance between particles in this study, and
the effect of the interaction between neighboring diffusion
fields would be an interesting issue by altering the initial
distance between particles on the substrate. The smallest Au
nanoparticles arrays by two-step shrinking is about 10 nm.
Here it is noted that this is not the intrinsic limitation of
thermal size reduction process, and obviously further size
reduction down to several nanometers should be possible. A

FIG. 8. (Color online) Application of pressure-induced evaporation dynamics to precisely control and tailor the size of Au
nanoparticles. (a) Pressure alternation effect on a size reduction rate
control. A fast (28 nm/h) size reduction rate is utilized for submicron
scale, and when Au nanoparticles size is reduced around 100 nm,
we increase the surrounding pressure to reduce a size reduction rate
via switching into a diffusion limited mode (with moderate shrinking
rate of 10 nm/h) (b) SEM images as to a temporal change of thermal
evaporation of Au nanoparticles during the two-step evaporation
process.

pressure-controllable heating system is very simple apparatus;
thus the combination of standard lithography and thermal
shrinking with pressure control offers one of the simplest but
powerful methods to create sublithographic scale nanoparticle
arrays with desired spatial locations for large scale.
IV. CONCLUSION

We have demonstrated that a size reduction rate of gold
nanoparticles via evaporation is strongly dependent on not only
temperature but also pressure. Lowering pressure enhances the
evaporation rate of gold nanoparticles over 30 times at the
same temperature. The temperature dependence is solely due
to the variation of the saturated vapor pressure of gold under
the low-pressure inert gas condition, whereas the pressure
dependence of the surrounding inert gas on the evaporation of
gold nanoparticles can be interpreted in terms of a pressure
dependence on the gas-phase diffusion of evaporated gold
species. We present a model to explain the evaporation
dynamics, which well describes quantitatively the pressure
dependence on evaporation of gold nanoparticles in terms
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of a variation of vapor pressure value around a liquid-vapor
interface. By utilizing a facile evaporation technique based on
the above principles, we succeeded in controlling precisely a
size reduction of Au nanoparticle down to −10 nm diameter
range from −300 nm initial size.
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μ < P tot /ρl, using the Gibbs-Duhem equation dμ/dP =
1/ρ under the constant temperature. Thus the saturated vapor
pressure of Au, Pvsat , also differs from P0 and the difference
P satisfies
ρ 0 P tot
P tot
P
,
< v
≈
P0
ρl P0
ρl kB T /M

(A1)

with the saturated vapor pressure in a pure Au system ρv0 .
In our experimental condition P tot is not higher than 105 Pa;
the saturated density dependence on the inert gas pressure is
almost negligible.
For a spherical nanoparticle of Au liquid, the saturated
vapor density also depends on the radius via the surface tension
at the vapor-liquid interface as

Suppose that a pure Au system is in vapor-liquid coexistence at its chemical potential μo and pressure P0 . Considering
a pressure equilibrium between total vapor pressure P tot
and that of Au liquid under the existence of an inert gas,
the shift of Au equilibrium chemical potential μ satisfies

M 2γ
.
(A2)
kB T R
In the range where the last term in Eq. (A2) is dominant,
the evaporation rate would sensitively depend on the radius.
The linear profile of the size reduction rate is shown in Fig. 3
as the long time behavior suggests that the surface effect is
relatively weak in our observation range.
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