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We have prepared nano-sized Au/Cu bimetallic particles with various compositions dispersed in 
nylon 11 thin films by means of vacuum evaporation technique followed by heat treatment. The 
particles produced were characterized by TEM, EDX, XPS and UV-vis absorption spectroscopy. 
The composition in the bimetallic particles could be varied over the entire composition range by 
controlling the initial deposition amount of constituent metals. It was found that the bimetallic 
particles were well isolated individually having narrow size distribution and the mean size of the 
particles were increased with increasing Au/Cu atomic ratio in the bimetallic particles. Optical 
absorption due to surface plasmon resonance absorption of the Au particles decreased with de
creasing the Au/Cu ratio, which can be caused by the changes in the dielectric constant of the 
particles due to alloying. 
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1. INTRODUCTION 

Nano-sized metal particles have been of considerable in
terest both from fundamental point of view and for poten
tial applications in novel photonics and electronics devices 
based on their unique properties which are generally very 
different from those of bulk material. Nano-sized bimetal
lic particles have also been the subject of intensive research 
of the surface chemistry and catalytic properties [1, 2], 
because physical and chemical properties of metal particles 
can be improved by adding the other component to the 
monometallic particles. Many studies related to the prepa
ration and properties of bimetallic particles have been per
formed for a system consisting of bimetallic particles sup
ported on solid surface andlor dispersed in organic solu
tion [3-9]. However, the bimetallic particles embedded in 
solid dielectric materials such as polymers or glasses have 
been little investigated. 

We have previously developed and reported a novel 
process to prepare polymer thin films containing nano
sized metal particles at relatively high concentration by a 
thermal relaxation technique [10, 11]. This technique re
lies on the conventional vacuum evaporation technique of 
a polymer and a metal, consecutively, and subsequent heat 
treatment above the glass transition temperature (Tg) of 
the polymer matrix. By the heat treatment, upper metal 
layer deposited on the polymer surface can penetrate into 
the bulk phase of the polymer matrix as nano-sized par
ticles through the structural rearrangement of polymer mol
ecules. We have previously succeeded in preparing nano
sized Au, Ag, Pd and Cup particles dispersed in nylon 11 
thin films by using the thermal relaxation technique [12-
14]. It seems that this technique can also be applied to 
prepare bimetallic particles dispersed in polymer matrix, 
because the vacuum evaporation technique is often applied 

109 

to prepare metallic alloy thin films [15,16]. 
In this paper, we report on the preparation and charac

terization of nano-sized Au/Cu bimetallic particles dis
persed in nylon 11 thin films by using the thermal relax
ation technique. We show that the composition of the bi
metallic particles can be readily varied by controlling the 
deposition amount of constituent metals, since gold and 
copper are completely miscible [17]. The obtained com
posite thin films were characterized by transmission elec
tron microscopy (TEM), energy dispersive X-ray analysis 
(EDX), X-ray photoelectron spectroscopy (XPS), and vis
ible (VIS) absorption spectroscopy. 

2. EXPERIMENTAL 

The composite films were prepared by a conventional 
vacuum vapor deposition technique. A glass vacuum cham
ber was first evacuated down to 1.0 X I 0-5 Torr, and any
lon 11 pellet (Aidrich) were then vapor deposited from a 
resistance-heated molybdenum boat. The deposition of 
nylon 11 was performed at a pressure below 4.0 X J0·4 

Torr, and the thickness of the nylon 11 film was set to 100 
nm as monitored by a quartz-crystal microbalance. The 
Au/Cu bimetallic particles were prepared by a eo-evapo
ration technique. Gold and copper were simultaneously 
vapor deposited on the nylon 11 film from two separate 
alumina-coated tungsten filament under the control of two 
quartz oscillator. The deposition rates of both components 
were controlled independently by the temperature of the 
evaporation source. Thus the molar ratio of the constitu
ent metals could be varied keeping the total amount of 
metal deposition (23.6 X J 0 15 atoms/cm2). These films 
were deposited on Si wafer for XPS measurement, thin 
carbon films supported on nickel mesh grids for TEM ob-
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servation, and a quartz substrate for VIS absorption spec
troscopy. The obtained metal(s)lnylon lllaminated films 
were then heat-treated at 100 oc for 10 min in N2. 

The core level binding energy for Au 4f and Cu 2p 
photoelectrons and kinetic energy of Cu LMM Auger elec
trons were measured by a X-ray photoelectron spectrom
eter, ESCA 750 (Shimadzu), using Mg-Ka X-ray source. 
The size and size distribution of dispersed particles were 
observed by using a JEOL JEM-201 0 transmission elec
tron microscope operating at 200 kV, equipped with EDX 
analyzer (NORAN Instrument, Inc.). Optical absorption 
spectra were measured with a UVDEC 660 spectropho
tometer (Japan Spectroscopic Co. Ltd) over the wavelength 
range 350-850 nm. 

3. RESULTS AND DISCUSSION 

Figure I shows typical TEM image of the film with 
Au/Cu=76/24, heat-treated at 100 oc for 10 min. We can 
see that the nano-sized particles with mean size of ea. 4 
nm in diameter were homogeneously distributed in the 
plane of the film. The selected area electron diffraction 
patterns of the dispersed particles with various Au/Cu ra
tios showed typical patterns for f.c.c. structure, with lat
tice parameters nearly corresponding to that of metallic 
gold. EDX analysis of the films with various Au/Cu ratios 
showed that these particles were bimetallic. Analysis of 
individual particles with an electron beam spot of 10 A in 
diameter revealed that there are no monometallic particles 
and some selected particles with slight different size have 
the same composition. From these results, it seems very 
likely that the present Au/Cu bimetallic particles are char
acterized by a continuous solid solution phase and not by 
an ordered intermetallic compounds [18]. 

Table I summarizes characteristic parameters of dis
persed bimetallic particles with various Au/Cu ratios and 
results of EDX quantitative analysis. The mean size of the 
particles decreased with the decrease of Au/Cu ratio. This 
behavior of particle size can be explained by the initial 
growth mode of metals on the nylon 11 surface, which are 

20nm 
Fig. 1 TEM image of Au/Cu bimetallic particles (Au/ 
Cu=76/24) dispersed in nylon 11 thin films. 

Table I Characteristic parameters of Au/Cu bimetallic par
ticles dispersed in nylon 11 thin films heat-treated at 100 
°C for 10 min 

Sample Au/Cu ratio 
byEDX 

(a) 
(b) 
(c) 
(d) 
(e) 

13/87 
19/81 
53/47 
76/24 
100/0 

Mean size 
/nm 
2.6 
3.4 
3.7 
4.3 
4.6 

Std. deviation 
In m 
0.37 
0.44 
0.62 
0.79 
0.84 

closely related to the interaction between atoms of a de
posit and atoms of a substrate [19]. We have previously 
reported the different types of the initial growth mode of 
Au and Cu on the nylon 11 surface, i.e., island growth for 
Au and layer growth for Cu [14]. In the case of vapor eo
deposition, however, simultaneous alloying on the sub
strate surface at the initial stage of eo-deposition can be 
expected [ 16]. By TEM observation and EDX analysis, it 
was found that the island particles were formed on the 
nylon 11 surface before heat treatment, and these islands 
were found to be already bimetallic. During eo-deposi
tion process, deposited Au and Cu atoms can be mixed 
and alloyed to be bimetallic islands at the nylon 11 sur
face, where the incorporation of Cu atoms may inhibit the 
growth of bimetallic islands due to their higher interac
tion energy with nylon 11 matrix than that of Au atoms 
[14]. These islands formed on the nylon 11 surface can 
penetrate into the bulk phase of the nylon 11 layer by the 
heat treatment above the Tg of the matrix (ea. 40°C), and 
thus the mean size of the dispersed bimetallic particles 
decreased as the amount of Cu deposition increases. 

From these results, it was clearly demonstrated that 
the nylon 11 thin films containing Au/Cu bimetallic par
ticles can be prepared by the thermal relaxation technique 
using the eo-evaporation method, and the composition of 
the bimetallic particles can be readily varied by control
ling the initial deposition amount of metals. 

Figure 2 and 3 shows XPS spectra of the Au/Cu bime-
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Fig. 2 Au 4f X-ray photoelectron spectra of Au/Cu bime
tallic particles with various compositions. (a)-( e) corre
sponds to the sample listed in Table I. 
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Fig. 3 Cu 2p X-ray photoelectron spectra of Au/Cu bime
tallic particles with various compositions. (a)-( d) corre
sponds to the sample listed in Table I. 

tallic particles with various compositions dispersed in the 
nylon 11 thin films. The Au 4f and Cu 2p peak were mea
sured and corrected using C Is contamination peak (284.5 
eV) as a reference. The results of the core-level binding 
energy shift were shown in Fig. 4, in which the measured 
values of binding energy were plotted as a function of the 
Cu content. We can see in the figure that, as the Cu con
tent in the bimetallic particles increases, the binding en
ergy of Au 4f

7
,
2 

photoelectrons shifted from the bulk value 
(84.0 eV) to higher energies. This indicates the alloy for
mation of the Au/Cu bimetallic particles [20, 21 ]. Although 
there was no significant shift for the Cu 2p photoelec
trons, the oxidation state of Cu can be observed from the 
Cu LMM Auger peak, which occurs at 918.8 eV in ki
netic energy for bulk metallic Cu. Corresponding Cu LMM 
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Fig. 4 Core-level binding energy shift of Au 4f7/2 and Cu 
2p3/2 photoelectrons of Au/Cu bimetallic particles dis
persed in nylon 11 thin films as a function of Cu content 
in the particles. ( e ) : Au 4f
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Fig. 5 Cu LMM Auger electron spectra of Au/Cu bime
tallic particles dispersed in nylon 11 thin films. (a)-( d) cor
responds to the sample listed in Table I. 

Auger electron spectra were shown in Fig. 5. Whereas the 
kinetic energy of Cu for the sample with lower Cu content 
was well comparable to that of metallic copper, an indica
tion of the oxidation of copper was observed for the sample 
with higher Cu content. For sample with Cu content of> 
0.5, broad shoulder was observed at around 916.6 eV which 
was close to that observed for Cu

2
0 powder standards 

measured in the same XPS apparatus and that reported in 
the literature [22]. Therefore, a fraction of the copper is 
thought to be in the form of an oxide, and it may be pos
sible that the particles with higher Cu content consist of a 
Au/Cu alloy core surrounded by a Cu?O shell, as is the 
case with Au/Cu bimetallic particles prepared by reverse 
micelles [9]. 

It is well known that small metallic particles show the 
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Fig. 6 Optical absorption spectra of Au/Cu bimetallic par
ticles dispersed in nylon 11 thin films. (a)-( e) corresponds 
to the sample listed in Table I. 
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optical absorption in the ultraviolet-visible region due to 
the excitation of the surface plasmon resonance (SPR) of 
free electrons [23]. The SPR absorption peak of small Au 
and Cu particles can be generally observed in the visible 
region. Figure 6 shows optical absorption spectra of the 
nylon 11 thin films containing Au/Cu bimetallic particles 
with various compositions as well as Au monometallic 
particles, after the heat treatment at 100 oc for 10 min. 
For pure Au particles, the SPR absorption band was ob
served at around 530 nm. The absorption in the short wave
length region of< 500 nm was due to 5d - 6sp interband 
transition of gold [23]. As the Cu content in the particles 
increased, the absorbance of the SPR band and interband 
transition decreased, accompanied by the shift of the SPR 
peak to longer wavelength ((c) and (d)). The spectra for 
the bimetallic particles with Cu content of> 0.5 ((a) and 
(b)) are monotonous and no SPR peak was observed. Since 
the SPR absorption of small metal particles is originated 
from the collective motion of the conduction electrons in
teracted with external electromagnetic field of the inci
dent radiation, which are closely related with the dielec
tric constant of the particles, the shift of the SPR peak can 
be caused by the change in the dielectric constant of the 
particles due to alloying. Further theoretical study is, how
ever, required in order to quantitatively understand the 
changes of the absorption spectra which depend on com
position in the bimetallic particles. Damping of the SPR 
peak for the sample (a) and (b) may be due to the forma
tion of oxide shell in the particles as can be observed in 
the Cu LMM Auger spectra. 

4. CONCLUSION 

The composite thin films consisting of nano-sized Au/Cu 
alloy particles dispersed in nylon 11 films have been pre
pared by thermal relaxation technique combined with eo
evaporation method. TheAu!Cu molar ratio could be var
ied by controlling the initial deposition amount of con
stituent metals, and mean size of the dispersed particles 
decreased with decreasing the Au/Cu ratio. Optical ab
sorption due to surface plasmon resonance absorption of 
the Au particles decreased with decreasing the Au/Cu ra
tio and disappeared for the particles composed of more 
than 50 % copper, which can be due to the change in the 
dielectric constant of the particles and formation of cop
per oxide in the particle surface. 
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