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ABSTRACT: The fixed optical properties of noble metals currently limit their use \
in photonic devices that operate at optical frequencies. To achieve metals with

tunable optical response, we present noble metal alloyed thin-films formed by the |
binary mixture of Ag, Au, and Cu. As the dielectric functions (¢) of the alloys
cannot be modeled as the linear combination of the pure metals, we combined
transmission and reflection measurements of the alloyed thin films with a B-spline
model that takes into account the Kromers—Kronig relation and experimentally
determined the dielectric functions. We found that in some cases a mixture can
provide a material with higher surface plasmon polariton quality factor than the
corresponding pure metals. We independently measured the surface plasmon
polariton coupling angle for all alloys using the Kretschmann configuration and
found excellent agreement between the two methods when determining &. Our
approach paves the way to implement metallic thin films and nanostructures with
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on-demand optical responses, overcoming the current limitation of the dielectric

function of noble metals.

KEYWORDS: plasmonics, dielectric function, gold, silver, copper, alloys

f one had the option to arbitrarily modulate the dielectric

function (& = £, + ie,) of metallic structures, this would enable
unprecedented control of the plasmon resonances in nanostruc-
tures and the surface plasmon propagation in thin films." This, in
turn, would allow for the development of a new class of metallic
materials with tunable optical response for the fabrication of
optoelectronic devices with unique characteristics, such as
metasurfaces” " for tunable absorbers and optical filters, high-
performance detectors,”® and thin-film solar cells with enhanced
performance,”~” among others. Therefore, ways to control the
dielectric function of a material are potentially very useful. In
situations where one wants to minimize the material light
absorption, such as in low-loss metamaterials with rationally
designed composition and geometry or photonic devices where
surface plasmons propagate on the surface of the metal, a small
imaginary part of the dielectric function (g,) is required.
Conversely, when one desires to use a metal as a light absorbing
layer, for example, in hot carrier devices and perfect absorbers,'a
large value of ¢, is essential.

Different classes of materials have been explored for
plasmonics applications, including ceramics, intermetallics,
semiconductors, and metals, depending on the desired wave-
length range of operation.u_B One promising option to achieve
low-loss plasmonic materials in the near-infrared (NIR)
wavelength range is to realize transparent conducting oxides
(TCO), such as doped zinc oxide (ZnO) and indium thin oxide
(ITO)."" Nitrides, such as TiN, are also a promising option for
NIR applications.'* These materials are radiation tolerant and
can be epitaxially grown onto substrates with cubic symmetry,'”
which have the advantage of achieving ultrasmooth surfaces and

-4 ACS Publications  ©2016 American Chemical Society
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thin-films without boundaries. Noble metals such as Ag and Au
have been extensively explored due to their localized surface
plasmon resonances (LSPR)' and surface plasmon polariton
(SPP) waveguiding properties throughout the visible range.""
However, despite all the research using noble metals, there are
still considerable limitations related to their predetermined
optical response.

One pathway to modulate the dielectric function of a metallic
material is by alloying two metals.'®"** Combinations of Ag, Au,
and Cu represent an ideal model system to investigate how
alloying can affect the optical properties of the mixed material
due to their similar structural properties (cubic crystalline
structure and lattice constants differ by less than 11%) and
energy bands (comparable energy gaps for transitions between
the s- and d-bands at similar symmetry points).”* Nevertheless, &
of the alloyed metals cannot be approximated by the simple linear
combination of the respective contribution from the individual
metals because that would provide a physically nonrealistic
optical response for the new material, including negative
absorption.'®** Recently, it has been shown that the dielectric
function of Ag—Au alloys can be predicted by using a
multiparametric approach based on the Drude—Lorentz™
model, taking into account the band structure of each pure
metal separately.”® Although € for pure Ag, Au, and Cu has been
extensively measured and calculated,”” " there is very little work
investigating the interpolated behavior of € as a function of a
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range of compositions for the respective binary noble metal
alloys.

In this Letter, we present the tuning of the optical properties of
thin-film noble metal mixtures by modification of their chemical
composition, as a result of alloying. Thin films with a linear
composition gradient formed by the binary mixture of Ag, Au,
and Cu yielded alloys, an ideal model system to probe how the
respective dielectric functions can be modulated by varying the
content of each metal. Through the transmission and reflection
measurements of the alloyed thin films and a B-spline model that
takes into account the Kromers—Kronig relation, we exper-
imentally determined the dielectric function of the noble metal
alloys and found that, for the experimental conditions used here,
in some cases a mixture of two metals can provide a material with
higher SPP quality factor (Qgpp) than the corresponding pure
metals. We independently measured the SPP coupling angle for
all alloys using the Kretschmann configuration and found
excellent agreement between the two methods when determin-
ing . We provide a method for creating metallic thin films and
nanostructures with tunable dielectric function, removing the
predefined optical response constrain of pure noble metals.

Figure 1 shows the noble metal alloyed thin-film samples,
formed by the binary linear combination of Ag, Au, and Cu,

source B'

(a) Ag-A*u_¥7 (b) Au-Cu

(c) Cu-Ag
i

e (o) )

Figure 1. Thin-film noble metal alloys with on-demand optical
response. (top) Schematic of the cosputtering process used to achieve
alloyed thin-films with variable composition. (a—c) Photographs of
three samples (nominal thickness = 30 nm in all cases) formed by binary
combinations of Ag, Au, and Cu. Glass slides are 4 X 6 in>.

fabricated by cosputtering deposition (see Methods for the
fabrication details). The evident color variation matches the
composition gradient within the samples. In all cases, a linear
gradient in composition was obtained (Figure S1 and Table S1),
as desired. All samples were very smooth (roughness < 1.7 nm, as
measured by AFM; see Figures S2 and S$3)***’ and were
composed of polycrystals, as determined by X-ray diffraction
measurements (see Figure S4). All thin films were approximately
30 nm in thickness and, therefore, suitable for both transmission
and SPP prism coupling measurements. Note that the hazy
texture observed in the photograph of the samples is actually
from the cleanroom wipes under the samples and not from the
roughness of the samples itself.

Figure 2 displays the transmission spectra for all alloyed
samples, acquired at equally spaced locations across each sample,
corresponding to a well-defined composition of the alloyed films.
As expected, the pure metals (Ag, Au, and Cu) showed respective
transmission peaks at 324, 499, and 581 nm, attesting to the high
quality of the films, despite the fact that the metals were sputtered
at low deposition rates.’' In all cases, the samples were measured
immediately after being removed from the sputtering chamber,
minimizing air exposure and consequent oxidation. As shown in
Figure 2, the transmission measurements and are in very good
agreement with the calculated transmission spectra. The
AgysAug; alloy presents a broad peak at 454 nm, resulting
from the contribution of both Ag and Au transmission signals, as
shown in Figure 2a,b. In Figure 2¢,d, all the Au,Cu,_, alloys show
one minor peak at ~350 nm and a major peak at 520—550 nm,
resulting from both metals being present. The transmission
spectra for the Cu,Ag, ., sample (Figure 2e,f) present a
continuous transition between the two pure metals, interpreted
as a smooth change in relative intensity between the peaks of Cu
and Ag. In particular, the region of the film corresponding to
CugsAgys shows a flat response over the 360 to 553 nm
wavelength range. This behavior strongly indicates that the
optical response of the alloys is not a result of the simple linear
combination of the optical properties of the pure metals and
requires a full investigation by an independent measurement
technique, as will be discussed below.
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Figure 2. Transmission spectra of noble metal-alloyed thin films. Normalized transmission measurements and calculations for 30 nm thick (a,b) Ag—Au,
(c,d) Au—Cu, and (e,f) Cu—Ag thin films on glass showing the dependence of the peak shifts with the film composition. The dashed lines are guides for

the eyes, showing the wavelength shift from one pure metal to another.
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Figure 3. Measured dielectric function of noble metal alloyed thin films with variable composition. Real (&,) and imaginary (&,) parts of the dielectric
function for metallic thin-films with variable composition: (a, b) Ag—Au, (d, ) Au—Cu, and (g, h) Cu—Ag thin films. Insets: zoom-in of £, as a function
of wavelength for the ultraviolet and visible regions of the spectrum. Surface plasmon polariton quality factor Qgpp for (c) Ag—Au, (f) Au—Cu, and (i)
Cu—Ag thin-film samples fabricated by sputtering, showing that metal alloyed thin films can outperform individual noble metals.

In order to probe how the optical response of the noble metal
alloys changes as a function of material composition we
measured the dielectric function € of the thin films by
ellipsometry, combining transmission and reflection measure-
ments®® (see Methods for the details concerning these
measurements). To determine &, we used a B-spline model®®
to describe the optical response of the alloyed thin films, where
the Kromers—Kronig relation was enforced at all times and the
film thickness was also a variable parameter (see Methods and
SI). We verified the film thickness via cross-section TEM (see
Figure SS) and found excellent agreement with the thickness
value obtained by ellipsometry and the calculated optical
response of the film. Figure 3 shows the measured real (e;)
and imaginary (g,) parts of the dielectric function for all the
noble alloyed thin films. The raw ellipsometry data for all samples
(wand A as a function of wavelength) are presented in Figure S6.
According to their phase diagram, Ag and Au form a solid
solution over the whole concentration range,'” with a nearly
constant lattice parameter.*® As a result, the degree of disorder of
the Ag—Au mixture is also constant for the different
compositions, leading to a similar mean free path of conduction
electrons for all alloys. This explains why €, and €, for Ag—Au do
not vary drastically from 400 to 900 nm (see Figure 3a,b). £, hasa
minimum value equal to 0.5 at ~700 nm, dominated by a
disordered Ag,sAuy s alloy.”® The threshold of the interband
transition, characterized by the sharp decrease of &,, changes

509

from about 300 nm (pure Ag) to 500 nm (pure Au),* as shown
in Figure 3b.

For the Au—Cu alloy system, multiphases can also be obtained
over certain composition ranges, such as Au,sCug s, AugsCugjs,
and Aug,sCup,s.”” Here, the threshold of the interband
transition shifted from 500 to 550 nm, from pure Au to pure
Cu. From the spectrum of &, (Figure 3e), the absence of peaks at
331 and 344 nm, corresponding to the ordered phase of
AuyCuqys and Aug,4Cuy 74, respectively, strongly indicates that
these alloys form a disordered phase, as previously observed by
Rivory.”” Yet, De Silva recently reported that the overall effect of
ordering on the dielectric function of Au—Cu is minor and can be
easily masked by the scatter band resulting from variations of
experimental measurements.”® For instance, they observed that
the Au—Cu porous thin-film was composed by small grains, and
that the resulting high density of boundaries enhanced light
scattering and therefore the absorption by the thin-film layer,
causing an overall increase of &,. Conversely, they found that bulk
Au—Cu was composed by large grains (almost free of defects
and, thus, light scattering centers). Note that the experimental
conditions of the film deposition can substantially affect the size
of the grains constituting a film and the density of interfaces,
which explains the different values of &, reported by different
groups. Postdeposition annealing treatments and the deposition
rate are known for influencing the final structural characteristics
and optical response of metal thin films.”'
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Figure 4. Surface plasmon polariton excitation in noble metal alloys. Measurements and calculations showing surface plasmon polariton excitation as a
function of internal angle in a Kretschmann configuration for (a, b) Ag—Au, (¢, d) Au—Cu, and (e, f) Cu—Ag thin films. Light source: 637 nm diode laser

p-polarized with 3.6 mW.
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Figure S. Optical response of metal-alloyed thin films. Real part of dielectric function £, (at 637 nm) as a function of film composition, as determined
from surface plasmon polariton excitation (SPP, open triangles) and ellipsometry (Ellip., solid squares) experiments for (a) Ag—Au, (b) Au—Cu, and (c)

Cu—Ag thin films.

Conversely, the phase diagram of the Cu,Ag,_, system has a
broad miscibility gap for the whole composition range for room
temperature deposition as Cu—Ag does not form a solid
solution,®” unless a liquid or vapor quenching is applied after
deposition.”” The spectra of &, for the Cu—Ag alloys (Figure 3h)
show two distinct absorption edges in the visible range, at 300
and 530 nm, indicating the independent contribution from both
metals.”” For this system, the d-bands from the pure metals
slightly overlap, and the electron density of states from each
metal contributes separately to the dielectric function of Cu—Ag
alloys.”> Our measurements show that both &, and &, can assume
values higher and lower than what would be wrongly predicted
by the composition-weighted linear combination, see Figures
§7—-S9. The discrepancy between the simple linear combination
of the optical response of the combined pure metals and the
actual quantities obtained for ¢, differ by >50% for Au,Cu,_, and
>40% for Cu,Ag, _,, and for &, it can differ by more than 15% (see
Figures S7—S9).

The quality factor of the surface plasmon polariton of the
alloys, defined as Qspp = (£2/€,) X 1073, was calculated from
the measurements of ¢, and we found that certain compositions
(AgysAuys, Aug Cugg, and CugAgyo) present higher values of
Qspp than the respective pure metals (see Figures 3¢,£i, S10, and
S11). For instance, the disordered mixture of Ag,sAu, s showed
the largest values of Qgpp for wavelength >600 nm, with
maximum value at ~830 nm, suggesting that a higher electron
mean free path in the mixture of Ag and Au can provide a less
absorptive material for NIR applications. Note that in all cases
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higher wavelength-dependent values of Qgpp could be obtained
by optimizing the deposition rate of each metal;”" nonetheless,
the trend of the relative improvement in Qgpp as a function of the
alloy composition should be the same, independent of the
deposition rate used. Similarly, selected compositions of the
binary-alloyed films exhibit higher propagation length of surface
plasmon polariton than the pure metals (see Figure S11). To
validate the ellispometry model, we determined scatter bands for
transmission taking into account a film thickness variation of +3
nm (see Figure S12), finding that the originally obtained
thicknesses are the best match to our experimental data.

The SPP angle-dependent reflection spectra for all samples
were measured using the Kretschmann conﬁguration,40 using a
637 nm diode laser p-polarized with 3.6 mW. The metal alloy
thin film was placed on a rotational stage with step size of 0.1°
and attached to an equilateral CaF, prism with n,;,,, = 1.433
using an index matching fluid for effective light coupling (see
Methods for experimental details). As shown in Figure 4, in all
cases (under identical experimental conditions), a well-defined
minimum of the reflected laser power was observed, confirming
the excitation of surface plasmons. Figure 4a,b displays the
measured and calculated reflection spectra for the Ag—Au alloys,
where the Ag, sAu, 5 thin film presents a fairly shallow dip. Here,
the small discrepancy between the measured and calculated angle
is primarily due to (i) the uncertainty of the initial angle on the
rotation stage (<0.1°), (ii) the presence of contaminants at the
film surface, and (iii) the temperature variation of the sample

during the SPP measurements.**~** The minimum reflection
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point for the Au,Cu,_, alloys varies nonlinearly and non-
monotonically as a function of the composition (see Figure 4¢,d),
in agreement with the ellipsometry measurements presented in
Figure 3c. According to Figure 4e,f, despite the fact that the Cu-
based alloys are formed by ~S0 nm grains (see Figure S3 for
AFM images) and that an extremely thin layer of Cu,O is present
(Figure S13), the SPP coupling angle is very well-defined.

We find excellent agreement between the values of ¢,
measured by SPP coupling measurements and those obtained
from ellipsometry, see Figure Sa—c, two independent techniques.
The real part of the dielectric function for each pure metal and
the alloys (&}") were calculated using the following equation:*’

m air
(nPrism X sin HSPP)2 = glm . glair
&+ g
where 1, is the refractive index of the prism, fpp is the angle of

minimum reflection in the SPP measurement, and 5" (=1) is the
real part of the dielectric function for air. From the measured
value of the internal angle corresponding to the minimum of the
reflected power and the refractive index of the prism, we
calculated &, at 637 nm, and compared the results with the
independent values obtained by the ellipsometry measurements
on the same region of the samples. As confirmed by the latter,
both Ag—Au and Au—Cu alloys only have one absorption edge
over the visible range of the spectrum. As a result, the d bands
strongly overlap in these systems, and the value of &, varies as a
function of the composition and the amount of overlap. For
Au,Cu,_,, & decays almost monotonically as a function of x (see
Figure Sb). The disordered AuCu and AuCu, alloys lead to
constant values of £, (for 0.48 < x < 0.52 and 0.71 < x < 0.77),
corroborating Rivory’s hypothesis that ordering/disordering can
strongly affect the optical properties of these binary mixtures.””
The dielectric function of very thin films is extremely sensitive to
the film overall thickness, the grains’ size and the density of
interfaces. As a result of the metal deposition conditions
implemented, one can obtain thin films with a strong porous
character and a high density of interfaces, which can result in
additional light scattering centers and enhanced light absorption
by the thin film.”® In these situations, the effect of ordering on the
dielectric function is indeed negligible, as the characteristic
atomic disordering causes a “flattening” of the double peak
usually observed in ordered Au—Cu (at ~330 nm for Auy;Cugs,
according to ref 22). The optical response of the Cu—Ag system
is substantially different: the alloys do not form a solid solution
and the value of &, decreases almost linearly from pure Cu to pure
Ag,*>* see Figure Sc. In this mixture, the d bands do not overlap
strongly.

Here we show evidence that the chemical composition of
noble metal alloys can affect the dielectric function of the
material in nontrivial ways, modifying both the strength of the
polarization induced by an external electric field and the losses in
the material due to absorption. Finding the precise physical
origin of the nonmonotonic behavior of &, for the alloys would
require determining their band diagram and the density of states
by X-ray photoelectron spectroscopy measurements as a
function of their composition, which is beyond the scope of
this work. Nevertheless, we have shown that depending on the
wavelength range of interest, the alloying of noble metals yields
materials with controlled optical response, such as enhanced
surface plasmon propagation length or minimized optical loss.

In conclusion, we have shown the correlation between the
chemical composition of noble metal alloyed thin-films and their

respective dielectric functions, which can be tailored by tuning
the composition fraction between the two metals. Our
ellipsometry and SPP excitation measurements are in excellent
agreement, demonstrating the validity of the -ellipsometry
analysis. Moreover, we have shown that for the deposition
conditions implemented here the Qgpp of some alloyed mixtures
is higher than the respective pure metals, allowing for the rational
design of metallic nanostructures with a high control of their
optical response in the visible range of the spectrum. Our
approach to fabricate a new class of metallic materials with optical
response on-demand can be applied to metasurfaces and
metamaterials, which commonly requires low optical loss
materials, hot carrier devices, whose performance is very sensitive
to the light absorption within the active layer, and other optical
and optoelectronic devices.

B METHODS

Sample Fabrication. All metal-alloyed thin films were
fabricated by the cosputtering deposition of single metals, at
room temperature, with deposition rates between 2.0 and 5.0 A/
s, onto 4 X 6 in® glass slides. The glass slides were cleaned with
acetone, isopropanol, and DI water, and then dried with N,, prior
the physical deposition. The pure metal sources (with purity >
99.99%) were placed 180° from each other, allowing for a linear
gradient in composition for each alloyed sample (see Figure S1
and Table S1 in the SI).

Transmission and Reflection Measurements. The trans-
mission and reflection measurements were performed using a
variable-angle spectroscopic ellipsometer with a white-light
source over a wavelength range of 200—1000 nm. Incident
angles (with respect to normal incidence) of 60, 65, and 70° were
used for reflection and 0° for transmission measurements. The
ellipsometry data were analyzed using a B-spline model to
determine the dielectric function for each pure metal and for the
alloys, by assuming a two-layer vacuum-metal model to extract
the dielectric function of each pure metal and each alloy.

Modeling the Dielectric Function. The dielectric function
of each pure metal and the corresponding binary alloys was
parametrized by B-spline functions S(x), defined as*

n

S(x) = z CiBik(x)

i=1

where ¢, is the B-spline coefficient and Bf(x) is a B-spline basis
function defined as

1 t<x<¢
Bi()(x) :{ i i+1

0  otherwise

x —t t, —x
Bik(x) — ( 1t ]Bik—l(x) + [ i+k+1
i

itk

)Bik_l(x)

itk+1 — Y+l

where ¢, is the perpendicular distance of the knot (where each
polynomial segment in the curve is connected) from the y axis,
and k is the degree of the B-spline. The Kramers—Kronig (K—K)
relation was enforced during fitting to ensure the physical
meaning of the results, as the imaginary part of the dielectric
function &, is parametrized by the B-spline curve as a function of
wavelength / as

n

&(4) = z CiBik(/l)

i=1
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Then, &, was calculated using the Kramers—Kronig relation.
Therefore, each reflection measurement was appended to the
corresponding transmission spectrum and was fitted using the
Kramers—Kronig enforced B-spline model simultaneously.
Roughness was neglected during fitting of the measured data
due to the minimal root-mean-squared (RMS) surface roughness
of the thin films (<1.7 nm), as determined by AFM. In all cases,
the root mean square error (RMSE) of the fits was <4.3 (see
Supporting Information for more details about RMSE), and the
thickness of the film was also a variable (see Supporting
Information for all measured values). For Cu-rich alloys, the thin
layer of oxide was neglected in the modeling, as it was found that
the thickness of the oxide layer is negligible (<0.55 nm) by
consgi:;lering this extra oxide layer using our model (see Figure
$9).

Surface Plasmon Polariton (SPP) Coupling Experi-
ments. The SPP measurements were performed using the
Kretschmann geometry,”’ using a 637 nm diode laser with 3.6
mW incident power. A half-wave plate was used to select p-
polarized light. The metal alloy thin film was attached to an
equilateral CaF, prism with n,;, = 1433 using an index-
matching fluid. The sample was placed on a rotational stage that
allowed us to change the angle of incidence, and the reflected
light was detected using a silicon photodiode. The power of the
reflected light was recorded at each external angle with a step size
of 0.1°. The internal angle was calculated from the external one
by considering the equilateral geometric shape and the dielectric
function of the prism. The internal angle, corresponding to the
reflection power minimum, was designated as Ogpp. The
following equation was used to calculate the real part of the
dielectric function for each pure metal and the alloys (&}"):*’

m
&
g+ 1

(nprism X sin GSPP)Z =

Transmission and SPP Calculations. The calculated
transmission spectra and SPP spectra (Rgpp) were obtained
using the equations below:

Tou,p + T012,s
2

transmission =

T = fo1,pt1a,p exp(—if)

T 01,p"12,p exp(—if})
T _ tOl,stIZ,s eXP(_iﬁ)
M+ 101,512, exp(—iﬂ)

Torp T Map exp(—i2f)
Rgpp =

1+ 01,p"12,p exp(—iZﬂ)

where the transmission coeflicient for p- (fjk,p) and s-polarized
(ts) light are defined as

2N. cos 6.
bikp = N, cos 9} + N-]cos 0
k j 'j k
2N, cos 9]
N, cos 6 + N, cos 0,

and tie,s =

and the reflection coefficients for p- (rjk,p) and s-polarized (rjk,s)
light are defined as

N cos 6 — N, cos 6,
rjk,p =

N cos 6 + N, cos 0,
N, cos 6 — N, cos 0,
N, cos 6 + N, cos 6,

and ry =

where j, k=0, 1, 2.
And the phase variation of the light is

2rd

A
where d is the thickness of the film, as determined by
ellipsometry (see Tables S2—4 for values).

In the transmission calculations, 0 stands for air, 1 for the metal
thin-film layer, and 2 for the glass substrate. In the SPP
calculations, O refers to the prism, 1 to the metal thin-film layer,
and 2 to air, N is the experimentally determined complex
refractive index of each layer, and @ is the incidence angle of light
(with wavelength 1) with respect to the normal direction.

B= (NZ — N sin® 6,)"/2
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