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Gallium platinum alloys — a new material
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Abstract: We describe a new material system based on alloys of gallium and platinum that is
well-suited for ultraviolet (UV) plasmonics. Although gallium has previously been shown to
be useful for such studies, creating a continuous, pinhole-free thin film has been technically
challenging. For example, when vacuum deposition techniques are used, gallium forms as
isolated spherical nanoparticles on a wide variety of substrates. We demonstrate that when a
platinum wetting layer is deposited first on a substrate followed by a thick gallium layer, a
Ga-Pt alloy thin film is formed near the interface. The excess surface gallium can then be
removed using a focused ion beam (FIB), exposing the alloy film. Ellipsometry
measurements show that the alloy largely retains the dielectric properties of solid gallium
throughout the UV, although the properties of the two diverge somewhat in the visible. We
fabricate periodic subwavelength aperture arrays in the alloy thin film and observe enhanced
optical transmission resonances that are sharper in the UV than in the visible. The patterned
films appear to be stable over time periods exceeding six months based on optical
measurements.
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1. Introduction

The field of plasmonics has grown tremendously in recent years, with demonstrations of
device technologies relevant to a broad range of research topics that include physics,
chemistry, materials science, engineering and bioscience [1—4]. The success of this approach
relies fundamentally on using metals with dielectric properties that allow for strong
enhancement of the electromagnetic field, while also minimizing propagation losses. The
relevance of plasmonics for the UV spectral range arises from the fact that a wide variety of
excitations may be found within this region that can be used to understand the structural,
conformational and kinetic properties of materials. In the case of biomolecules, although they
absorb in the UV, they often exhibit relatively low quantum efficiencies and molar extinction
coefficients [5,6]. Achieving significant enhancement of the electromagnetic field through the
use of plasmonic structures [7] may allow for label-free studies of a wide variety of
molecules. More generally, UV plasmonics can be applied to topics including photocatalysis
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[8], surface-enhanced resonance Raman scattering [9], and photodegradation acceleration
[10].

In the visible and near-infrared spectral regions, the metals most commonly used are Ag
and Au. As one moves to higher frequencies, corresponding to the ultraviolet (UV) spectral
range, these metals are no longer suitable for plasmonics applications because of interband
transitions. Aluminum, on the other hand, has been widely studies for UV plasmonics
application [11], since the onset of interband transitions do not occur until ~1.4 eV [12]. This
dampens the visible response relative to Au and Ag, but does not strongly affect the response
from the blue to the deep UV (< 200 nm). There are, however, issues with surface roughness
of thin films, which can lead to surface plasmon-polariton (SPP) damping [13]. In addition,
Al forms a thin native oxide, which can affect the resonance of plasmonic devices [14].
Recently, Mg has been shown to be an attractive metal for UV plasmonics applications [15—
18]. However, the formation of Mg(OH), destroys the film in humid environments [19].
Therefore, it is important to investigate and develop other materials for this important
frequency range.

Gallium is another attractive plasmonic material that has an added advantage of allowing
for changes in its dielectric properties via thermally-driven phase transitions at close to room
temperature [20-22]. In bulk form, the metal can be easily melted and reshaped to yield the
desired geometry [23]. However, Ga does not easily wet most common substrates, including
Si and a variety of glasses, making vacuum deposition of thin, continuous Ga films extremely
challenging. Moreover, Ga is detrimental to many metals and Al, in particular, as it causes
severe metal embrittlement. Thus, vacuum deposition of Ga usually requires a dedicated
chamber, so as to not contaminate other commonly deposited metals. Even when this is done,
the deposition of Ga or one of its alloys results in a substrate surface covered with isolated
metal nanoparticles [22,24]. While such structures have proven useful for the study of
localized surface plasmon resonances and enhanced Raman scattering in the UV [22,24], they
are not useful for a broad range of applications that rely on propagating SPPs.

In this submission, we demonstrate a simple method to produce thin, continuous films of
gallium-platinum alloys. Importantly, these films retain much of the attractive plasmonic
properties of pure gallium in the UV. The films are produced by first vacuum depositing a Pt
wetting layer on a quartz substrate and then manually spreading a thin Ga layer on top. When
the excess Ga is removed, a thin (typically less than 100 nm thick) alloy film in which the
Ga/Pt composition is graded remains. We used energy dispersive spectroscopy (EDS) to
characterize the alloy composition and ellipsometry to measure the UV refractive index
properties in the range 250 nm — 500 nm. We also fabricated a periodic array of
subwavelength apertures to demonstrate the plasmonic properties of the medium. It is also
interesting to note that the different Ga-Pt alloys all have melting temperatures that are
substantially higher than that of pure Ga. This alleviates a significant issue that would exist
for pure Ga thin films: processing steps that require that the temperature go above 30° C
would cause Ga to melt, making the retention of metal nanostructuring difficult.

2. Theory

We examined the wettability of Ga on Pt substrates through first-principles surface and
interface energies (y) calculations using density functional theory. Using the VASP package
[25], we adopted the projector augmented wave method in conjunction with a local density
approximation for electron exchange and correlation. The kinetic energy cutoff for the plane
wave basis was set to 400 eV. We used orthorhombic symmetry to set the crystal structure of
Ga and cubic symmetry for Pt. To calculate the surface energy, the Ga and Pt surfaces were
modeled using a slab geometry along the (011) direction with a thickness of ~1 nm. To
calculate the interface energy, a Ga 2x1x6 (2x1x8) supercell was put on a Pt 2x2x7 (2x2x9)
supercell to minimize the lattice mismatch. For the Ga-Pt interfaces, several different
interface configurations were selected to determine the lowest energy. We also ensured that
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the k-point mesh was sufficient for the Brillouin zone integration. All of the structures were
fully relaxed until the atomic forces were smaller than 0.01 eV/A.

We obtained surface energies for Ga and Pt of 0.69 and 2.37 J/m’, respectively, which are
in good agreement with previous experimental and theoretical results [25,26]. In addition, we
found that the Ga-Pt interfacial energy was —1.22 J/m’. Based on these results,
thermodynamically, Ga should wet Pt surfaces at low temperature, because the wetting
condition of y(substrate) > y(film) + v (interface) is satisfied. We also examined other metals
as potential wetting layers. Au was the most similar to Pt. However, Ga was found to exhibit
better wetting on Pt than on Au, because Pt exhibits a much higher surface energy than Au.
Furthermore, the Ga-Pt interface energy is lower than the Ga-Au interface energy. The lower
Ga-Pt interface energy also indicates a strong tendency for mixing between Ga and Pt during
growth of Ga on Pt.

3. Experimental details

The basic process for producing thin, continuous Ga alloy thin films is shown schematically
in Fig. 1(a). We first vacuum deposited a 3 nm layer of Cr onto a quartz substrate, followed
by a 10 nm Pt wetting layer using DC sputtering. We then manually spread a thin layer of Ga
onto the Pt film using the edge of a glass slide. The resulting Ga film was not uniform, but
there were regions where the layer had an average thickness of approximately 1pm. In order
to expose the alloy film in those regions, we thinned a 10 um x 10 um square region by
milling away the excess Ga with a focused ion beam (FIB). To accomplish this, we initially
used an ion beam current of 230 pA. This process typically took less than two minutes. Ga
was removed rapidly until the ion beam reached the interface between the bulk Ga and the
Ga-Pt alloy, at which point the removal rate decreased dramatically. Therefore, we could halt
the milling process when the well depth stopped changing by simply monitoring the SEM
image of the milled region. This typically resulted in a film thickness of ~100 nm. We then
reduced the FIB beam current to 40 pA to further smooth the surface at the bottom of the
square well. An image of the resulting structure is shown in Fig. 1(b). It should be noted that
after milling, the geometry of the well sidewalls did not change over time, indicating that the
structure was stabilized.

Before fabricating plasmonic structures in the alloy thin films, we performed ellipsometry
measurements on both the top and bottom surfaces of the alloy film. The measurements were
performed using a Woollam Variable Angle Spectroscopic Ellipsometer (VASE). We
performed topside and backside measurements of the sample. Measurements of the amplitude
v and phase change A were taken in the wavelength range of 260nm-800nm with incident
angles of 70° and 75°. The refractive index n and extinction coefficient k were obtained by
fitting the experimental data. The dielectric constants g, (real part) and g; (imaginary part)
were calculated from n and k.

Finally we fabricated 10 um x 10 pm periodic arrays of subwavelength apertures via FIB
milling within each square well. Three different sets of arrays were fabricated with
periodicities of 300 nm (100 nm diameter apertures), 600 nm (300 nm diameter apertures)
and 650 nm (300 nm diameter apertures). An image of a portion of the 300 nm periodicity
sample is shown in Fig. 1(c). Some regions of the image appear darker than other regions. We
do not know the origin of this difference, but speculate that it is associated with the alloy
composition. We used two separate optical systems with different light sources and detectors
to measure the transmission properties in the spectral ranges extending from 250 nm — 400
nm and from 450 nm — 800 nm. Thus, direct comparison of the transmission magnitudes is
not possible.
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Fig. 1. (a) Schematic diagram of the process used to create continuous thin films of Ga-Pt and
subwavelength aperture arrays. A 3 nm Cr adhesion layer is first deposited onto a quartz slide,
followed by a 10 nm layer of Pt (or Au) as a wetting layer. A Ga film is then manually spread
on top of the wetting metal using the edge of a quartz slide, enabling the formation of a Ga-Pt
thin film. The overall film thickness is approximately 1 pm. The excess Ga is then removed
using FIB milling within a square well, exposing the ~100 nm thick alloy layer. To create
plasmonic structures, the FIB is used once again to pattern the alloy thin film. (b) Scanning
electron micrograph of a 10 pm x 10 pm exposed Ga-Pt film at the bottom of a well created by
milling away the excess Ga. (c) and (b) Scanning electron micrograph of a subwavelength
aperture array fabricated in the exposed Ga-Pt thin film. The apertures are circular with a
diameter of 100 nm and periodicity of 300 nm.

4. Results and discussion

We begin by discussing the composition of the alloy film. In general, the solubility of Pt in
Ga tends to be small. Nevertheless, when Pt comes into contact with Ga in the solid phase, a
number of different intermetallic compounds form at room temperature: GagPt, Ga;Pt;, Ga,Pt,
Ga;Pt,, GaPt, Ga;Pts, GaPt, and GaPt; [27-29]. It is important to note that the Ga film does
not need to be in the liquid state for this alloying process to take place. The low interfacial
energy of the Ga-Pt interface allows the formation of a continuous GagPt intermetallic
compound in equilibrium with Ga that has an orthorhombic crystal structure up to the
peritectic temperature of 291°C [27-29]. In this structure, the 10 nm thick Pt layer in contact
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with thick Ga is expected to form GagPt. Indeed, Ga in contact with Pt has been observed to
readily form GagPt nanocrystals at room temperature [30,31]. We used energy dispersive x-
ray spectroscopy (EDS) to measure the relative concentration of Ga and Pt as a function of
the alloy film depth, shown in Fig. 2, demonstrating the change in the Ga/Pt ratio with film
depth. It should be noted that the observed composition is dependent upon the sample
geometry and beam spread within the transmission electron microscope (TEM).
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Fig. 2. EDS analysis for the relative concentration of Ga and Pt in the alloy film. The substrate
is at the right end of the graph.

We used ellipsometry to measure the dielectric properties of the Ga-Pt thin film. In these
measurements, the reflection coefficient is given by

=2 — tanyexp[iA] 1)
.

K

where 1, and r; are the reflection coefficients for s- and p-polarized light, tan y corresponds to
r, /] and A is the phase difference between the two polarizations. From the Fresnel equation
and Snell-Descartes Law, the refractive index of substrate can be calculated from the
relationship

1/2

2
n=n+ik=sing, 1+(1_—p] tan’g | , 2
1+p

where @ is the incident angle and & = (n + ik)®>. From the measurements of y and A, and
model for the sample structure, we can fit the measured data to extract n and k. In the
measurements, data was collected at incident angles of 70° and 75°. We used a two-layer
model. As a starting point, we assumed a 1 mm thick SiO, substrate, with light illumination
from the substrate side, and a 1 um thick aluminum layer. We did this to model the Ga-Pt thin
layer, since no standard model for our alloy film exists in the Woollam library. Refractive
indices of n and k were then obtained by normal fitting. The optical constants of solid Ga
were measured using reflection from the Ga film, and the model only involved one layer of
Al to model Ga. We found that our measurements of dielectric constants are similar to others’
work, which implies that our model and data fits are reasonable [32].

In Fig. 3, we show the real, €, and imaginary, g;, components of the dielectric constant
measured from the top and bottom surfaces of the film deposited on the quartz slide, along
with published data for pure Ga in both solid and liquid forms. As shown in the figure, the top
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(alloy-air) surface of the film exhibits dielectric properties essentially match those of solid Ga
over the entire measured spectral range from 250 nm — 800 nm. This is not surprising, since
the top layer is pure Ga that will be removed prior to nanopatterning. The dielectric properties
of the bottom (alloy-quartz) surface are also reasonably similar to those of pure Ga, but only
over the 250 nm — 550 nm wavelength range. Although we expect only alloys of Ga and Pt at
the interface, the results demonstrate that Ga-Pt alloys largely retain the advantageous optical
properties of Ga, despite the fact that Pt is known to be a poor plasmonic metal in the UV. In
fact, the difference in dielectric constants of solid Ga and the Ga-Pt alloy is less than 10% in
the spectra range of 260 nm — 450 nm.

60 T T T T T

A Topside (GaPt)
40 e Bottomside (GaPt) “A >
— Liquid Ga

- - Solid Ga

Dielectric constant

300 400 500 600 700 800
Wavelength (nm)

Fig. 3. Dielectric properties of the Ga-Pt thin film measured using ellipsometry from both the
top (alloy-air) surface and bottom (alloy-quartz) surface. Dielectric properties for solid and
liquid Ga are also shown for comparison [32].

In Fig. 4, we show the transmission spectra for the three separate aperture arrays, along
with measurements performed after six months for the array that had 650 nm periodicity. For
a periodic array, we have previously shown that the dip on the high frequency side of the
resonance [33] is the fundamental parameter of the resonance. This wavelength is given by
[34]

Pngyp

Ay = —=2L_, 3)

dip \/m

where P is the aperture periodicity, i and j are integers and ngpp is the SPP effective refractive

index given by
f £,
Agpp =, [—2——. 4
Spp Sm +8d ( )

Here, &, and g4 are complex dielectric constants of the metal and dielectric media. For the
array with P = 300 nm, the first order resonance (i=+ 1l andj=0ori=0andj=+ 1) yields a
dip at 316 nm for the alloy-air interface and the (i=+ 1 and j = £ 1) resonance yields a dip at
330 nm for the alloy-quartz interface. These two resonances cannot be distinguished from the
measured transmission, but agree with the measured dip at 325 nm. We observe similar
agreement for the other two arrays measured in the visible spectral range. As noted above, the
transmission properties of the 300 nm periodicity sample were measured using a different
optical system from the other two samples. Nevertheless, the spectrum in Fig. 4(a) exhibits a
sharper resonance than those in Fig. 4(b). This is not surprising, given that the metal exhibits
dielectric properties that are closer to that of Ga only in the UV. Finally, we assessed the
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environmental stability of the Ga-Pt alloys through measurement of the plasmonic properties
over time. We stored the 650 nm period sample in a container with air and desiccant for 6
months and repeated the transmission measurement. While there is some difference in the
spectral properties, the results are qualitatively similar to the fresh sample. These results
indicate that Ga-Pt film is stable in dry air.

0.5 T T 0.3 T T T T T T
— P =600nm
— p= —— P =650nm
P =300nm —— P =650nm (6 months)
0.4
3 3
8 8
c c
o
g o3
5 &
[ — [
£ £
0.2
01 L 1 0.1 1 1 1 1 1 1
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

(a) (b)

Fig. 4. Optical transmission spectra measured for three separate 10um x 10um area Ga-Pt
aperture array structures with different aperture diameters and periodicities. (a) UV
transmission measured for an aperture array with aperture diameters of 100 nm and a
periodicity of 300nm. (b) Visible transmission measured for the samples with periodicity of
600 nm and 650 nm and aperture diameters of 300nm in both cases. The transmission spectrum
measured for the 650 nm periodicity sample after 6 months is also shown.

5. Conclusion

In conclusion, we developed a method to create Ga alloy based pinhole-free thin films that
largely retain the favorable dielectric properties of pure Ga, especially in the UV spectral
region. We accomplished this by first depositing a thin Pt seed layer and then spreading a
thicker Ga layer on top. The resulting Ga-Pt alloy formed with a thickness of ~100 nm,
starting from the substrate interface; the remaining upper layer of pure Ga and could be
removed by FIB milling and polishing. We demonstrated the utility of this alloy material for
plasmonics, by fabricating a variety of periodic subwavelength aperture arrays and measuring
the optical transmission properties. The spectral resonances were consistent with
expectations. Interestingly, the resonances were sharper in the UV than in the visible, which
was consistent with the fact that the dielectric properties of the alloy diverged from those of
solid Ga in the visible. These films appear to be environmentally stable over reasonably long
periods of time in ambient conditions. Thus, these materials are promising for plasmonics
applications in the UV.
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