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ABSTRACT: The Au−Al alloy system was investigated via a combinatorial thin film sputtering method for its potential as a
plasmonic material. AuxAl1−x combinatorial libraries were cosputtered from Au and Al elemental targets and the composition,
phase, and dielectric function of a ∼350 nm film was determined using energy dispersive spectroscopy (EDS), grazing incidence
X-ray diffraction (GIXRD), and spectroscopic ellipsometry, respectively. The phase evolution and optical properties were
analyzed after annealing various compositions under a vacuum. The phases present matched the expected phases based on the
published Al−Au binary phase diagram at all compositions. Interestingly, the mixed phase Al-AuAl2 region showed the most
optical tunability, where a maximum in the real part of the dielectric function progressively shifted to higher energy for
increasing gold concentration. For almost pure AuAl2, the imaginary component is largely reduced in the visible range and is
comparable to that of pure Al in the UV region. A 20-nm-thick film with composition Au0.74Al0.26 was studied using a (scanning)
transmission electron microscope with an in situ laser heating system. The structures of the as-deposited and laser annealed films
were determined using selected area diffraction and the bulk plasmon of AuAl2 and Al realized with electron energy loss
spectroscopy. Last, the Au-rich solid solution region was investigated as a surface enhanced Raman spectroscopy (SERS)
substrate using the benezenethiol (BT) molecule. Good SERS intensity was maintained up to 30% Al addition where
enhancements of 105 to 107 were still observed.
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■ INTRODUCTION

Rapid synthesis of thin film material libraries is critical for
developing many solid state material solutions. To this end,
our group has employed a combinatorial thin film sputtering
method to synthesize material libraries. The system is
equipped with four individual sputtering sources with adjust-
able tilt, which can be used to adjust the compositional
gradient of the combinatorial library. Our system has been
exploited to explore various thin film materials ranging from
catalytic,1,2 magnetic,3,4 optical,5−12 electrical,13 mechani-
cal,3,14−16 and radiation hard materials.17,18 Other groups
have employed similar approaches to combinatorial thin films.
Prominent groups have explored, for example, catalytic,19−22

bulk metallic glass,23 magnetic,24,25 optical,26−28 electrical,28−31

and mechanical32 materials. Additionally, a few reviews on the

subject have been published.33−36 Mixed metallic alloys are an
important means to tune the plasmon resonance or combine
plasmonic properties with other functionalities,37 which may
be superior to that of the individual elements. Using
combinatorial approaches, Gong et al. for instance, found
that Ag0.5Au0.5, Au0.1Cu0.9, and Cu0.1Ag0.9 have lower optical
losses and exhibited enhanced surface plasmon polariton
lengths in certain optical regions relative to individual
elements.27 Au−Ag alloys have been shown to combine the
stability of Au with the superior properties of Ag.38 Others
have shown that 5% Zn addition enhances the oxidation
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resistance of Cu.39 Because of the vast composition space
needed to be explored, combinatorial approaches can facilitate
research into multicomponent alloys for advanced plasmonic
applications. The dielectric properties of a number of alloy
systems, such as Au−Ag,27,40 Ag−Cu,27,41 and Au−Cu,27 have
been examined using optical spectroscopy and more recently
the Au−Ag system by both ellipsometry and electron energy
loss spectroscopy (EELS).5 The correlation of the dielectric
properties with alloy composition not only reveals interesting
physics but also facilitates the rationale design and synthesis of
alloy plasmonic nanostructures. Among various plasmon active
alloys, the AuxAl1−x system is potentially interesting due to the
fact that elemental Au42 and Al43 have strong plasmon
resonances in the visible and ultraviolet (UV) regions,
respectively. Thus, the capability of tuning the plasmon
resonance from the visible to the UV region via AuxAl1−x
alloys for low loss plasmonic applications is intriguing. Indeed,
the potential importance of AuAl2 as a plasmonic material has
been suggested both theoretically and experimentally.44,45

Furthermore, the effect of Al additions on the optical
properties of Au has been explored previously.46 However, a
systematic study of the complete AuxAl1−x system which
correlates the phases present and optical properties is lacking.
In this study, we leverage a combinatorial thin film

cosputtering approach to rapidly synthesize a AuxAl1−x library.
9

Several critical points on the phase diagram are targeted, and
the phase evolution of the as-deposited and annealed films are
correlated to the resultant dielectric functions. The alloy
composition and phase structures are analyzed using energy
dispersive X-ray spectroscopy (EDS) and grazing incidence X-

ray diffraction (GIXRD), respectively. The dielectric constant
as a function of energy is measured via spectroscopic
ellipsometry. The phase evolution of the Au0.26Al0.74
composition is determined via in situ laser annealing in the
transmission electron microscope and correlated to the low-
loss electron energy loss spectroscopy, correlating the
plasmonic properties to the evolving microstructure. Finally,
the Au-rich region of the phase diagram was tested as a SERS
substrate for rhodamine-6G and benzenethiol molecules.

■ EXPERIMENTAL PROCEDURES
Au−Al Alloy Thin Film Synthesis. AuxAl1−x alloy films

∼350 nm thick were sputter deposited by RF magnetron
sputtering onto 100 mm × 15 mm polished [100] silicon
substrates or onto 5 μm of thermally grown SiO2. The alloys
were deposited by cosputtering pure Au and Al elemental
targets, which were confocally directed toward the substrate as
demonstrated in Figure 1. The substrates were positioned such
that one end was closer to the Au target and the other closer to
the Al target; thus, a composition gradient across the long axis
of the sample was realized. The RF power supplied to each
target is summarized in Table 1 for each gradient of interest.
Several samples of each composition gradient were deposited
as various annealing conditions were explored to correlate the
phase evolution to the observed optical properties. For the
0.15 < x < 0.72 composition gradient, the samples were
subsequently annealed under a vacuum for 30 min at 100 °C,
300 °C, and 500 °C, and for the 0 < x < 0.2 and 0.9 < x < 1
composition gradients, as-deposited and 500 °C annealed
samples were investigated.

Figure 1. Schematic illustrating combinatorial sputtering arrangement to achieve a compositional gradient across a sample. Binary Au−Al phase
diagram47 with red lines corresponding to the initial compositions studied, and the subsequent regions that were studied highlighted in gold
(corresponding to Au-rich solid solution region of the phase diagram) and purple (corresponding to the Al-AuAl2 mixed phase region).

Table 1. Sputter Deposition Parameters

target power (W)
approximate deposition rate

(nm/min)

composition Al Au deposition time (hr:min) Al Au composition gradient (Δx/mm)

pure Au 0 40 1:40 0 3.3
pure Al 200 0 1:40 3.5 0
0.15 < x < 0.72 100 20 1:40 2.0 1.5 0.006
0.9 < x < 1.0 30 40 1:27 1.1 3.3 0.001
0 < x < 0.2 200 10 1:20 3.5 0.25 0.002
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Composition Measurement by EDS. The chemical
composition of the film was measured at several locations
along the sample for each gradient variety using a scanning
electron microscope (Zeiss Evo) equipped with an energy
dispersive X-ray spectroscopy detector (Bruker XFlash 6130).
The spot size was around 1 μm × 1 μm. The accelerating
voltage was set to 10 keV to record the spectra, which allowed
for observation of Al (Kα 1.486 keV)48 and Au (Mα 2.123
keV)48 peaks for quantification. The recorded compositions
were plotted as a function of sample position and used for
determining spot locations in subsequent measurements. The
change in composition per millimeter for each sample is
reported in Table 1. All subsequent measurements have a
sufficiently small spot size such that the composition within the
spot is approximately constant.
Phase Region Analysis. Grazing incidence X-ray

diffraction (Panalytical X’Pert3MRD) was used to measure
the crystallographic structure of the films within a 4 mm × 9
mm region. Note that the composition on the sample was
nonuniform along the 4 mm direction but was uniform in the 9
mm direction. The density of the film was approximated as an
average of that of Au and Al and used to calculate the
approximate penetration depth of the incident X-ray beam as a
function of angle. The incidence angle for measurement was
chosen to be 1.2° with an approximate penetration depth of
400 nm, thus allowing the measurement to probe the film only
and to prevent substrate effects. The diffracted beam intensity
was recorded over 20° to 60°, a range which contained the
main peaks for all Au−Al alloy compositions we would expect.
Peaks were analyzed using Panalytical HighScore Plus
software.
Determination of Dielectric Function of Alloyed

Films. The dielectric function was measured using a J. A.
Woolam M-2000U variable-angle spectroscopic ellipsometer
over wavelengths between 245 and 999 nm with a spot size of
4 mm × 8 mm. The dielectric function of an alloy film was
calculated from the ellipsometrically measured Ψ (Psi) and Δ
(Delta), which is a measurement of the change in polarization
of the incident beam when it interacts with the alloy film.
Because the alloy films are all optically thick and smooth, R(ε)
and Im(ε) were obtained by point-by-point fitting of the
calculated data. No dispersion model was used to fit the result,
considering there is no existing model suited perfectly for the
polycrystalline alloy films in our case due to complex phase
structure, crystalline size, and energy band composition in each
alloy. The measurements were performed at a fixed angle (65°)
after preliminary test measurements were done at different
angles and yielded consistent results.
TEM and EELS Experiment. Au0.26Al0.74 was sputtered to a

thickness of ∼20 nm onto a 20-nm-thick SiO2 TEM membrane
using a monochromated Carl Zeiss LIBRA 200MC (S)TEM
with an operating voltage of 200 kV. TEM images were taken
at 31.5 kX. A 20 μm aperture was used for the as-deposited
SAED and a 5 μm aperture for the annealed area. SAED
images were radially averaged using a rotational averaging
script20 within Gatan Digital Micrograph. The STEM images
were performed with a convergence semiangle of 10 mrad and
a collection semiangle of 15 mrad. The low loss spectra were
collected with a slit of 0.5 μm, and a dispersion of 29 meV per
channel. The measured energy resolution (defined as the full
width at half-maximum of the zero-loss peak) is 180 meV with
the electron beam penetrating the SiO2 substrate only. For the
spectrum image in Figure 9, a ROI was chosen as 6 × 16 pixel

spectra (1 pixel ∼ 10 nm × 10 nm) for c, 18 × 22 pixel spectra
(1 pixel ∼ 10 nm × 10 nm) for the top panel in g, and 7 × 27
pixel spectra (1 pixel ∼ 10 nm × 10 nm) for the middle and
bottom panels in g. The bulk plasmon maps in Figure 9c and g
were obtained by plotting spectra intensity in designated
energy slices. The point EEL spectra in Figure 9h were
normalized to zero-loss peak (ZLP), and the background
spectrum was subtracted.

SERS Sample Preparation and Measurement. Si [100]
wafers were cut into 5 mm × 5 mm size pieces. The unpolished
backside of Si [100] 5 mm × 5 mm wafers were irradiated
using a KrF excimer laser (248 nm, 18 ns) with an energy
density of 2 J/cm2 to create a textured surface. AuxAl1−x (x =
0.76, 0.81, 0.88, 0.96) films were sputtered to a thickness of
200 nm on the surface using the combinatorial sputtering
system described above. A lab-built Raman spectrometer
(HeNe 633 nm, Thorlabs) was used to collect spectra under
ambient conditions. The beam was focused onto the sample
(typical power 65 μW) using an inverted microscope objective
(Nikon 20x, NA = 0.5). Scattered light was collected in the
same objective, passed through a Rayleigh rejection filter
(Semrock), and dispersed in a spectrometer (PI Acton
Research, f = 0.3 m, 1200 grooves per mm). Light is detected
by a back illuminated deep-depletion CCD (PIXIS, Spec-10,
Princeton Instruments). Winspec 32 software (Princeton
Instruments) operates the CCD and spectrometer. SERS
spectra were collected in 5 s acquisitions, for a total time of 60
s at three regions of interest per AuxAl1−x substrate.

■ RESULTS AND DISCUSSION
Investigation of Compositions 0.15 < x < 0.72.

AuxAl1−x alloys of compositions ranging 0.15 < x < 0.72
were initially investigated, and the experimentally measured
dielectric functions were correlated to the phase structures of
as-deposited and annealed alloys at specific compositions. The
compositions that were specifically examined were x = 0.16,
0.26, 0.41, 0.56, and 0.72. The GIXRD of the as-deposited and
500 °C/30 min anneal patterns are shown in Figure 2, and the
phases identified at each sample composition are summarized
in Table 2 with the dominant phase in bold. The real and
imaginary part of the dielectric function as a function of energy
for each as-deposited and annealed composition is shown in
Figure 3.

Figure 2. GIXRD results for AuxAl1−x film samples. As-deposited
samples shown in black while annealed samples are shown in red.
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For the composition where x = 0.72, the equilibrium phase
diagram suggests that a mixture of Al2Au5 and AlAu4 should be
present. While many equilibrium phase diagrams suggest the
composition Al2Au5, it has however since been shown that the
Al2Au5 phase is actually Al3Au8,

49 although both continue to be
used in the literature. GIXRD suggests that the as-deposited
samples contain primarily Al3Au8. However, upon annealing,
AuAl4 becomes the dominant phase with some Al3Au8
reflections remaining. This agrees well with Manji et al.
where they showed that Al2Au5 (really Al3Au8) is the first
compound to form at the interface in bilayer Au−Al films
deposited and aged at room temperature.50,51

At x = 0.56, we expect a mixture of AuAl and AlAu2, and
these are in fact the reflections observed in the as-deposited
sample. Subsequent to annealing, the AlAu2 emerges as the
dominant phase. The AuxAl1−x phase diagram suggests that a
mixture of AuAl and AuAl2 should be present at x = 0.41. The
as-deposited sample has many phases that appear to be present
with mainly low intensity reflections and one large pure Al
reflection as indicated in Table 2. Upon annealing, the pure Al
reflection disappears, and AuAl and AuAl2 are the only phases
present.
At x = 0.26, we expect a mixed composition containing

AuAl2 and Al. The as-deposited sample contains Al, AuAl2, and
AuAl. Upon annealing, the AuAl2 reflection dominates with a
very weak reflection from Al. Al has a much lower X-ray atomic
scattering factor than Au,52 and the change in intensity cannot
be used to quantify relative phase amounts. At x = 0.16,
reflections from Al and AuAl2 exist in both the as-deposited
and annealed sample. After annealing, the reflections from
AuAl2 increase in intensity and sharpen. The Al reflection at
44.8 2θ also emerges upon annealing.

On the basis of the composition and phases summarized in
Table 2, we examined how the dielectric constant (ε) varies as
a function of the composition as well as the impact of the
annealing treatment. In general, the real part (Re(ε)) becomes
less negative and the imaginary part (Im(ε)) decreases for <2.6
eV and increases >2.6 eV as the atomic fraction of Au
increases. However, unlike a uniform binary solid solution
system such as Au−Ag,40 the dielectric response of AuxAl1−x
alloys is affected by its intermetallic compound formation and
the fraction of each composition; thus, the dielectric constant
does not simply continuously change as a function of
composition. The AuxAl1−x system is composed of multiple
intermetallic compounds, and the Drude model is not valid to
describe interband transition effects. Despite the complexity,
the results show interesting trends. Upon annealing, the
crystallization and compound formation leads to a reduced
Re(ε) in the low energy regime as observed in all samples. For
the x = 0.41, 0.56, and 0.72 compositions, annealing also leads
to an increase in Im(ε) indicating a higher loss in these
compounds. Interestingly, for x = 0.16 and x = 0.26, the Im(ε)
in the visible range is largely reduced upon annealing, which
may be suitable for plasmonic applications with low damping.
For x = 0.26 (primarily AuAl2), the measured Im(ε) in the UV
region is comparable to pure Al and lower than pure Au, while
for x = 0.16, Im(ε) is generally higher than that of the x = 0.26
sample, which may be due to the coexistence of multiple
phases. Furthermore, for x = 0.16 and 0.26, where AuAl2 is one
of the dominant phases, a peak around 2.7 eV due to the
interband transition becomes prominent in the annealed
sample, which is consistent with previous studies of
AuAl2.

53,54 The stronger interband transition peak in annealed
samples is associated with an enhanced crystallinity as
observed in GIXRD result, and a likely decrease in the
vacancy concentration upon annealing.54 In as-deposited films,
crystal defects, phase boundaries, and vacancies introduce
additional energy states around the Fermi level and induce a
more complex band structure. Transitions between defect
states can shift interband transitions and modify ε2 compared
to annealed films. Therefore, a decrease of these defect states
may appear as a well-defined stronger interband transition peak
in annealed alloy films. However, more correlated experiments
and alloy band structure calculations will be performed in our
future studies to further understand the underlying mecha-
nisms. As also suggested in earlier studies, the point in which
the Re(ε) crosses zero for x = 0.16 and x = 0.26 samples is at
∼2 eV, which indicates a bulk plasmon located in the visible
region mediated by interband transitions in the AuAl2 phase.

53

Solid Solution of Al in Au (0.90 < x < 1.00). The solid
solution region where x > 0.90 was investigated in more detail
by cosputtering a gold rich sample. Specifically, the
compositions that are investigated include x = 0.90, 0.93,
0.96, and 0.99. The GIXRD patterns for this region are shown
in Figure 4, and the dielectric functions are presented in Figure
5. For each composition, for x ≥ 0.90, the primary phase is the
AuxAl1−x solid solution in the as-deposited sample. In the x =
0.90 and x = 0.93 compositions, the AuAl4 phase precipitates

Table 2. Phases Present in 0.15< x < 0.72 Films Determined by GIXRD with Primary Phases in Bold Print

distance from sample center (mm) and chemical composition

anneal condition −32 Au0.16Al0.84 −15 Au0.26Al0.74 0 Au0.41Al0.59 15 Au0.56Al0.44 32 Au0.72Al0.28

as deposited Al, AuAl2 Al, AuAl2, AuAl AlAu2, AuAl2, Al AlAu2, Al3Au8 Al3Au8
500 o C anneal Al, AuAl2 AuAl2 AuAl, AlAu2 AlAu2, Al3Au8 AlAu4, Al3Au8

Figure 3. Dielectric function for AuxAl1−x film samples. Real (a) and
imaginary (b) components of the dielectric function of the as-
deposited sample in the first column and the real (c) and imaginary
(d) components for the annealed sample in the second column.
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during the anneal as observed in the XRD pattern (see
Supporting Information SI1). As x increases toward pure Au,
the Au reflection positions shift to higher 2θ, approaching that
of pure Au, as noted in the inset of Figure 4.
Additionally, we observe a shift in peak position to larger 2θ

for the annealed samples, which may be attributed to a
reduction in compressive film stress. As expected, these solid
solutions show an onset of the interband transition at almost
the same energy as observed in pure Au. Furthermore, the
imaginary dielectric function increases as the amount of Al
increases, which may be attributed to defects induced by the
substitutional Al atoms. These results agree well with a
previous study of this region of the AuxAl1−x phase diagram.46

Al−AuAl2 Mixed Phase (x < 0.20). In this region of the
phase diagram, a mixture of Al and AuAl2 is expected. The
GIXRD data for this region are presented in Figure 6 and the

dielectric functions in Figure 7. The compositions investigated
were x = 0.01, 0.05, 0.08, 0.13, and 0.20, which correspond to

approximate relative AuAl2 phase amounts of 4%, 14%, 24%,
41%, and 60% AuAl2. Reflections from both AuAl2 and pure Al
are observed in the GIXRD patterns. SEM images reveal a film
texture in the annealed samples as shown in Figure 8a. EDS
inspection in Figure 8b, suggests the texture is phase
contrasted with brighter regions belonging to the AuAl2
phase and darker regions to pure Al. SEM images of the
associated as-deposited films (see Supporting Information SI2)
do not have any contrast, suggestive of nanogranular
morphology and likely supersaturated in each phase. This
apparent phase contrast in the SEM is attributed to the grain
growth/coalescence upon annealing the sample, which is also
observed by the peak sharpening in the GIXRD patterns. At
higher Au concentrations, there is an increase in the area of the
lighter phase, consistent with an increase in the AuAl2 phase.

Figure 4. GIXRD results for the solid solution of Al in Au. As-
deposited samples shown in black and annealed samples are shown in
red. Inset shows change in peak position (2θ) as a function of %Au
with pure Au peak centers shown by dashed black line.

Figure 5. Dielectric function for solid solution of Al in Au. Real (a)
and imaginary (b) components of the dielectric function of the as-
deposited sample in the first column and the real (c) and imaginary
(d) components for the annealed sample in the second column (note
the inset in the real dielectric constant is a magnified view of the
region for 2.4−4.8 eV).

Figure 6. GIXRD data for mixed phase region Al-AuAl2. As-deposited
samples shown in black, while annealed samples are shown in red.

Figure 7. Dielectric function for the mixed phase region of Al-AuAl2.
Real (a) and imaginary (b) components of the dielectric function of
the as-deposited sample in the first column and the real (c) and
imaginary (d) components for the annealed sample in the second
column.
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Due to the coexistence of the Al and AuAl2 phases upon
annealing, the resultant dielectric functions show features from
both phases. For x = 0.01 where almost pure Al exists, ε
behaves very similar to pure Al. With the increase of the AuAl2
phase, the Re(ε) peak shifts to a higher energy, and the
absolute value decreases until the values shift to positive at x =
0.20 as has been discussed above. In the Im(ε) part, one
obvious observation is the red shift of the onset of the
interband transition when the Al phase increases and may be
due to an increased number of defect states in the AuAl2 phase.
Additionally, the onset of a second peak located at around 1.6
eV becomes obvious for the three compositions with more Al
(x < 0.13). This feature is in good agreement with the reported
interband transition in Al.55 The appearance of two interband
transition features in both the real and imaginary parts of the
dielectric constant again reveals the coexistence of both phases.
The Au0.26Al0.74 composition was further investigated by

sputtering a 20 nm film on a SiO2 TEM membrane. The bulk
plasmon peak in the EELS spectra can be used to distinguish
between the AuAl2 phase and the Al phase. AuAl2 has a bulk
plasmon at ∼2 eV53 and Al at ∼15 eV.56 The as-deposited
bright field TEM and high angle annular dark field (HAADF)

images are shown in Figure 9a and b, respectively, and the film
is polycrystalline as revealed by the selected area electron
diffraction (SAED) pattern inset in the TEM image. As
expected, the radially averaged and normalized SAED (Figure
9d) contains reflections from both Al and AuAl2. The HAADF
STEM image of the as-deposited film, which, similarly to the
SEM images of SI2 (Supporting Information), do not reveal
much contrast. A representative EELS spectrum of this area is
shown in Figure 9h, which features broad and low intensity
peaks at 2 and 15 eV, confirming the presence of both phases
with random distribution.
The sample was photothermally heated in situ with a 785 nm

wavelength fiber coupled laser delivery system using 300 200-
μs pulses at 67 mW. The laser delivery system is mounted on a
three-axis nanomanipulator system for easy focusing and
convenient alignment to the electron/sample coincident
point. Various laser powers (up to 200 mW), pulse widths
(∼ 2 ns to continuous wave), and number of pulses as well as
the Gaussian intensity profile (∼ 5 μm radius) can all be used
to study various thermal heat treatments inside the TEM and
are described in detail in Wu et al.57 Figure 9e and f are
complementary bright field TEM (and SAED inset) and

Figure 8. (a) SEM images for each composition studied, all taken at same magnification with scale bars corresponding to 2 μm. (b) SEM image and
EDS mapping of a region where x = 0.01. Indicates phase contrast: bright spots are AuAl2, and dark gray regions are Al (for example, labeled with
arrows in x = 0.01 and 0.20). Red box corresponds to mapped area and orange line corresponds to the line scan.

Figure 9. (a,b) As-deposited TEM image and HAADF STEM image of the as-deposited film with (c) corresponding EELS maps (2 and 15 eV).
(d) Radially averaged and normalized selected area electron diffraction from a and e illustrating the presence of Al and AuAl2 phases. (e−g) In situ
laser annealed TEM and HAADF STEM images, respectively, and (g) corresponding EELS maps illustrating (2 and 15 eV). (h) Representative
electron energy loss spectra of various positions noted in c and g. The ∼2 eV peak is attributed to AuAl2 and the ∼15 eV peak to Al.
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HAADF STEM images of the laser treated area just outside the
laser center. Figure 9g shows low loss EELS maps, and Figure
9h shows EELS spectra at various positions of the as-deposited
and laser annealed film regions. At the edge of the laser spot
zone, an Al rich region is formed, which is characterized by a
sharp, intense low-loss EELS peak at 15 eV (Figure 9h) and
illustrated in the 15 eV EELS map in bright yellow (Figure 9g).
Further away from the laser center is an AuAl2 rich region. The
reflection corresponding to pure Al at 4.3 1/nm is greatly
suppressed, and the AuAl2 reflections dominate. Enhanced
crystallinity is also evidenced by sharper and fewer overall
spots observed in the SAED pattern of Figure 9e. The EELS
spectrum here features a peak at 2 eV and a broad, low
intensity peak at 15 eV, which is consistent with the AuAl2
phase.
Au−Al Alloys for SERS Substrates. Gold and aluminum

structures have distinct localized surface plasmon resonances
(LSPR) in the visible and UV regions,58−60 respectively, which
have been taken advantage of for SERS substrates and analyses
in recent years.61,62 Additionally, there has been interest in
designing gold alloys63−67 and aluminum alloys68,69 as SERS
substrates. However, the efficacy of gold−aluminum alloys,
which support LSPRs that differ from their pure metal
characteristics, have not yet been studied. The SERS spectra
in Figure 10 were recorded using the cosputtered AuxAl1−x
alloys. Specifically, nanostrucutred Si surfaces with features in
the micron size regime were coated with 200 nm AuxAl1−x (x =
0.76, 0.81, 0.88, 0.96) films, creating plasmonically active local
sites. Figure 10 shows SEM images of the coated silicon

substrates in plane view and tilted view, respectively. The
efficacy of these plasmonic substrates for SERS based analyses
was then tested through the use of the common SERS reporter
molecule benezenethiol (BT). The SERS peaks at 999 cm−1,
1022 cm−1, 1068 cm−1, and 1570 cm−1 are in good agreement
with previously reported spectra of BT70 and remain
distinguishable from the noise for all substrates with less
than 30% Al. These data highlight the need for understanding
how the SERS activity is influenced by LSPR shifts upon
alloying and open a path for further analysis of how alloying
affects molecular absorption on the SERS substrate, and how
geometric features and AuxAl1−x film thickness affect SERS
activity. Furthermore, our results can be used to extrapolate the
enhancement factors expected for other commonly employed
SERS substrates. A gold film over nanosphere (FON)
substrate,71,72 for example, has an estimated 106 to 108

enhancement factor, suggesting that a FON substrate prepared
from the alloys studied here could still yield enhancements of
105 to 107 for 30% Al composition based on the change in
signal intensity shown in Figure 10.

■ CONCLUSIONS

The structure and corresponding dielectric function for the
AuxAl1−x system is studied in detail. Features in the dielectric
function are correlated to phases observed in as-deposited and
annealed films. The phase evolution in the annealed films is
also correlated to the measured optical properties. While in
some compositions metastable phases were realized in the as-
deposited film, the annealed films all contained phases
expected from the equilibrium phase diagram. The solid
solution of Al in Au for x > 0.9 reveals an increase in the
imaginary component of the dielectric function at low energy
but otherwise behaved similarly to pure Au. In the mixed phase
region of Al and AuAl2, the dielectric function can effectively
be tuned by altering the relative amounts of Al and AuAl2 in
the sample. In situ laser annealing of a 20 nm Au0.26Al0.74 film in
the TEM revealed grain growth and coarsening of the initially
nanogranular Al-AuAl2 film. The bulk plasmons of Al and
AuAl2 were observed with low-loss EELS as peaks at 15 and 2
eV, respectively. The as-deposited film has broad low-intensity
low-loss EELS peaks relative to the larger grained annealed
films. Finally, Au−Al alloys were explored as SERS substrates.
In general, SERS substrates are affected by the morphology
and dielectric environment,73,74 the latter of which was the
focus of our work. By keeping the morphology the same for
each substrate, we are able to observe the effect of changing
dielectric properties due to alloying on the relative SERS
signal. Good SERS intensity was observed with up to 30%
addition of Al to Au, from which we extrapolate an
enhancement factor of 105 to 107 for FON substrates with
these alloys. This is comparable to the 106 to 108 enhancement
factor of gold FON substrates.
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