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Abstract Nanocomposite (NC) thin films with noble

metal nanoparticles (NPs) embedded in a dielectric mate-

rial show very attractive plasmonic properties due to

dielectric and quantum confinement effects. For single

component NPs, the plasmon resonance frequency can only

be tuned in a narrow range. Much interest aroused in

bimetallic NPs, however, many wet chemical approaches

often lead to core shell particles, which exhibit multiple

plasmon resonances or do not allow large variation of the

NPs alloy composition and filling factor. Here, we report a

vapor phase co-deposition method to produce polymer–

metal NCs with embedded homogeneous Ag–Au alloy

particles showing a single plasmon resonance. The method

allows production of NPs with controlled alloy composi-

tion (x), metal filling (f), and nanostructure in a protecting

Teflon AF matrix. The nanostructure size and shape were

characterized by transmission electron microscope. Energy

dispersive X-ray spectroscopy was used to determine x and

f. The optical properties and the position of surface plas-

mon resonance were studied by UV–Vis spectroscopy. The

plasmon resonance can be tuned over a large range of the

visible spectrum associated with the change in x, f, and

nanostructure. Changes upon annealing at 200 �C are also

reported.

Introduction

Recently, there is much interest in nanocomposite (NC)

thin films containing metallic nanoparticles (NPs) embed-

ded in a dielectric matrix due to their novel functional

properties offering hosts of new applications [1]. Particu-

larly optical properties arising from the particle surface

plasmon resonance (SPR) have been studied extensively

[2]. SPRs are observed for the so-called free electron

metals and, in particular, for noble metal (Au, Ag, and Cu)

NPs due to the interaction of surface electrons with the

electromagnetic wave and the contribution from the inter-

band transition of the d-shell electrons. Experimental and

theoretical investigations of the extinction coefficient for

small spherical clusters in a non-absorbing medium were

carried out using the Mie theory [3–5]. Based on this

theory, the absorption peak is dependent on the type of

metal, the surrounding medium, size and shape of the

particles, the metal filling factor, as well as the interparticle

distance. Thus, considerable effort has been devoted to

tuning the optical properties of nanocomposites by varying

the size, shape, metal filling factor, and refractive index of

the surrounding host. However, the effects are very small

in the case of monometallic NPs such as Ag, Au, and Cu.
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Especially, Ag NPs exhibit only a weak shift in the position

of the plasmon band as a result of the change in the size of

the clusters due to the fact that the resonance frequency is

located below the interband threshold [6].

Bimetallic (BM) NPs have attracted much interest

because their properties can be very different from the par-

ticles of their constituents [7]. What makes them very

attractive, either as alloys or in core–shell structures, is that

their catalytic, electronic, and optical properties can vary

dramatically not only due to size effects as in pure NPs but

also as a result of the composition of different metals [3].

Concerning optical properties, the motivation to prepare BM

NPs arose due to the ability to tune the SPR for a large range

of wavelength within the two boundaries of the constituents

as a result of the change in their composition. Taking into

account the similarities in the electron density and the

effective mass between Ag and Au, one might not expect a

difference in the plasmon band position of NPs of these

materials within the same surrounding host and particle size.

Nevertheless, the difference in the interband transition of the

d-electrons between Ag and Au leads to pronounced dif-

ferences in the plasmon resonance position. A linear pro-

portionality between the composition of the NPs and the

SPR peak position has been reported previously [4, 8].

Various methods of synthesis exist to obtain BM NPs by

both chemical and physical processes, with the major

contribution coming from the chemical processes. In both

techniques, BM alloy NPs can be formed directly during

deposition of the constituent metals or using a two-step

synthesis of the constituent metals followed by various

treatments to achieve an alloy formation [9]. The two-step

tandem processes are used mainly for the formation of

core–shell structures. Link et al. [10] and Moskovits et al.

[11] prepared Ag–Au alloy NPs by co-reduction of metal

salts consisting of Au and Ag, using a reducing agent in a

solution. The preparation of core–shell structures of Au and

Ag by a two-step reduction of metal salts was carried out

by Hodak et al. [12], and the transformation of this struc-

ture into alloyed NPs using laser-induced melting was

reported by Schierhorn and Liz-Marzan [13]. Physical

deposition techniques were also implemented to produce

BM NPs. Papavassiliou [14] prepared BM NPs by evapo-

rating Ag–Au alloys of the desired composition, which

were initially prepared by melting and mixing both Au and

Ag together in a silica crucible. Later, Ag–Au and Ag–Cu

BM alloy NPs were prepared by Cottancin et al. [15] using

laser-induced evaporation of an alloy target. Moreover,

BM MPs were also produced by using alternative pulsed

laser radiation from different targets by Gonzalo et al. [16].

The transformation of an Ag–Au core–shell structure that

was prepared by using a two-step evaporation method into

a completely alloyed BM structure by annealing the film at

300 �C was demonstrated by Baba et al. [17].

Recently, the wet chemical synthesis of polymer-based

nanocomposites containing Ag–Au NPs was reported

independently by Karthikeyan et al. [18] and Belotelov

et al. [19]. Karthikeyan et al. demonstrated very interesting

nonlinear optical properties. A linear proportionality

between the composition of the NPs and the SPR peak

position for Ag–Au alloy NPs were studied theoretically

and a numerical calculation was reported previously [20].

In this work, we report a novel co-evaporation technique

to produce nanocomposites containing BM Ag–Au NPs in

a protecting Teflon AF fluoropolymer matrix. Unlike many

wet chemical approaches, which lead to core shell particles

with multiple plasmon resonances, the present approach

yields homogeneous alloy NPs and allows much better

control of the NPs filling factor in the polymer matrix and

the NPs alloy composition. In addition, we also present the

plasmonic properties over a wide composition range.

Experimental details and characterization

We prepared BM Ag–Au NPs in the polymer matrix by

using simultaneous vapor phase deposition of the constit-

uent metals and TAF from three independent evaporation

sources. This extends our approach reported earlier to

produce nanocomposites with monoatomic NPs [21, 22].

The deposition was done in a home made chamber with an

initial base pressure of 2.4 9 10-5 Pa. A schematic of the

experimental setup can be seen in Fig. 1. Two quartz

crystal thickness monitors (1 & 2) were used to determine

and control the deposition rate of the metals independently

of each other during the experiment. The deposition rate of

TAF was determined prior to the co-deposition process.

The possibility to control the rate of deposition of the

constituent metals independently and thickness gradient at

the substrate level due to an angle deposition and sym-

metrical arrangement of the evaporators allow to produce

BM polymer composites with well-defined x and f.

The deposition rates of the metals and the polymer were

varied between 0.4–4 and 0.5–1.5 nm/min, respectively. In

addition to the quartz crystal microbalance, the local

deposition rate of each component was determined by

using a thin shadow mask with a width of 1 mm and a

thickness of 0.3 mm on the substrate. The microscopic

image and the thickness profile (see Fig. 2) clearly indicate

the various regions (pure Au(C), pure Ag (E), Au/Teflon

(B), Ag/Teflon (F), and Ag–Au/Teflon (A and G)) near the

two opposite edges of the mask (D) in a shadowed area.

The film thickness measurement was carried out using a

Talystep Profilometer (Dektak 8000). The local deposition

rates of the constituent metals were determined by

assuming that the sticking coefficients of metal on metal

are unity.
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An energy dispersive X-ray spectrometer (EDX)

mounted to a Philips X L30 scanning electron microscope

(SEM) was used to determine the amount of each constit-

uent metal in the composite films. These values served for

the determination of x and f. The composition was esti-

mated on the basis of the intensities of Au (Ma) and Ag

(Ka) lines in the energy dispersive X-ray spectra as shown

in Fig. 3 obtained from the NCs thin films and standard

pure Au and Ag films with a thickness of 60 nm. It is

known that the composition x of the BM NPs can be

determined from the ratio of the intensity of the constituent

elements [23, 24]. The estimation of the sticking coefficient

of metals on polymers and the metal filling factor from the

atomic concentration (EDX) and thickness (Profilometer)

analysis was reported in our previous articles [25, 26].

Conventional transmission electron microscopy (TEM)

was carried out with a Philips CM 30 operating at 300 keV

on films deposited on a carbon-coated copper grids and

revealed the film morphology. High-resolution transmis-

sion electron microscopy (HRTEM) and high-angle annu-

lar dark field (HAADF)—scanning transmission electron

microscopy (STEM) were carried out on Philips Tecnai

F30 G2 with the associated STEM–EDX analysis. More-

over, films deposited on a silicon wafer were used for

X-ray photoelectron spectroscopy (XPS) analysis to con-

firm the BM nature of the composite films. The Ag3d/Au4f

peak ratio in the Ag–Au/TAF NC films is equivalent for the

as-deposited and the annealed sample, which is an indi-

cation for the absence of any change in the original com-

position being caused by heat treatment.

The optical properties of the BM NCs were studied

using a Perkin-Elmer Lambda 900 spectrometer. The

Fig. 1 Schematic of the home made deposition chamber with two

quartz crystal thickness monitors and three evaporation sources

Fig. 2 Surface profiles of the film and optical microscopy image

showing the regions around the two edges of the mask. The left profile
shows the Au region (c) from the area exposed only to Au and masked

from Ag and TAF, the Au/TAF region (b) from the area exposed to

Au and TAF with low angle of incident due to the middle position and

masked only for Ag, and Ag–Au/TAF (a) from the area exposed to all

evaporators. The right profile gives the corresponding information for

Ag and d is the masked region

Fig. 3 EDX spectra of the nanocomposite thin film containing

Ag–Au BM nanoparticles at the region (A and G) shown in Fig. 2

and standard pure Au and Ag films with a thickness of 60 nm each
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optical characterization should give the first indication on

the BM alloy NPs formation. If two separate metallic

phases were present, the optical absorption would be

characterized by double-peaked spectra due to the SPR of

single metal nanoclusters [27–29].

Results and discussion

Growth of bimetallic nanoclusters in a polymer matrix

The synthesis of BM NCs by co-evaporation takes place

between highly cohesive energy metals (Ag and Au) and a

low cohesive energy polymer (TAF). In addition, there is a

very low interaction between the metal atoms and the

polymer matrix. Therefore, various competing processes

such as adsorption and reemission of metal atoms and

molecules, surface diffusion, nucleation, and agglomera-

tion have to be taken into account to understand the NPs

formation in the polymer matrix [30, 31]. The large dif-

ference in thickness (more than an order of magnitude)

between pure metal films around the mask and the com-

posite film (as shown in Fig. 2) is an indication for the low

sticking or condensation coefficient of metal adatoms on

the polymer surface [32].

The condensation coefficient of metals on the polymer

surface is very low for metals of low reactivity, as reported

in our previous results [33], and depends on the rate of

deposition of the metal and the type of material. Conden-

sation coefficients of 0.2 and 0.6% were reported for Ag

and Au, respectively, on a Teflon surface. However, this

value increases to 10–30% in the case of co-evaporation

[34]. In co-evaporation, the polymer is deposited either by

evaporation of the monomers and polycondensation on the

substrate or—as in the present case—by thermal cracking

of suitable polymers such as TAF and repolymerization of

the fragments on the substrate. In this case, the condensa-

tion coefficient of single metal adatoms is strongly

dependent on the rate of growth of the polymer matrix.

Compared to the co-evaporation of a single metal and a

polymer, the present synthesis of BM NPs using co-evap-

oration of two metals along with the polymer is more

complex. The condensation coefficient of one metal not

only depends on its rate of deposition and the type of

polymer but also on the rate of deposition of the constituent

metal. Figure 4a shows that the BM composition x changes

linearly with an increase in the ratio between the rate of

deposition of Au and Ag at a fixed deposition rate of TAF

(0.1 nm/min). In addition, the condensation coefficient of

Ag is observed to increase with the change in Au compo-

sition as shown in Fig. 4b. This is due to the strong inter-

action of two metal atoms.

When energetic metal atoms impinge on a polymer

surface, the arriving atoms undergo various processes such

as a random walk on the surface, diffusion into the poly-

mer, or desorption [35]. Within their diffusion distance,

metal atoms may encounter each other or be captured by a

surface site, which both leads to nucleation, growth, and

formation of stable metal clusters. Therefore, in addition to

the collision energy and the sticking coefficient, the rates of

nucleation and growth are determined mainly by the

probability of the collisions between adatoms, between an

atom and a nucleus, and between two or more nuclei.

Figure 5 shows the conventional TEM images of Ag–

(Au)x/TAF NCs upon the variation of the amount of Au

and the filling factors. The NC films synthesized by

simultaneous evaporation of metals and polymer show a

morphology in which the BM NPs are uniformly dispersed

Fig. 4 The Au composition x as function of the ratio of the rate of

deposition of Au to Ag (a) and the Ag condensation coefficient versus

the Au composition (b)
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and stably fixed in a polymer matrix. Figure 6a shows the

HRTEM micrograph of the Fig. 5a with a fast Fourier

transformed image displaying the d-spacing of (111) Au/

Ag. Additionally, the HAADF–STEM image depicted in

Fig. 6b shows the BM NPs of the same in Fig. 6a or 5a.

Despite the appearance of the BM NPs with nearly uniform

contrast in the HAADF–STEM image of Fig. 6b, the dif-

ference in contrast of some parts of the BM NPs is as a

result of the overlapping BM NPs in the NC film. The

polymer matrix involved in this NC prevents the detailed

mapping of the sample in STEM mode because of the beam

damage to the polymer matrix. The nanoprobe–EDX in

STEM mode on a BM NPs confirms the presence of

66 at.% of Ag and 34 at.% of Au.

We note that while the filling factor f and the alloy com-

position of the NPs can be controlled independently, there is

a correlation between NPs size and f in the vapor phase co-

deposition method, which makes it difficult to control the

two parameters independently. However, the deposition

temperature may be used as an additional parameter [36].

Plasmonic properties of bimetallic-polymer

nanocomposites

Figure 7 shows the plasmonic properties of the Ag–(Au)x/

TAF NCs as a function of Au composition. The sharp SPR

bands are caused by the collective oscillations of the con-

duction electrons due to an interaction of the electromag-

netic wave with the NPs3. If the NPs are sufficiently small

(2R � k), the scattering becomes negligible and the

absorption is equivalent with the extinction (absorp-

tion ? scattering). In noble metals, the Drude electron

excitation is hybridized with interband transitions, and hence

the SPR shifts down to the visible region of the spectrum

unlike to a free Drude metal with the same s-electron density.

It is known that due to the variation in the interband

transition between Ag and Au, the SPR peaks are located at

about 400 nm for Ag and about 520 nm for Au. Thus, the

two plasmon bands would be expected from Ag–Au if

phase separation would occur in the NPs. However, the

UV–Vis extinction spectra for Ag–(Au)x NPs (Fig. 7)

shows a single plasmon band, which is expected for a

homogeneous solid solution of Ag and Au in accord with

the bulk phase diagram. One notes a large red shift of the

plasmon peak maximum position by more than 130 nm

with increasing x. The origin of the shift in the plasmon

peak position with the change in x is due to the continuous

change of the d-band energy level that contributes to the

interband transition term in the dielectric function as a

result of an increase in Au composition. In most of the

cases, the alloy dielectric function is expressed in the form

e x;xð Þ ¼ xeAu xð Þ þ 1� xð ÞeAg xð Þ [37].

Fig. 5 a–c Conventional TEM

micrographs of bimetallic

Ag–(Au)x/TAF nanocomposites

at various Au compositions and

metal filling factors as indicated
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In addition to the shift in the plasmon peak position, a

damping of the absorbance of the BM-polymer composites

with an increase in Au composition is seen in Fig. 7. The

damping minimum is close to x = 0.5 and is attributed to

the increased electron scattering by foreign atoms upon

alloying, which results in the damping of the SPR band of

the pure metal [38, 39]. The disorder has a maximum for

x = 0.5. For the higher filling factors an increase in the

absorption and a large shift of the plasmon band toward the

higher wavelength is observed due to the increase in par-

ticle size and the interaction between the particle plasmon

resonances of neighboring particles [40, 41].

In this work, we propose an additional contribution to the

intensity increase and the broadening near x = 0.5. We

suggest that these phenomena are not only determined by the

well-known factors like size and shape effects, but also

influenced by a competition between the plasmon excitation

and the d–sp interband transition (for Au at 450–500 nm, for

Ag at 300–320 nm) preventing the efficient plasmon oscil-

lation. At low Au concentration, the plasmonic peak from

the BM Ag is located near k = 420 nm and remains at a

position far away from the competition between the plasmon

excitation and d–sp interband transition of gold NPs and

silver. However, upon increasing the amount of Au, a red

shift toward the gold d–sp interband transition occurs and a

reduction of the plasmon peak intensity is observed. A

further increase in the amount of gold leads to a shift in

plasmon band away from the d–sp interband transition

toward higher wavelengths. Accordingly, efficient plasmon

oscillation along with increase in the intensity is observed.

Upon annealing at 200 �C, only a slight shift of the

single SPR band is observed at low filling factor (black and

red curves in Fig. 8). This further confirms that a homo-

geneous solid solution of Ag and Au was obtained already

during deposition. The slight shift in the position of the

SPR band toward longer wavelength is due to the change in

the size of NPs as a result of cluster growth upon annealing

[36]. This effect is much more pronounced at higher filling

factor (green dash and blue dash dot curves in Fig. 8) due

to the shorter cluster separation. Coalescence of growing

clusters with a sufficiently short separation gives rise to a

strong peak broadening.

Conclusion

This article reports a new approach for better control of

size, alloy composition, and metal filling factor of BM NPs

Fig. 6 a HRTEM micrograph with an FFT image and b HAADF–

STEM image with an nanoprobe-EDX of Ag–(Au)x/TAF nanocom-

posite of Fig. 5a

(b)

(a)

Fig. 7 Extinction spectra of TAF nanocomposites (thickness

50–70 nm) containing BM Ag–(Au)x NPs as function of Au

composition; a for x \ 0.45 and b for x [ 0.45. The filling factor is

10% from x = 0.1 to x = 0.4. Above x = 0.4, f gradually increases to

higher values (f = 30% for x = 0.6 and f = 40% for x = 0.86)
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in polymer films based on vapor phase co-deposition. The

key factors are the deposition rate of the metals and of the

polymer precursor. For miscible alloy systems, the method

allows formation of homogeneous alloy particles directly

upon deposition. Using this method, the plasmonic prop-

erties of BM Ag–(Au)x NPs in a Teflon AF matrix were

varied over a wide range. A single SPR peak shifting to

longer wavelength with an increase in Au composition was

observed. Alloying leads to an increased damping with

minimum at about x = 0.5. The annealing behavior further

confirms the formation of homogeneous alloy particles

already upon deposition and reflects particle growth.
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