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Composition-dependent optical properties of plasmonic Ag_In, alloys
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Abstract . Five samples of Ag-In alloy films with different compositions were deposited on Si substrates by magne-
tron sputtering. The optical properties of these films were studied by spectroscopic ellipsometry. The dielectric
functions of the alloy films significantly increase as the In concentration in the Ag-In alloy films is increased. For
Ag-based alloys, a typical interband transition occurs near 3.9 eV. In the tested alloy films, however, this transi-
tion energy exhibits a blue shift with increasing In concentration. The optical properties of the alloy films were
found to be tunable by varying their In concentrations. The values of the Quality ( Q) factors of the Ag,;In,
film are higher than those of other alloy films. At a certain wavelength range, the alloys’ Q factors even exceed
those of pure Au and Cu. Our results show that Ag-In alloys have significant potential for application in metamate-
rials and plasmonic devices.
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Introduction

Metamaterials and plasmonic devices have attracted
considerable attention of researchers and developers be-
cause of their promising applications in invisibility
cloaks!'?! | super lenses'*™ | and satellite antennas. Au
and Cu, which have an abundance of free electrons, are
frequently used as plasmonic materials and metamateri-
als. However, sizeable metal loss is a major obstacle in
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plasmonic applications'™®'. Although optical grain mate-

rials have been proposed to reduce the loss of metals,
some optical grain materials such as rhodamine 6G

(R6G) and rhodamine 800 ( Rh800)!"*' need compli-

cated manufacturing process which cause additional noi-
ses! 10, Higher densities of free electrons are found in
alloys, which can fully realize the potential of plasmonic
applications'""!.  Considerable efforts have been made to
investigate noble metal alloys, including Ag-Au, Ag-Cu,

Ag-Al, Ag-Zn, and Ag-Pt'”"'  However, little has
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been reported on the optical properties of Ag-In alloy
films 7

This study investigated the optical properties of five
samples of Ag-In alloy films, which were deposited on Si
substrates by magnetron sputtering. The optical proper-
ties of these films were examined by spectroscopic ellip-
sometry (SE). Atomic force microscopy ( AFM) was
used to observe the surface topography and nanostructure
of the films. Energy-dispersive X-ray (EDX) spectrosco-
py was used to detect the elemental compositions of the
Ag-In alloy films. The results confirm that the optical
properties of the Ag-In alloy films are sensitive to In con-
centration, especially at long wavelengths.

1 Experiment

Five samples of Ag-In alloy films, Ag,ss Ing s,
Ago.e1Ing. 33, AgoasIng 2, Agy s Ing i3, and Ageilng o,
were deposited by magnetron sputtering on n-type Si
(100) substrates ( purity: 99.99% ) at room tempera-
ture. The deposition rate was 0.1 nm/s and the deposi-
tion time was 1000 s. Before deposition, the Si sub-
strates were cleaned using ethanol, then acetone, and fi-
nally deionized water. SE was used to investigate the op-
tical properties of these thin films' ") The ellipsometric
parameters were measured in the wavelength range of 275
~800 nm at three different incident angles of 65°, 70°,
and 75°. After selecting an appropriate model to repre-
sent the thin-film system, we used the Film Wizard ( Sci-
entific Computing International, USA) software program
to fit the optical constants of the samples. The surface to-
pographies and nanostructures of the alloy films were ob-
served by AFM (VT1000, Veeco, USA) in the non-con-
tact mode. The compositions of the Ag-In alloy films
were determined by EDX ( XL30FEG, Philips, The
Netherland ) .

2 Results and discussion

Each element exhibits a unique X-ray spectrum; u-
sing these characteristic spectra. The types and ratios of
atoms in the samples were determined. The EDX results,
shown in Table 1, present the compositions of all samples
tested in this study.

Table 1 EDX results of Ag-In alloy films
®1 RESESHEREN X HREEUVEER

Atom Ratio(x: 1-x)

Sample(Ag,In, )

(a) 100: 0
(b) 55: 45
(c) 67: 33
(d) 78: 22
(e) 87: 13
() 93: 7

Figure 1 shows the AFM images of the five Ag-In al-
loy films as well as that of a pure Ag film, revealing
changes in the size of particles at the surfaces of the sam-
ples. The grain size is gradually diminished, and the
surface roughness r, decreases from 18.8 to 0. 573 nm
with decreasing In concentration.

2.0 ymff 0.0
-7.5nm

Fig.1 AFM images of Ag-In alloy films with different con-
centrations: (a) Ag; (b) Ag,ssIng s; (¢) AgyeIng s (d)
AgysIng 55 (€) AgyylIng s () Agyoslngy

B A ) 453 4R A0 4 RS 00 e 7 7 BB TR s ()
Ag; (b) AgyssIng s (¢) AgoeIng s (d) Agysslng s ()
Agy g7Ing 155 (£) AgyosIng o

The optical properties of the Ag-In alloy films were
investigated with a rotating polarizer-analyzer ellipsometer
(RPAE) ") According to the AFM images, a rough
surface was formed on each sample, and a four-layer
model ( air/roughness/Ag-In alloy/Si substrate ) of a
sample and its environment was used to fit the ellipsomet-
ric parameters. An effective-medium-approximation
(EMA) model' " was applied to represent the dielec-
tric functions of the roughness layer, which are described
by the following equation :

& 1 _ . Eheh 1 eE
groughness + 2 ‘C"Agfln + 2
where fis the volume fraction of the Ag-In alloy, &
and g,,,, are the dielectric constants of the rough surface

roughness

roughness

and the Ag-In alloy, respectively, and the dielectric con-
stant of a void is assumed to be 1.
The Drude-Lorentz ( DL) model®"! was utilized to



1 YANG Shang-Dong et al : Composition-dependent optical properties of plasmonic Ag In,  alloys

describe the dielectric responses of different component
materials according to
2
1) C,
SDLZEW_ZP. +22 : , (2)
o +iwy T o, -ow(w+iy,)
where w, is the unscreened plasma frequency, vy is the

plasmon damping constant of the Drude part, C,,w, and

v, are the strength parameter, resonant frequency, and
damping factor, respectively, of different oscillators. In
Eq. 2, the first term is nondispersive and arises from
other higher interband transitions, while the second term
is related to the intraband transition, and the third term
represents the contributions of interband transitions' .

Figure 2 shows the data fitting results of the ellipso-
metric parameters—the amplitude ratio ¥ and phase shift
A between the reflected p- and s-polarized light—where
the points and lines represent the measured parameters
and calculated curves, respectively. All of the fitting pa-
rameters are listed in Table 2. It can be clearly seen that
the calculated curves agree well with the measured pa-
rameters, indicating that the four-layer model used in the
above fitting process is reasonable and acceptable.

Table 2 Fitting parameters of Ag-In alloy films

x2 HREESHBENHENESH

Parameters  Ag  Agy.ssIng 45 Ago.671n0.33 Ago. 78100, 22 Ago. 8710, 13 Ao, 03100, 07
d(nm) 108.87  103.59 105.81 102.71 102.90 100.77

£ 5.49 2.82 2.53 3.62 4.48 4.86
E (eV) 8.85 7.97 8.19 8.25 8.44 8.71
r,(eV) 34.56 20.91 35.87 43.30 36.56 28.02
C,(eV?)  2.91 4.83 1.70 2.712 4.30 3.40
Ei(eV) 1.64 0.02 4.27 3.11 0.01 0.09
Ii(eV) 2.43 1.37 1.72 2.98 0.28 0.01
Cy(eV?)  3.27 3.65 2.96 1.56 2.37 2.76
E,(eV) 0.01 3.26 3.31 3.85 1.75 1.32
I'y(eV) 0.01 3.88 3.50 1.75 2.15 2.06
Cy(eV?)  1.40 0.65 5.64 1.51 2.53 2.56
Ey(eV)  3.43 4.57 0.01 4.55 3.64 3.58
Ty(eV)  2.46 0.40 1.08 0.85 2.56 3.01
C,(eV?)  0.94 1.61 0.87 4.70 1.34 1.47
Ey(eV) 416 4.37 4.59 0.03 4.51 4.42
I'y(eV) 0.33 1.68 0.60 0.60 0.78 0.89

The dielectric functions of the Ag-In alloy films are
shown in figure 3. For the Ag-based alloys, a typical in-
terband transition occurs near 3.9 eV and the intraband
transition dominates at energies below 3.9 eV. The real
(&,) and imaginary (&,) parts of the dielectric functions
both increased with increasing In content in the wave-
length range of 320 ~800 nm. The value of g, of all sam-
ples except pure Ag is negative in the wavelength range
of 275 ~320 nm. The frequency at £, = 0 is the critical
frequency at which the properties of the metal transform
from the high-reflectivity mode to the weak-absorption
mode. For the Ag-In alloy films, this critical frequency
was not observed in the measured wave band. It can be
interpreted by that the addition of In changes the alloy’s
electronic band structure, causing the blue shift of the
interband transition, thus resulting in a higher critical
frequency and shorter wavelength at £, = 0. As is well
known, the imaginary parts of dielectric functions are re-
lated to the process of absorption in the films. Owing to

the blue shift of interband transitions, the values of &, of

the alloy films exhibit absorption peaks at shorter wave-
lengths than that of pure Ag. As In concentration is in-
creased, &, increases, indicating large damping and
great energy loss.
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Fig. 2 Experimental data and fitted simulations of the (a)
Vand (b) A of Ag-In alloy films
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In the low-energy region of approximately 1.5 ~2.5
eV, the Drude formation'**' fits well with the dielectric
function of metals, yielding the equation

2
azsw—w—;’ﬁ% , (3)
® 'T
where 7 is the relaxation time of electrons. An empirical
formula'®’ can be applied, and 7 is expressed by
L_L g L 4)
T To

For noble metals, B originates from electron-electron
scattering, electron-phonon scattering, and electron-im-
purity scattering[zﬂ .
and B (Fig. 4) increase with increasing In concentra-
tions in the alloy films, leading to higher scattering fre-
quencies, which result in large damping and great energy
loss. The results agree well with those of &,.

Quality (Q) factors are used to evaluate the per-
formance of various plasmonic materials'""’ | including lo-

The values of the parameters 1/7,
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Fig.3 Dielectric function spectra of Ag-In alloy films
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cal surface plasmons (Q,, = —&,/¢,) and surface plas-
mon polaritons (Q,,, = —&,/&,). Figure 5 displays the
Q factors of the alloy films with different compositions,
showing that the magnitudes of the ( factors decline with
increasing In concentration in the alloy films. The Ag o,
In, ; alloy film exhibits Q factors that exceed those of
pure Au and Cu in certain frequency ranges'”'. The ad-
dition of In in Ag-In alloys was shown to be capable of
modulating the alloys’ electronic band structure, impro-
ving the optical properties and performance of plasmonic

materials. This modulating effect suggests that Ag-In al-
loys are promising plasmonic materials for potential appli-
cation in multiple fields.
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Fig.5 Q factors of alloy films with different compositions, as
well as those of pure Cu and Au
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Figure 6 reveals the energy-loss function ( ELF) of
Ag-In alloy films. The ELF is given by the imaginary
component of the inverse of the dielectric constant,

Sl (57) = (5)
&g+ &

This quantity measures the probability that a normal
incident charged particle will excite a long-wavelength
plasmon, and hence induce an energy loss equal to the
energy of the plasmon'”'. In Fig. 6, the ELFs of all
films display typical peaks at around 300 nm; the peak
intensities decrease with increasing In concentrations,
but the peaks broaden and shift toward shorter wave-
lengths (blue-shifting). The peak height of the ELF is
measured by 1/g,. &, is increased by the three processes
of increasing 7 of free carriers, broadening the strong L,-
L,"(Ey) transition, where E; represents the Fermi ener-
gy, and shifting the L, (E.) -L, transition to lower en-
ergies[zg] .

The results of the joint density-of-state ( JDOS )
function for the alloy films are shown in Fig. 7. The
JDOS values of the alloy films clearly increased with in-
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creasing In concentrations in the

long-wavelength
2630]

range' , illustrating the stronger interband transitions
in the alloy films with larger In components, which also
accounted for the increase in &,.
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Fig.6 Energy loss spectra of Ag-In alloy films
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Fig.7 Joint density-of-state values for deposited Ag-In alloy
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3 Conclusion

This study investigated the optical properties of Ag-
In alloys with different compositions deposited by magne-
tron sputtering, on Si substrates. A typical interband
transition peak of the alloy films located above 4.0 eV is
observed to blue-shift from its original value in pure Ag,
according to the change in g,. The dielectric function
spectra of these films show that the optical properties are
sensitive to In concentrations in the Ag-In alloys. The
added In causes variations in the electronic band struc-
ture, which ultimately lead to changes in the alloys’ op-
tical properties. The quality factors Q,,, and @, both de-
crease with increasing In content, and the Ag 4, In, , al-
loy film has Q factors exceeding those of pure Au and Cu
in a certain wavelength range. By adjusting In concentra-
tion to minimize the energy loss of the alloy components,
the resulting Ag-In alloys have the potential for applica-

tion in metamaterials and plasmonic devices.
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structure in the THz regime is designed and simulated.

g o gr g o >

Results indicate that a broad stop-band filter is realized
through using a multilayer structure consisting of alterna-
ting metal layers and dielectric layers. The plasmonic hy-
bridization of inward coupling mode and adjacent unit
cells coupling resonance mode leads to the stop-band
broader. The stop-bandwidth can reach to 2. 2THz with
increasing the metal layer number. The stop-band filter
is sensitive to the dielectric layer but insensitive to the
metal layer. Moreover, the central frequency of stop-
band is blue-shifted with n increasing or the dielectric
constant of dielectric layer decreasing. A broad stop-
band filter can be developed by selecting the appropriate
structural parameters, and stacking CRR structure metal
layers and dielectric layers.
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