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Abstract

Sputter deposition of metals in a capture medium with extremely low vapor pressure is
a simple and convenient method to generate the metal nanoparticles (NPs) without
chemical reactions. By careful selection of the capture medium and/or temperature of the
medium for the deposition, the size of the synthesized NPs can be controlled. Sputtering
conditions also play an important role in determining the size of NPs. We synthesized Au
NPs in a standard 1onic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate
([Csmim]BF4) by systematically varying the sputtering conditions, which influence the
formation processes and/or the size and size distributions of Au NPs. The Au NPs were
characterized by small-angle X-ray scattering immediately after the synthesis of NPs in the
capture medium. It is concluded that the temperature of the target and applied voltages have
a strong influence on the size of Au NPs generated in the capture media, while the working
distance between the target and the surface of the capture media, sputtering time, and
discharge current have little or no influence. Lower temperature of the target and higher

applied voltage are desired for generating size-controlled smaller NPs.
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Introduction

Contrary to the usual wet processes in which metal nanoparticles (NPs) are synthesized
by chemical reactions in liquids, other physical vapor deposition processes have attracted
much attention as unique methods to generate metal NPs. In these methods, atoms, clusters,
or fragments of metals are ejected by sputtering,' thermal evaporation,™ or laser ablation™’
and are captured in a medium to form NPs. Except the laser ablation, the capture medium
used for this purpose must have an extremely low vapor pressure to endure vacuum
operation. Moreover, if the medium has the stabilizing ability to prevent NPs from
aggregating, we can generate clean NPs in it with neither chemical reaction nor additional
stabilizing agents. The combination of sputtering to generate atoms or small clusters and
deposition in ionic liquids (ILs) as the capture medium is an elegant method from the
viewpoint of operation simplicity and possibility to generate NPs with relatively uniform
sizes. Vapor pressures of most ILs, if any,®’ are negligibly small. When ILs are used as the

capture media, complicated devices®”

are not necessary and metal NPs are obtained
through a very simple operation. The constituent ions of ILs stabilize the generated NPs;
therefore, no additional stabilizing agents are needed. Since the first report on the sputter
deposition technique using ILs as capture media for NP synthesis,'' many
investigations"'*"® have been performed to develop the preparative techniques and
elucidate the formation mechanisms and factors determining the size and shape of NPs.
Other media apart from ILs have been used as the capture media in sputter deposition
techniques. For environmental friendly and easier treatments after the generation of NPs,
Dupont et al. succeeded in the preparation of Au NPs in castor oil,' and we also
successfully generated Au NPs in liquid polyethylene glycol with lower molecular

weight.” In both capture media, it is considered that oxygen atoms are coordinated to the

surface of Au NPs and —CH,—CH,— chains worked as stabilizers by surrounding the NPs.
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This stabilization mechanism is the same as crown ethers for alkali metal ions. It is well
known that thiol groups chemically bond with the surface atoms of Au NPs and stabilize
NPs. Nishihara ef al. generated Au NPs protected by thiol groups of compounds with low
vapor pressure,”’ and moreover synthesized resin dispersing Au NPs by their
polymerization for use in optical devices.”” In such a way, sputter deposition of metals in
various capture media has been recognized as a simple and useful method to generate clean
metal NPs, which can be widely used in many applications.

Due to their unique properties, metal NPs have attracted much attention as
functionalized materials for use in optical devices, electrical devices, biosensors, and

catalysts.>**

Because their properties and functions are strongly dependent on the size and
shape of NPs, techniques of synthesizing size- and shape-controlled NPs are very important.
Here we limit our subject to metal NPs synthesized by the sputter deposition technique.
Torimoto et al. showed that the sizes of Au NPs are dependent on the types of ionic liquid."
Although some groups have reported the size and size distribution of metal NPs in various

. 1,11-18
media,

the values are not consistent even when the same capture medium is used. This
confusion is because of many complicated inter-related factors.

As pointed out by Torimoto ez al.,'' selection of a capture medium makes it possible to
synthesize size-controlled NPs because the capture media have different stabilization
capabilities.'® Recently, we reported that the size and size distribution of Au NPs are greatly
affected by the temperature of the capture medium.'” This is because the temperature
change causes a drastic change in the viscosity of the medium and consequently affects the
diffusion velocity of the sputtered particles. It is concluded that collision of the sputtered
metal particles determines the size and size distribution of NPs generated by sputter
deposition.'” Although it is reported that post heat-treatments cause aggregation of

13, 15,17

once-generated NPs and result in the formation of larger NPs, the temperature effects,
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which we are discussing , are the effects on nucleation and growth of Au NPs just at the
sputtering operation.

The other important factors to determine the size and size distribution of NPs are the
sputtering conditions such as working distance between the target and the capture medium,
sputtering time, temperature of the target, applied voltage, discharge current, and gas
pressure. In this study, we vary these conditions systematically to determine their effects on
the size and size distribution of Au NPs generated by sputtering.

There are three familiar methods for the structural characterization of Au NPs: UV—Vis
absorption spectroscopy, transmission electron microscopy (TEM), and small-angle X-ray
scattering (SAXS).” For studying the optical characteristics of Au NPs, UV—Vis absorption
measurements are indispensable; however, the UV-Vis spectroscopy is not sensitive
enough to determine the size and size distribution of NPs. TEM observation is almost
always used for the characterization of size, size distribution, and shape of NPs of size
larger than about 1 nm; however, sputter deposition often generates NPs of size smaller

16.17 which TEM cannot detect. Moreover, for smaller NPs, we have found that

than 1 nm,
growth or aggregation occurs in the preparative stages for TEM measurements. On the
other hand, SAXS measurements are good for characterizing NPs in the range 0.4—10 nm,
and this method requires no preparative steps and can be performed immediately after the

generation of NPs. For these reasons, we used SAXS measurements to characterize the

NPs.

2. Experiments and Data Analyses
2.1 Samples
The imidazolium-based ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate

([C4mim]BF4, >98% purity) was purchased from Kanto Chemical Co. Ltd., and was dried
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for 24 h at 333 K under a vacuum of 10~ Pa and kept under an argon atmosphere before its
use in sputter deposition. As water affects the physical and chemical properties of ILs,” the
water content was checked using the Karl Fischer titration and was maintained less than 20
ppm. The IL [Csmim]BF4 was chosen because the size of Au NPs generated in it changed
most sensitively among our tested capture media depending on the experimental
conditions.”” The Au foil target was 99.99% pure.

2.2 Sputter deposition of Au on the capture medium

Figure 1 shows the schematic diagram of the sputtering apparatus. A
temperature-regulated water circulating device was attached to the base of the deposition
chamber and another to the target area in a commercially available sputter coater (SC-704,
SANYU Electron). As reported in the previous paper,'’ the temperature-regulated water
circulating device at the base of the chamber helped maintain the temperature of the capture
medium constant at 20-80 °C within =1 °C. In addition, by the temperature-regulated
water circulating device attached to the target, the temperature of the target is maintained at
20 °C; the temperature range exceeded 100 °C during the sputtering operation when the
circulation of cooled water was turned off.

To study how the working distances between the Au target and the surface of the
capture medium affect the size of Au NPs, the apparatus was also remodeled so as for the
distance to be changed in 25, 50, and 75 mm. With the sputter coater, the applied voltage
and discharge current were varied in the ranges of 700-1000 V and 2040 mA,
respectively.

The IL (2 cm®) was spread on a stainless plate (15.9 cm?) that was horizontally set in
the sputter coater. The typical sputtering time was 50 min. At a working distance of 25 mm,
the Au concentration was estimated to be about 40 mmol/dm’ as Au atoms, from density

measurements. The Au concentration is almost proportional to the sputtering time.
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To elucidate the effects of sputtering conditions on the formation of Au NPs,
experiments were performed, varying (1) working distance between the Au target and the
liquid surface, (2) sputtering time, (3) temperature of the target, and (4) discharge current
and applied voltage.

2.3 SAXS measurements

To characterize the size and size distribution of Au NPs as they were, small-angle X-ray
scattering intensities were measured with a SAXS apparatus (NANO-Viewer, RIGAKU
Corporation) immediately after Au NP generation. In addition of some devises to obtain
precise intensity data of SAXS experiments,”® details of the SAXS apparatus and
experimental procedure are described in our previous papers.'® '’ The theoretical curve
fitting of the measured SAXS intensities were performed assuming that the NPs are
spherical and the size distribution is expressed by I' distribution . Further details are given
in our previous paper.'® From this analysis, we extracted two parameters, the value of the
diameter at the peak (dpeax), Which corresponds to the diameter of the most abundant NPs,

and the full width at half maxima (Wrwnm) of the distribution curves.

3 Results and Discussion
3.1 Effect of working distance on the size of Au NPs

The working distance between the Au target and the surface of the capture medium was
varied at 25, 50, and 75 mm. The experimental conditions were as follows: the temperature
of the capture medium, 20 °C; sputtering time, 50 min; applied voltage, 1000 V; and
discharge current, 20 mA. This experiment was performed without cooling of the target
because the remodeling was not made at that stage.

Figure 2(a) displays the scattering profiles of the Au NPs in [Csmim]BF, that were

generated at working distances of 25 (red points), 50 (green points), and 75 mm (blue
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points); after the corrections for the intensity fluctuations of incident X-rays, background
intensities, and absorption effects.'® As we chose the scattering intensity of pure
[Csmim]BF, as the background, the profiles shown in Figure 2(a) are the scattering
intensities of the Au NPs themselves. The intensities depend on the working distance,
because the amount of Au particles captured by the medium changes along with the
working distance. However, the whole scattering patterns are the same keeping the constant
ratios in intensity. The ratio was 1.0: 0.47: 0.26, corresponding to the distances of 25, 50,
and 75 mm, respectively. The black curves in Figure 2(a) are theoretical fittings, which
were obtained with the assumption that the NPs are spherical and the size distribution is
expressed by I' distribution. The derived particle size distributions against the diameter for
these scattering profiles are shown in Figure 2(b). As shown in the inset of Figure 2(b), the
values of dpeak (closed symbols) and Wrwum (open symbols) for the three distribution
curves almost perfectly agree with each other. This result indicates that the sputtered Au
atoms or small clusters do not aggregate in the Ar gas area between the Au target and the
surface of the capture medium under the present sputtering conditions and the working
distance does not affect the size and size distribution of Au NPs generated in the capture
medium.

Including us,'® some groups thought that the nucleation and growth of NPs from the
ejected Au particles occur on the surface of the capture medium.>* '® The present results
are contrary to the inference. If the surface may be the main stage of nucleation and growth,
the size and size distribution should be influenced by the population of the Au particles
deposited on the surface. However, the above-mentioned experimental results showed that
the NPs with the same size and the same size distribution were generated in spite of
different populations of the deposited Au particles on the surface. Moreover, if the

processes may mainly occur on the surface, the surface tension of the capture medium may
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hold a casting vote to determine the staying time of the deposited Au particles and affect the
forming process of NPs. However, the surface model is also contradictory to our recent

- 17, 20
experimental results.

Namely, larger NPs were generated in a capture medium with
smaller surface tension (i.e. longer staying time), where the medium was fixed and its
surface tension was regulated by the change of the temperature.

When the viscosity of capture medium is very high or deposition speed is rapid, it is
considered that metal particles cannot diffuse into it and result in forming thin film on the
surface.? For the present case where viscosity of [C4smim]BF, is 150 cP at 20 °C* and the
sputtered Au particles have considerably higher kinetic energies compared to those of the
Au particles made by thermal evaporation,”' the nucleation and growth are thought to start
in the beginning of the Au dispersion into the medium, taking the valance with the
stabilization due to coordination by the functional groups of the capture medium.

3.2 Effect of sputtering time on the size of Au NPs

Since the Au concentration in the capture medium is proportional to the sputtering time,
the study on sputtering-time dependence provides the information on the concentration
dependence of the characteristics of Au NPs generated in the capture medium. In our
previous paper on Au NP preparation by sputter deposition technique,'® we reported that the
size and size distribution depended on the sputtering time. However, we did not control the
temperature of the ionic liquids despite the temperature increase of the capture medium
during the sputtering operation. Thereafter, we noted that the temperature of the capture
medium greatly influences the size and size distribution of NPs.!” The sputtering-time
dependence on the generation of Au NPs is affected by not only the concentration of Au but
also the temperature increase of the capture media during the sputtering operation. In the

present investigation, to examine the inherent concentration dependence only, we prepared

various Au-dispersed [Csmim]BF, solutions by varying the sputtering time, which is
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linearly related to Au concentration, and keeping the temperatures of the capture medium
[Csmim]BF, constant at either 20 °C or 50 °C. The temperature of 50 °C is somewhat lower
than the temperature at which the generated Au NPs start to aggregate because of post heat
treatment.'” As shown in Figure 3, it is concluded that, within experimental and simulation
errors, the particle size is independent of Au concentration in the present concentration
range but dependent on the temperature of the capture medium. The apparent concentration
dependence of Au particle size reported previously'® was because of the temperature
increase during sputtering.

Other groups reported that the concentration of Au does not seriously affect the size of
Au NPs,'" " '® although they did not pay special attention to the temperature of the ionic
liquids. We infer that these observations occurred because their sputtering times were
relatively shorter (for example, they were 5 min and 2.5 min for Torimoto ef al. and Dupont
et al., respectively) than that in the present study and the temperature increase was less.

3.3 Effect of target temperature on the size of Au NPs

During Ar™ sputtering, the temperature of the target increases sharply. To check this
temperature effect on the generation of Au NPs, the sputter target temperature was
regulated at 20 °C (Figure 1). The experimental conditions were as follows: working
distance, 25 mm; sputtering time, 50 min; applied voltage, 1000 V; and discharge current,
20 mA. The red solid curve in Figure 4 indicates the size distribution of the Au NPs when
the target was cooled to 20 °C and temperature of the capture medium [Csmim]BF,4 was
50 °C. The distribution curve of Au NPs obtained without cooling is indicated by the blue
broken curve. For comparison, the size distribution of Au NPs obtained in our previous
paper'’ is displayed by the black broken curve. All the distribution curves are normalized
by area to highlight the width of the distribution. Although we cannot measure the

temperature of the target, we infer that the temperature exceeds 100 °C during the
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sputtering operation when the circulating water is turned off. The previous target holder'’
was smaller than the present remodeled one, and hence the temperature of the former is
considered to increase higher than the latter. The difference in the distribution curves in
Figure 4 is certainly caused by the temperature difference of the target. Lower target
temperatures resulted in smaller size distributions of the Au NPs.

The possible reasons for the effect of target temperature on the size and size distribution
of the generated Au NPs are the change in kinetic energy of the sputtered Au particles and
their degree of clustering. In our previous paper, we reported that highly mobile Au
particles in the capture medium accumulate and grow to form larger NPs.!” In the previous
case, the mobility was regulated by the change in diffusion caused by the temperature
change of the capture medium. If we assume that the sputtered Au atoms/clusters grow at
the beginning of Au dispersion into the capture medium'’ and that the growth process is
influenced by the mobility of the Au particles, then it is reasonable to infer that the smaller
NPs are generated from sputtered Au particles with less kinetic energy.

From the fact that Ar” bombardment of Au causes physical ejection of Au atoms and/or
small clusters’’ and our assumption that the population of the clusters against Au atoms
increases as rise of the target temperature, we can infer that smaller NPs are generated in
the capture medium from Au particles sputtered from the lower temperature target.

3.4 Effects of discharge current and applied voltage on the size of Au NPs

To elucidate the effects of discharge current and applied voltage, we synthesized Au
NPs under different current conditions of 20, 30, and 40 mA at fixed voltage of 700 or 1000
V. Other experimental conditions were maintained the same; namely, the working distance
was 25 mm, temperature of the capture medium was 50 °C, temperature of the target was
20 °C, and sputtering time was 50 min. In our sputter coater, the pressure of Ar is

determined by the applied voltage and discharge current and is listed in Table 1. The blue

10
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and red curves in Figure 5 indicate the distribution curves of the generated Au NPs at 700
and 1000 V, respectively. The color tones become deeper as the current increases from 20 to
40 mA. The distribution curves are normalized by area to highlight the width of the
distribution. The inset indicates the values of dpea (closed symbols) and Wrwnm (open
symbols) against the discharge current. The symbols of circle and triangle correspond to
1000 V and 700 V series, respectively.

First, let us discuss the discharge current effects on the size and size distribution of Au
NPs. As indicated in the inset of Figure 5, at 700 or 1000 V, the values of dycak (closed
symbols) are almost the same and independent of the discharge current. Although the
values of Wrwnm (open symbols) increase with the discharge current, the rate of increase is
small. These results indicate that the discharge current mainly increases the amount of
sputtered Au particles and has no influence on the size and negligible influence on size
distribution of Au NPs.

Other groups obtained the opposite conclusion for the effects of discharge current on
the mean size of metal NPs. According to the report by Suzuki ef al., the size of Ag NPs
generated in [C4mim]PF¢ changes from 5.7 to 11 nm with increase in the discharge current
from 10 to 40 mA.'* Wender ef al. also reported that the mean diameter of the Au NPs in
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([Csmim]NTf;) almost
linearly increases from 3.2 to 4.6 nm with increase in the discharge current from 20 to 110
mA at applied voltages in the range 299-410 V and sputtering time 2.5 min."® These
experiments did not consider the temperature increase in the capture medium and the target

. . . . . . 17,2
with increasing discharge currents. As reported in our previous papers,'

the temperature
increase of the capture media decreases the viscosities, which affects the formation of NPs
and generates larger NPs. Although the capture medium [C4smim]NTf, used by Wender et al.

is different from our reported sample [Csmim]BF,,'” our preliminary results show that the

11
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temperature effect in [C4mim]|NTf, is the same and the size of Au NPs generated in it
increases as the temperature of the capture medium increases.”” Moreover, as mentioned
above, larger NPs are generated from the metal particles sputtered from the higher
temperature target, which is a result of the increase in the discharge current. We believe that

the size increase reported by the two groups'* '®

may be attributed to the effects of
temperature increases in both capture medium and target.

As listed in Table 1, the pressure of Ar almost linearly increases with the increase in
discharge current at fixed applied voltages. Despite this pressure change, the sizes of the
generated Au NPs are almost the same. At low pressures, Ar atoms and/or Ar" ions do not
collide with the sputtered Au particles in the space between the target and the capture
medium, and therefore do not affect the deposition process of Au particles.

On the other hand, the influence of applied voltage significantly affects the size of the
generated Au NPs. Smaller Au NPs with a wider size distribution are generated from the Au
particles sputtered at high applied voltages. We cannot explain this applied-voltage effect,
as discussed below. First, we focus on the effects from the viewpoint of the kinetic energies
of ejected Au particles. The kinetic energies of sputtered neutral Au particles are of the
order of 10° eV even at applied voltages of 43 kV.*> Moreover, no strong voltage
dependence of the energy distribution was observed when the applied voltage varied from
80 to 1200 V for Cu particles sputtered by Kr'.>> Although no data on the energy
distribution of sputtered Au particles by Ar' at around 1000 V is found in the literature,
from the above-mentioned experimental results, we may infer that the kinetic energy
distributions of sputtered neutral Au particles do not vary with applied voltages of 700 or
1000 V. Therefore, we cannot obtain decisive explanation on the size dependence from the
kinetic energies.

Second, let us discuss the applied-voltage effect from the viewpoint of clusters which

12
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are generated from the beginning by the Ar' sputtering. Gerhard et al. reported that the
ratios of Au, and Au; clusters to Au atoms in Ar’ sputtering at the applied voltage of 1000
V are 0.12 and 0.0016, respectively, and that the ratios of clusters increase with higher
applied voltage.”* If larger NPs are generated from larger sputtered clusters, Au NPs
generated at the voltage of 1000 V should be larger than those at 700 V. This, however, is
contrary to our experimental observations.

From the kinetic energy and clustering of sputtered Au particles, we cannot explain the
present experimental results regarding the dependence of size of NPs in the capture
medium on applied voltage. However, larger Au NPs are certainly generated by a lower
applied voltage. This is consistent with the recent report by Wender et al.,'® who generated
Au NPs of size 3.6 £ 0.4 nm with applied voltage 335 V, discharge current 40 mA, and
capture medium [C4smim]BF,.

4. Conclusions
Focusing on the sputtering conditions, we elucidated the factors that affect the size and

size distribution of Au NPs generated by the sputter deposition technique. We summarize
the results as follows.
1) No or little influence of the size of Au NPs.

a) Sputtering time (i.e. concentration of injected Au particles in the capture medium).

b) Working distance between the metal target and the capture medium.

c¢) Discharge current.

d) Pressure of Ar.
2) Strong influence to determine the size of Au NPs.

e) Temperature of Au target.

f) Applied voltage.

g) Temperature of the capture medium. (This is the result of our previous studies. The size

13
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of generated NPs is strongly dependent on the temperature.'”* To summarize the factors
determining the size of NP, this item is listed up here.) For the generation of smaller NPs,
lower temperature of the target, higher applied voltage and lower temperature of the capture
medium are desired.

In continuation to our previous report on temperature effects of the capture medium,'’
we have systematically extracted the factors related to sputtering conditions that influence
the formation process and/or the size and size distribution of Au NPs. The nucleation and
growth of the sputtered Au particles are thought to start in the beginning of the Au
dispersion into the medium, taking the valance with the stabilization due to coordination by
the functional groups of the capture medium. The effect of the types of capture medium,
especially the choice of anions and cations in ILs, on the size and size distribution of Au

NPs is the basis of our future work.
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Table 1 Pressure of Ar under different current conditions of 20, 30, and 40 mA at fixed

applied voltage of 700 or 1000 V.

Voltage/V Current/mA | Pressure/Pa
700 20 19
700 30 25
700 40 30
1000 20 13
1000 30 16
1000 40 20
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Figure Captions

Figure 1 The schematic diagram of the sputtering apparatus. The water circulating device
attached to the base of the deposition chamber regulates the temperature of a capture
medium in the range of 20-80 °C. Another attached to the target area maintains the
temperature of the target at 20 °C.

Figure 2(a) The scattering profiles of the Au NPs in [Csmim]BF, that were generated at
working distances of 25 (red points), 50 (green points), and 75 mm (blue points). The black
curves are theoretical fittings, which were obtained with the assumption that the NPs are
spherical and the size distribution is expressed by I" distribution.

Figure 2(b) The particle size distributions against the diameter for the scattering profiles
of Figure 2(a). The working distance dependences of dp.ak (closed circles) and Wewum
(open circles) are shown in the inset.

Figure 3 The sputtering-time dependences of dpeac (closed symbols) and Wrwiam (open
symbols) of Au NPs generated at 20 °C (blue squares) or 50 °C (red circles).

Figure 4 The size distributions of Au NPs synthesized at different target temperatures.
Figure 5 The size distributions of Au NPs synthesized under different current conditions
of 20, 30, and 40 mA at fixed voltage of 700 or 1000 V. The values of dpcak (closed circles)

and WrwnwMm (open circles) against the discharge current are shown in the inset.
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