Optical characterization of silver-gallium: a new material for plasmonic nanostructures
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Silver and gallium form an alloy Ag,Ga via a room temperature spontaneous self-assembly that
exhibits remarkable mechanical and electrical properties [1] suitable for nanoscale measurements
[2]. However, whether photon excitation of plasmons in this emerging nanomaterial is retained or
not has not been established. Here, we present a thin film formation of Ag,Ga via a spreading-
reactive process of liquid Ga on an Ag film and a characterization of its dielectric function €¢(E) =
€1(E) — ie2(E) in the photon energy range 1.42 eV< E <4.2 eV. It is observed that while the
plasmon damping increases, near an energy of 3.4 eV, the real part of e exhibits a crossing with
respect to that of Ag. Furthermore, the impact of new plasmon supporting materials [3] is discussed
and in order to enable further applications in plasmonics, the possibility of photon excitation of

surface plasmons in Ag,Ga is studied.

Plasmonic and opto-mechanical systems are increas-
ingly investigated and invoked in applications ranging
from nanoscale measurement technologies such as imag-
ing and sensing to information technologies such as quan-
tum computers [4]. These interests have in part grown
from a need for acquiring resonance and tunablity in the
response of materials with useful mechanical, optical, and
electronic properties. With the typical time scales in GHz
range for mechanical systems and PHz range for the plas-
monic systems, materials that exhibit superior rigidity,
electric conductivity, and plasmonic property are of par-
ticular interest, for example in tip-enhanced microscopy
and spectroscopy [5, 6]. In cases where plasmon excita-
tion and nano-mechanical interactions (such as Van der
Waals force between the probe and the sample in near
field optical microscopy), may both be relevant [7-11],
materials with useful mechanical as well as optical reso-
nances can provide superior performance.

Since their discovery in 1957 [12], surface plasmons
[13-15] have been extensively studied and used in nu-
merous applications [16] such as bio and chemical sensing
[17, 18], microscopy and spectroscopy [19, 20], microflu-
idics manipulation [21, 22] or opto-electronics [23-28].
Plasmons have also been explored as the carrier of infor-
mation in nanocircuitry for example, or plasmon support-
ing structure as transistor replacement, i.e., plasmonster
[29, 30]. Plasmon excitation in metallic nanostructures
such as thin films and nanoantennas is efficiently achieved
when using metals with a dielectric function possessing
a large negative real part and a small imaginary part.
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Therefore, noble metals such as gold or silver, despite
being ductile and tarnishable, are often invoked as sys-
tems to support plasmon excitation. Processes that yield
mechanical and chemical enhancement while significantly
preserving plasmonic properties of materials are impor-
tant (Table SIT compares [31] metals commonly used in
nanophotonics). Both silver (Ag) and gallium (Ga) ex-
hibit transitions that are suitable for photon excitation
of plasmons [32-34]. Recently, Reifenberger et al have
demonstrated, through atomic force microscopy measure-
ments, that Ag,Ga nanoneedles possess superior mechan-
ical and electrical properties [35, 36] and chemical sta-
bility. To date however, to what extend the plasmonic
properties are retained in Ag,Ga has not been estab-
lished. The electronic properties of noble metals such as
Ag permit intraband and interband transitions and col-
lective excitations that have made it particularly useful
in many applications such as plasmonics, surface plas-
mon resonance (SPR) sensing, surface enhanced Raman
and fluorescence spectroscopies, etc. Albeit less exten-
sively, the band structure and optical properties of Ga
have also been studied and existence of plasmon modes
has been reported in the case of nanospheres [32-34, 37].
Unlike noble metals, very little attention has been given
to alternative supporting platforms for plasmon excita-
tion such as metal alloys [38-41]. West et al nicely re-
ported on plasmon excitations using either noble metals,
metal alloys, semiconductors, or graphene [3]. Naik et al
presented the case of oxides and nitrides [42], while Wu et
al also discussed the use of Ga nanoparticles for plasmon
resonances or surface enhanced Raman spectroscopy [32].
Here, we focus on the particular case of the alloy Ag,Ga
and its optical and plasmonic properties.

A thin film of Ag,Ga was fabricated by depositing a
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FIG. 1: Spectroscopic characterization for the determination
of the dielectric function of Ag,Ga. Reflectance and transmit-
tance measurements (a), and the corresponding numerically
obtained real (b) and imaginary (c) parts of € are displayed for
the geometry shown in the inset of b). Available (bulk) opti-
cal properties of both gallium [32] and silver [52] are provided
for comparison. Calculated e from spectroscopic ellipsometry
measurements are shown in the inset of ¢).

Ga microdroplet on a thin film of Ag sputter-coated on
a SiOy substrate (see Fig. S1 and Supplementary mate-
rial for the reactive spreading process). We begin our
study by first carrying out spectroscopic and ellipsomet-
ric measurements. We then numerically analyze the data
to obtain the values of the complex dielectric function € of
the sample and compute the plasmon dispersion relations
in the case of a substrate-supported thin film [43] corre-
sponding to the symmetric and antisymmetric resonances
of the surface charge oscillations, that is, the solutions of
Eqgs. S10 and S11. To better interpret the measurements,
we employed electron microscopy (SEM), atomic force
microscopy (AFM), X-ray photoemission spectroscopy
(XPS) and profilometry to characterize the same sam-

ple. For example, from a compositional and morpholog-
ical analysis with XPS and AFM, we concluded that the
amount of Ga in the assembled thin film is two times that
of Ag (estimated from the predominant peaks associated
with the 2p3/2 and 3d5/2 orbitals of Ga and Ag, respec-
tively, see in Table SI), with a 25 nm overall topographic
variation (see the Supplementary material for the crystal
formation and film characterization, Figs. S2-S4).

Spectrophotometric measurements, both in transmis-
sion and reflection, illustrated in Fig. S5a) and in
Fig. S5b) respectively, were carried out in a wavelength
range from 300-870 nm (1.42 to 4.2 eV) using a 1x1 mm
focused beam diameter and a 2 nm resolution. A grid-less
photomultiplier tube served as detector to cover the cho-
sen spectral range, and a reflectance optics arrangement
allowed translating the input mirror and polarizer and ro-
tating the detection line to vary the incidence angle and
provide control of the polarization (s and p). The trans-
mission T c,p Wwas obtained at normal incidence under
modulated light to record alternatively the baseline and
the transmitted signal. The reflectance measurements
included a 7° of incidence for an average polarization
(Rrq,exp) and a 30° of incidence for p (Rsopexp) and s
polarization (Rsos,ezp). Employing larger incident angles
was not attempted to avoid elongated exposure regions
that could introduce errors in the reflectance linked to
inhomogeneities in the illumination region. The polar-
ization effect was only studied in the 30° case as 7° for
thin films behaves nearly as normal incidence where the
polarization effect is negligible. Finally, the two optical
paths (that is, the reference and the signal paths) are
balanced to be equivalent, using an optical compensator,
so the sample reflectance (R = Rsampie/ RBascline) can
be directly recorded. Having obtained quantitative mea-
surements, as shown in Fig. 1a), we now aim to extract
e(E) for the alloy.

Widely used physics-based models for the optical en-
ergy dispersion such as Drude, Forouhi-Bloomer (FB),
and Tauc-Lorentz, taking into account the free elec-
tron gas behavior and interband transitions, satisfy the
Kramers-Kronig relations. The Drude model [44], ex-
plaining the transport properties of electrons in ma-
terials, especially metals, where free electrons play a
significant role in the optical properties, was improved
[45] by modifying € to include contributions from va-
lence and free electrons, and phonons only by assum-
ing a frequency-dependent relaxation energy between the
plasma energy and the band gap. The Tauc-Lorentz
model, which was first proposed by Jellison and Modine
[46], has been frequently used for many amorphous ma-
terials but is not adapted to metallic materials. The
FB model [47] is derived from the Kramers-Kronig in-
tegration and was first applied to amorphous semicon-
ductors and dielectric materials [48]. Recently, one of
us [49] reported that for metals such as ITO and Au, the
best description, in the visible/infrared range, is obtained



by combining the FB multiple oscillator model and the
modified Drude model by simply adding the contribu-
tion of each permittivity e(F) = epp(E) + ep(E). With
eleven parameters for the description of our frequency
dispersion model in conjunction with the thickness of
the film, we employed a clustering global optimization
(CGO) method, which minimizes the distance between
the different measured and calculated spectra. Details of
the optimization procedure have been reported by Gao
et al. [50].

Numerical fitting (continuous blue curves in Fig. 1a))
to the spectrophotometric parameters R and T', repre-
sented in Fig. la), and introducing an error function
(EF) (Eq. S1in the Supplementary material) to measure
the differences between the calculated and experimental
R and T, yield the solutions for n and k& by minimizing
the EF. Here, we employed a CGO algorithm and a FB
model [49], which is Kramers-Kronig consistent, to ob-
tain the optical dispersion relations (see Eqs. S2 to S9
in the Supplementary material). The employed optimiza-
tion is nontrivial due to the complex frequency depen-
dent n and k laws. The FB model has been shown to be
particularly useful for amorphous and randomly assem-
bled morphological dissimilar materials (see SEM image
in Fig. S1). CGO has been demonstrated to efficiently
solve the case of thin-film problems [50] to determine the
value of the dielectric function. It can be viewed as a
modified form of the standard Multistart procedure [51],
in which a local search is performed from several start-
ing points distributed over the entire search domain. In
cases, where a large number of starting points is used, the
Multistart technique suffers the drawback of identifying
the same local minimum multiple times, thereby leading
to an inefficient global search. Clustering method im-
proves the efficiency of the Multistart technique through
careful selections of the points from which the local search
is initiated. Using the clustering method, we obtained
the n and k values by removing the aberrant solutions,
i.e., solutions with large E'F' values or with incoherent
(n, k,d) values.

Furthermore, to corroborate the n and k determina-
tion, following the R and T measurements and EF op-
timization, we carried out spectroscopic ellipsometry, as
shown in the inset of Fig. 1c). An ellipsometer (M-2000
J. A. Wollam Co.) was configured in reflectance mode at
an incident angle of 65°. After measuring the reflectance
for both s and p polarizations to obtain the ellipsometry
coefficients, we extracted the n and k behavior using the
Lorentz oscillator model. Despite the shortcomings of the
employed model for the description of metallic medium,
both measurements as shown in the inset of Fig. 1c), are
in relatively good agreement for the n and k laws (tabu-
lated in the supplementary materials, Table SIII) leading
to a film thickness d estimate of 26 nm. Indeed, when
examining the dependencies upon the wavelength A and
d, in Fig. 2, the measured reflectance law of Fig. 1 a),
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FIG. 2: Numerical fitting to the experimentally determined
reflectance as a function of thickness and wavelength for a
Ag,Ga and Ag. A 26 nm thickness was obtained from the
best fit to the data. Color contours are provided for clarity.
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FIG. 3: Predicted reflectance R as functions of film thickness
d and angle of incidence 6 for a film of Ag,Ga (a)-(c) and
silver (d)-(f) at three different wavelengths A. Color contours
are provided for clarity.

varying between 55% at 300 nm up to 75% at 870 nm,
corresponds to a Ag,Ga film of 26 nm. When comparing
the determined obtained permittivity laws with those of
Ag, in Fig. 1b) for ¢; and Fig. 1c) for €3, one can see that
€2 is globally higher for Ag,Ga than for Ag, while a com-
mon point for €; appears around A=550 nm. Both at and
on either side of this spectral position, we examine the
plasmonic response of a thin Ag,Ga film, specifically at
wavelengths A=350 nm, 550 nm, and 750 nm, as shown
in Fig. 3.

In Fig. 3, the reflectance is studied and compared to
that of a corresponding Ag film as functions of the film
thickness d and the incident angle 8 for the three wave-
lengths above. As guided by the scale bars, while for
the shorter wavelength, the contours express a more pro-
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FIG. 4: Expected reflection as a function of wavelength and
incident angle 0 for a 26 nm Ag,Ga film (a) and Ag film (b).
Color contours are provided for clarity.

nounced plasmon resonance in the considered parameter
ranges for Ag,Ga, the trend is somewhat reversed for the
longer wavelengths. Indeed, for larger wavelengths, the
reflectance approaches zero in the case of Ag,Ga films
but the resulting resonance peak becomes increasingly
broad. We also note that, similar to the cases of Au and
Ag, no plasmon resonances occur under excitation with
s polarized light. To further illustrate the plasmon reso-
nance in the measured Ag,Ga film, the specific thickness
d = 26 nm was considered for the absorption properties
as a function of # and A. As Fig. 4 shows, the structure
supports surface plasmon resonances over the full spec-
tral range with peak widths in the range from 2° down
to fractions of a degree. In the case of a thin metal film
deposited on an optically conductive dielectric medium,
the archetype system for many plasmon investigations
including the SPR, collective oscillations can occur sym-
metrically or anti symmetrically on the two surfaces of
the film. These properties can be captured in the plas-
mon dispersion relations for the metal coated dielectric
system, as shown in Fig. 5 (See Eqs. S10 and S11), where
comparison is made between the resonant excitations in
Ag versus Ag,Ga films for various film thicknesses given
by the color scale (from 15 up to 100 nm). The insets
give the resulting reflectance curves for the three identi-
fied wavelengths for 26 nm thick metal films associated
with a quartz prism and surrounded with Air.

In conclusion, the alloy formation Ag,Ga, here con-
trolled to fabricate a 26 nm thin film, was established to
yield useful plasmonic properties. The slope of the mea-
sured €; for this nanomaterial suggests that its plasma
frequency lies below that of Ga at wfa ~ 21 eV [53] and
above that of Ag at w)® ~ 3.8 eV [52]. The first time
experimental determination of the dielectric function of
Ag,Ga opens up new opportunities in opto-mechanics
and plasmonics where specific mechanical as well as opti-
cal properties are required. While the optical properties
retain some similarity with Ag, the plasmon excitation
in Ag,Ga thin films comparatively seems to exhibit an
enhancement in the shorter wavelength part of the spec-
trum and a deterioration in longer wavelength part of
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FIG. 5: Plasmon dispersion relations for Ag,Ga (a) and Ag
(b) films of 26 nm on SiOz. Overall, two branches (due to the
presence of two interfaces, that is, alloy-vacuum and alloy-
SiO2 interfaces are visible. The appearance of the higher en-
ergy band corresponding to the antisymmetric surface charge
density oscillations, while more pronounced in the case of Ag
can vary slightly depending upon the numerical processing.
The insets provide the expected angular dependence of the
plasmon resonances.

the visible spectrum. The latter appears in the form of
a broadening of the resonances due to damping of the
plasmons. The rigidity of Ga is observed to be advan-
tageous at the price of the elevated plasmon damping
when compared to silver. The obtained numerical data
(summarized for convenience in Table SIII) can provide
input for numerical and computational techniques such
as the finite difference time domain (FDTD) and finite
elements (FE), where absorption spectra and field distri-
bution can be calculated for a variety of nanoparticles,
provided their dielectric function can be sampled or rep-
resented analytically in form of Drude, Drude-Lorentz, or
other appropriate models. In addition to useful mechan-
ical and thermal properties, Ag,Ga possesses attractive
optical properties in near UV-visible spectral range sug-
gesting potential use in investigations involving surface
modes and plasmon excitation such as surface- and tip-
enhanced spectroscopies.
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