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ABSTRACT: Alloying is an increasingly important handle to engineer the optical
properties of metal nanoparticles that find applications in, for example, optical
metamaterials, nanosensors, and plasmon-enhanced catalysis. One advantage of alloying
over traditionally used particle size and shape engineering is that it, in principle, enables
tuning of optical properties without a spectral shift of the localized surface plasmon
resonance, which is important for applications where a specific spectral band is targeted. A
second advantage is that alloying simultaneously enables adjustment of nanoparticle
electronic, chemical, mechanical, and light absorption properties. However, a systematic survey of the impact of alloying on light
absorption in metal nanoparticles does not exist, despite its key role in applications that include photothermal therapy, plasmonic
heat generation, and plasmon catalysis. Therefore, we present here the systematic screening of the light absorption properties of
binary late transition-metal alloys composed of Au, Ag, Cu, Pd, and Pt in the visible spectral range, based on a combination of
experiments and finite-difference time-domain simulations, and discuss in detail the underlying physics. By studying these 10 alloy
systems for 14 different nanoparticle sizes, we find that most nanoparticles experience a maximal absorption efficiency at around 80
nm particle diameter, and that most alloy systems outperform their neat constituents, with integrated absorption enhancement
factors of up to 200%. This highlights the untapped potential of alloying for the engineering of light absorption in nanoparticles, and
the presented material screening constitutes a resource for the rational selection of alloy systems with tailored absorption properties.
KEYWORDS: nanoparticles, plasmonics, nanoalloys, absorption efficiency, optical response, finite-difference time-domain simulation

■ INTRODUCTION
Metal nanoparticles with their ability to both sustain localized
surface plasmon resonances (LSPR) and steer catalytic surface
reactions are today used in a wide range of applications across
many fields of science and technology. Focusing here on
harvesting the specific traits of the LSPR, such as its ability to
enhance optical near-fields and generate hot electrons, as well
as to photothermally generate heat, we find metal nanoparticles
in applications like photovoltaic devices,1−3 optical metama-
terials,4 optical sensing,5,6 nanomedicine,7 and plasmon-
enhanced catalysis.8−10 Many of these applications rely on
the significantly increased optical absorption cross-sections at
visible frequencies induced by LSPR, which enhance energy
absorption that in turn leads to, for example, heat generation at
the nanoscale that can be harvested in photothermal catalysis
or nanomedicine.11−14 Hence, it is of technological relevance
to find ways to maximize or optimize the optical absorption
cross-sections of metal nanoparticles. The most common and
well-established way to do this is to engineer the shape or size
of plasmonic metal nanoparticles since these parameters
control the ratio between absorptive and scattering LSPR
decay.15−17 It has also been shown that the selection of
metallic element has a significant impact on the absorption
versus scattering properties via the abundance of inter- and
intra-band transitions in the spectral range of interest.18−20

More recently, another handle for steering the optical/
plasmonic properties of metal nanoparticles has started to
receive more attention�alloying.21−23 This concept, which is
known since the Bronze age, is the process of mixing two or
several elements at the atomic level to obtain material
properties and functions that cannot be obtained by a single
element alone. Therefore, it has been widely used to optimize,
for instance, the strength and ductility of metals,24 as well as
their high-temperature compatibility in applications like gas
turbines.25 At the nanoscale, alloying is widely used in
heterogeneous catalysis to engineer activity and selectivity of
surface reactions,26 in hydrogen sensors,27 in electrochemical
desalination,28 and in biological applications like bioimaging or
photothermal therapy.29 Here, the increasing availability of
colloidal synthesis routes of alloy nanoparticles30−32 is an
important driver of this development. Returning to the
application of the alloying concept in nano-optics and
plasmonics, we have recently reported a systematic first-
principles calculations based study of the complex dielectric

Received: October 11, 2022

Articlepubs.acs.org/journal/apchd5

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsphotonics.2c01597

ACS Photonics XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

C
H

A
L

M
E

R
S 

U
N

IV
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
D

ec
em

be
r 

22
, 2

02
2 

at
 1

4:
47

:0
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Tiburski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoph+Langhammer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.2c01597&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01597?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01597?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01597?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01597?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01597?fig=abs1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01597?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


functions of late transition-metal alloys,33 and Jian et al.
reported a first-principles study of non-radiative LSPR decay in
the AgCu alloy system.34 However, beyond these studies that
highlight the potential of alloying to engineer non-radiative
LSPR decay and thereby the optical absorption properties of
metal nanoparticles, a systematic study of the impact of
alloying on light absorption in nanoplasmonic systems is
lacking in the literature. Therefore, in this work, we
systematically screen the non-radiative LSPR decay in 10
binary late transition-metal alloy nanoparticle systems as a
function of alloy composition, as well as spectral position of the
LSPR. For this purpose, as a first step, we nanofabricated

quasi-random arrays of three selected alloy nanoparticle
systems in 10 at. % composition intervals and compared
their experimentally determined optical absorption efficiencies
to the corresponding values obtained by finite-difference time-
domain (FDTD) simulations to validate the entire approach,
using the complex dielectric functions from Rahm et al.33 as
the input. For this validation, we selected the three alloy
systems AuAg, PdPt, and AuPd since they represent isovalent
full-d-band, isovalent half-full-d-band, and non-isovalent
systems, respectively. Based on the found good agreement
between experiment and theory, we then extended our FDTD
simulations by the seven additional alloy systems AuCu, AgCu,

Figure 1. Imaginary part of the complex dielectric functions of the 10 considered alloy systems plotted in 10 at. % concentration steps (a−j)
together with their respective absorption efficiency, Q abs, spectrum calculated for a disk with a diameter of 80 nm and a height of 25 nm on a SiO2

substrate using FDTD (k−t). The key difference between the isovalent full d-band (a−c,k−m), isovalent half-full d-band (d,n), and non-isovalent
(e−j,o−t) systems is that the isovalent systems show only changes in the fine structure of the imaginary part of the dielectric function, and their
overall shape is retained upon alloying, which translates into absorption spectra whose overall shape is maintained across the whole alloy
composition range (k−n). In contrast, the non-isovalent systems exhibit significant changes in the overall shape of the imaginary part of the
dielectric function (e−j), which translate into systematically changing absorption spectra (o−t). The dielectric functions can be downloaded on
https://sharc.materialsmodeling.org/alloy_dielectric_functions.
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PtAg, PtAu, PdCu, PtCu, and AgPd and screened systemati-
cally the dependence of the optical absorption efficiency on the
alloy composition in 10 at. % steps for, in the end, 14 different
particle sizes to thereby cover a wide LSPR spectral range.

■ RESULTS AND DISCUSSION
The pure late transition metals of interest in this study, that is,
Au, Ag, Cu, Pt, and Pd, can be classified into two categories:
(i) Pd and Pt with strong interband transitions across the
entire spectral range of interest due to their d-band only being
partially filled and therefore crossing the Fermi level and (ii)
Ag, Au, and Cu with weak interband transitions in the visible
energy range due to their completely filled d-band below the
Fermi level.18,19 This fundamental difference in the band
structure is reflected in the complex dielectric function as a
wide Drude peak for Pt and Pd and a narrow Drude peak for
Au, Ag, and Cu, with a region of low absorption and damping
before the onset of interband transitions at 2.4,35 3.98,36 and
2.15 eV,37 respectively, that increases the imaginary part of the
dielectric function beyond this threshold (Figure 1a−j, data for
dielectric functions from Rahm et al.33). As a consequence, we
can divide the 10 binary alloy systems of these five metals into
isovalent and non-isovalent systems, where the isovalent alloys
can be further categorized into isovalent with full d-band
constituents [AuAg, AgCu, and AuCu (Figure 1a−c)] and
isovalent with half-full d-band constituents [PdPt (Figure 1d)].
As the main observation, we see that the imaginary part of the
dielectric function of the isovalent systems shows only small
(Figure 1a−c) to minor (Figure 1d) changes as a function of
alloying, and the overall shape is maintained, whereas for the
non-isovalent systems, more dramatic changes occur (Figure
1e−j, more details in a study by Rahm et al.33).
To investigate how the evolution of the alloy-specific

dielectric functions impacts the light absorption properties of
corresponding alloy nanoparticles, in a first step, we calculated

absorption efficiency spectra for a 25 nm high cylindric
nanoparticle�a “nanodisk”�with a diameter of 140 nm on
the SiO2 substrate for the 10 binary alloys of interest, in 10 at.
% composition intervals, using the dielectric functions
calculated by Rahm et al. as the input. We then plot the
obtained spectra in terms of the absorption efficiency (rather
than absorption cross-section), which is the cross-section
divided by the projected particle area (Figure 1k−t). This
value is more useful since it directly reveals which particle size
that is most efficient in absorbing light, whereas the absorption
cross-section just increases with the particle size (Figure S1).
Furthermore, working with the absorption efficiency is an
effective way to directly compare calculated absorption values
with experimentally obtained ones, as we do further below,
since nanoparticle surface coverage effects, and so forth, can be
divided out.

Analyzing the obtained series of spectra for all 10 binary
alloys reveals that for the isovalent systems, the overall shape of
the spectra is similar across the whole compositional range
(Figure 1k−n). The difference between full and half-full d-
band can be seen as the full d-band systems AuAg, AgCu, and
AuCu (Figure 1k−m) showing a strong peak in their
absorption, whereas the half-full d-band system PdPt (Figure
1n) exhibits a wide peak with lower intensity. In contrast, the
non-isovalent systems exhibit distinct changes in the overall
shape of their absorption spectra, as well as in terms of
absolute absorption efficiencies (Figure 1o−t). As a general
observation, we note that the strong and spectrally narrow
absorption peak in the pure Au, Cu, and Ag systems strongly
decreases in intensity and instead spectrally broadens
significantly with increasing Pd or Pt content. This effect can
be attributed to the abundant interband transitions in Pt and
Pd across the visible range, reflected as a lack of distinct onset
of interband transitions in the dielectric function with
increasing Pd or Pt content in the alloys above 20 at. %.

Figure 2. Arbitrary dielectric functions modeled as a systematically changed combination of intra- and interband transitions to induce
systematically changing features, using a correspondingly modeled Ag dielectric function as the starting point.38 The functions are plotted together
with the correspondingly simulated absorption spectra for a disk with a diameter of 140 nm and a height of 25 nm on a SiO2 substrate using
FDTD.38 A shift of the interband transition threshold energy (a) leads to a corresponding shift of the energy at which the absorption rises due to
interband transitions. Increasing the intensity of the Drude peak by either changing its width (d) or its height (b) impacts mainly LSPR absorption
peak intensity. Increasing the imaginary part of the dielectric function above the interband transition energy mainly increases the absorption above
this energy threshold (c).
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This is the consequence of a strong shift of the d-band center
closer to the Fermi level, resulting in a lower energy needed for
the interband transition when a full d-band metal is alloyed
with Pd.33

To understand the observed changes and trends in the
calculated absorption efficiency spectra as a function of alloy
composition and relate them back to corresponding changes in
the dielectric function, we calculated the absorption efficiency
spectra based on a range of arbitrary dielectric functions,
modeled as a combination of intra- and interband transitions in
which we systematically changed specific features. This
approach has been successfully used to model the dielectric

functions of Ag and Au.38 Hence, as starting point for this
analysis, we modeled the Ag complex dielectric function
(details in Supporting Information Section S1: dielectric
function model), based on which we calculated the absorption
spectrum of a disk with a diameter of 140 nm and a height of
25 nm on a SiO2 substrate using FDTD. Subsequently, we
systematically shifted the interband transition threshold energy
by a couple of eV to lower energies, which revealed that the
LSPR peak essentially remains unchanged and that only the
absorption above the transition energy increases (Figure 2a).
In contrast, changing the Drude peak of the dielectric function
by either changing its width or the height impacts mostly the

Figure 3. (a) SEM images of the three alloy systems AuPd, PdPt, and AuCu taken in 10 at. % composition steps used to determine the average disk
diameter for each alloy system after annealing and to verify the pristine condition of the particles. The obtained diameters were subsequently used
as the input for the corresponding FDTD simulations. (b) Absorption efficiency spectra measured for the samples shown in (a). They reveal the
evolution of alloy optical response in 10 at. % composition steps. (c) Experimentally obtained absorption efficiency integrated over the photon
energy range 1.1−4.1 eV for all three alloy systems, compared to the corresponding values obtained from FDTD simulations that used the mean
disk diameter obtained from SEM images depicted in (a) together with the dielectric functions from a study by Rahm et al.33 as the input. Also
shown (gray × markers) are calculated integrated absorption efficiency values obtained from FDTD simulations of the pure metals, using dielectric
functions from the literature for Au,41−46 Pd,42,43,47,48 Pt,43,48 and Cu41−43,46,49 as the input. The peak intensities in the experimental data are scaled
to the peak intensity maxima of the FDTD data (for unscaled raw data, see Figures S3 and S4).
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LSPR peak intensity (Figure 2b/d). Finally, increasing the
imaginary part of the dielectric function above the interband
transition energy threshold mainly affects the absolute
absorption value in this energy range (Figure 2c).
Projecting these insights now onto the alloy systems, as

plotted in Figure 1a−j, reveals that the observed compositional
evolution of the alloy dielectric functions is a combination of
the effects discussed above and additional more subtle changes
in the fine structure of the dielectric functions when going
from metal A to metal B. For example, for the case of the
isovalent alloy AuAg (Figure 1a,k), the interband transition
threshold shifts to higher energies when increasing the Ag

content in Au and the Drude peak narrows. This, in turn, leads
to decreasing absorption in the energy range around 3 eV. A
similar behavior can be seen for the AgCu system and for the
same reason (Figure 1c,m). AuCu shows only minor changes
in the absorption spectra due to a constant overall shape of the
dielectric function across all compositions (Figure 1b,l).

Selecting AuPd (Figure 1e,o) as a representative example for
a non-isovalent alloy, we see that even though the dielectric
function is changing more drastically, the above simple analysis
can largely explain the observed impact on the absorption
efficiency. Specifically, the significant broadening of the Drude
peak upon increasing the Pd content in Au induces higher

Figure 4. Overview of the absorption efficiency spectra for the 10 binary alloy systems of Ag, Au, Cu, Pd, and Pt calculated by FDTD for a
nanodisk with 25 nm thickness on a SiO2 support and a diameter indicated at the top of the figure, for 10 at. % alloy composition increments (a−c).
The isovalent alloys without interband transitions in the visible range, AuAg, CuAu, and AgCu, exhibit a narrow peak with the highest absorption
efficiency for disks with 80 nm diameter. All three alloys also show a linear shift of the peak position upon alloying that is most pronounced for 40
and 80 nm diameters. (d) The isovalent system PdPt is characterized by an interband transition continuum across the entire considered energy
range for both constituents, which is the reason for the wide absorption peak via increased interband damping of the LSPR. (e−j) Non-isovalent
alloys exhibit a strongly non-linear behavior in the absorption peak position as a function of alloy composition due to a corresponding non-linear
evolution of their density of states.33 Furthermore, adding as little as 10 at. % Pd or Pt to Ag, Au, or Cu leads to significant absorption peak
broadening and a lowering or increase in the peak intensity for small or large disk diameters, respectively.
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absorption in the corresponding energy range. The same effect
is apparent for all non-isovalent alloy systems.
Having established this fundamental understanding of the

interplay between dielectric function and LSPR absorption, we
set out to validate the calculated absorption efficiencies by
comparing them to experimental values for (i) AuCu as a
representative for an isovalent�full d-band system, (ii) PdPt
representing an isovalent�partially full d-band system, and
(iii) AuPd representing a non-isovalent system. For this
purpose, we fabricated a series of 1 × 1 cm2 samples using the
hole-mask colloidal lithography (HCL) protocol reported and
validated for homogeneous alloy nanoparticles earlier.22,33,39,40

This resulted in quasi-random arrays of alloy disks22 with a
nominal diameter of 140 nm and a height of 25 nm on a SiO2
substrate (Figure 3a). As a summary of the nanofabrication
process that is described in detail in our previous work, where
we also have validated the formation of homogeneous alloys,22

we note that the two metal constituents are evaporated
through a mask that defines both position and diameter of the
particles, and that the sample subsequently is annealed at 500
°C for 24 h to induce alloy formation (see also the Methods
section for details).
To measure the absorption spectra of the nanofabricated

series of alloy nanoparticles, we used an integrating sphere
mounted onto a spectrophotometer (see the Methods section
for details). To both be able to calculate the absorption
efficiency for each sample/alloy composition and accurately
simulate the corresponding system with FDTD for direct
comparison, we acquired scanning electron microscopy (SEM)
images of each sample (Figure 3a). This step is of particular
importance since the particles slightly change their dimensions
during annealing due to recrystallization. As we have reported
earlier, the details of this reshaping depend on the specific alloy
composition,33 which means that it leads to a size distribution
across the alloy compositions (Figure S2) that has to be
explicitly taken into account in the FDTD simulations. As a
second aspect, we also use the SEM images to obtain the
particle surface coverage information for each specific sample
(this is important since slight variations may occur as a
consequence of the self-assembly-based mask formation of the
HCL nanofabrication method), which we then use to calculate
the absorption efficiency spectra (Figure 3b) of each sample
according to =Q A

abs cov
, where A is the experimentally

measured absorption and cov is the particle surface coverage
obtained by SEM imaging.
To subsequently compare the experimentally obtained

absorption properties of our three alloy systems with the
simulated ones, we integrated the efficiency spectra across the
1.1 to 4.1 eV (around 1130 to 300 nm) spectral range and plot
the obtained values as a function of alloy composition (Figure
3b). Overall, we find good agreement between experiments
and simulations, with the biggest deviation revealing itself in
AuPd and AuCu for the more gold heavy alloys. To investigate
its origin, we also executed simulations for the pure elements
using a range of experimentally determined dielectric functions
from the literature for Au,41−46 Pd,42,43,47,48 Pt,43,48 and
Cu.41−43,46,49 Adding the obtained data as individual points to
Figure 3c reveals a significant spread, which is the largest for
Au and within the range of the observed discrepancy between
our experimental and simulated integrated absorption
efficiency data. This highlights that the origin of the
discrepancy between experiments and simulations in the Au-

rich alloys to a large extent is to be found in the limited
accuracy of the dielectric function used as the input in the
simulations. Furthermore, it also pinpoints the much more far-
reaching and important issue of variations in dielectric
functions widely used for simulations in nano-optics and
plasmonics in general that may yield significantly different
results for a single system. Hence, this level of uncertainty is
important to always keep in mind to put quantitative
comparison with the experimental data into perspective in
terms of what kind of agreement that can be expected.33 The
reasons for the significant differences in experimentally
determined dielectric functions reported in the literature are
to be found in the difficulty to accurately measure a dielectric
function since it depends on the sample’s fabrication method,
sample condition [thickness, roughness, morphology, and state
of (surface) oxidation], as well as the used measurement
technique.46,50−54 In addition to these experimental uncertain-
ties, also first principles calculations and FDTD simulations are
not completely accurate, altogether explaining our observa-
tions.55

Since we now have established the general validity of the
alloy dielectric functions derived by Rahm et al.33 for the
purpose at hand, we use them to calculate absorption spectra
for alloy nanoparticles with the same geometry as above, but
for five different particle diameters, that is, 40, 80, 120, 160,
and 200 nm, and for all 10 binary alloy systems (Figure 4).
This allows us to map the interplay between the alloy
composition and particle diameter and thus spectral position of
the LSPR.

Starting with the isovalent systems with a fully occupied d-
band AuAg, AuCu, and AgCu (Figure 4a−c), we see that the
absorption efficiency spectra exhibit a distinct LSPR absorption
peak that upon alloying spectrally shifts in a linear fashion, with
the slope depending on the particle size. Interestingly, at 80 nm
disk diameter, most of the alloys exhibit their strongest peak
and thus their highest absolute absorption efficiency. The only
exception is alloys with an Ag content above 80%, which
exhibit the strongest peak already at 40 nm particle diameter.
Upon closer inspection, we furthermore notice that a weak
absorption peak is visible around 2 eV for the isovalent alloys
and also for particle sizes above 120 nm, while it is essentially
absent for the pure metals. This is the first indication that alloy
systems may exhibit higher absorption than their pure metal
constituents.

Turning to the isovalent system PdPt with partially filled d-
bands, we find that it also exhibits a clear peak in the
absorption efficiency but with significantly lower intensity than
AuAg, AuCu, and AgCu (Figure 4d). Furthermore, the peak is
much wider and occurs at higher photon energies for 40 and
80 nm particle diameter compared to the isovalent systems
with filled d-bands. A simple conceptual explanation for this
observation can be found in the model of a metal sphere and
the Fröhlich condition,56 which states that the polarizability
and thus the absorption efficiency experience a maximum
when

=Re( ) 2 m

where m is the dielectric constant of the surrounding medium.
Hence, since the real part of the Pd and Pt dielectric function is
generally lower (more negative) compared to Au, Ag, and Cu,
the Fröhlich condition is met at higher energy (Figure S5).
The wider peak is the consequence of the strong interband
excitation-induced damping in the metals Pt and Pd.18
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Finally, for all non-isovalent alloys (Figure 4e−j), we see
distinct broadening of the LSPR peak already at 10 at. % Pt or
Pd being added to Ag, Au, or Cu. This broadening is
accompanied by a strong decrease in peak intensity. Above 20
at. % Pt or Pd, however, further changes in the alloy absorption
efficiency are minimal. Interestingly, in comparison to the
isovalent systems, the peak shift in the absorption spectra as a
function of composition is also strongly non-linear, in
agreement with the observations for corresponding extinction
spectra in our earlier work (Figure S6).33 The reason for this
non-linearity is the changes in the density of states for the non-
isovalent alloy systems, where already small amounts of Pd in
Ag or Au lead to a highly non-linear shift of the d-band edge,
which then translates into the peak position and full-width-at-
half-maximum of the plasmonic peak.33 As the last aspect, we
note that the relative peak intensity decrease with increasing
particle size is less pronounced in these non-isovalent alloys
compared to the isovalent alloy systems between Au, Ag, or
Cu, as well as compared to neat Au, Ag, or Cu.
To discuss the absorption spectra and how they evolve both

as a function of alloy composition and particle size in detail, we
again turn to the three representative alloys: (i) AuCu for
isovalent�full d band (Figure 5a,b), (ii) PdPt for isovalent�
partially full d-band (Figure 5c,d), and (iii) AuPd for non-
isovalent systems (Figure 5e,f) and focus on the particle
diameter range from 40 to 120 nm since this is the range with
the largest changes (cf. Figure 4). We plot the absorption
efficiency spectra for all five particle diameters across the whole
alloy composition range (Figure 5a,c,e). Analyzing the
evolution of the spectra first for AuCu reveals that the highest
absorption efficiency is reached for 80 nm particle diameter
and that the LSPR absorption peak shifts only slightly when
moving from pure Cu to Au (Figure 5a). Interestingly,
however, the intensity of the peak develops differently as a
function of alloy composition depending on the particle size
and thus spectral position of the LSPR (Figure 5b).
Specifically, for particles sizes below 100 nm, pure Au shows
the highest LSPR absorption peak intensity, which then

decreases quickly upon addition of Cu, to then again increase
for Cu contents >50 at. %. For particle diameters larger than
100 nm, this trend is inverted, and the pure metals essentially
do not exhibit an LSPR absorption peak anymore since in this
size regime, radiative LSPR decay dominates completely.
Hence, the only notable absorption occurs directly via the
interband transitions from the 3d to the 4sp band at higher
energies. Interestingly, however, the situation is different for
the alloys since they still exhibit a clear LSPR absorption peak
even for particle diameters >100 nm. This peak exhibits the
highest intensity at alloy compositions around 50 at. % Cu and
Au. Notably, we also find a very similar behavior of the AgCu
system where the alloys exhibit stronger interband transition-
related non-radiative LSPR decay than the pure metals.34

The isovalent�partially full d-band PdPt system reveals
almost no change in the absorption efficiency spectra upon
alloying (Figure 5c). Similarly, particle size only slightly affects
peak intensity (Figure 5d). Overall, this behavior is expected
and can be explained by the very similar band structure of the
two metals Pt and Pd (Figure S7).57,58

Turning to the last system, AuPd, we find a very different
scenario (Figure 5e). Specifically, alloying Au with just 10 at. %
Pd induces a pronounced broadening of the LSPR absorption
peak and for as little as 30 at. % Pd in Au the system exhibits
an almost identical absorption efficiency spectrum as pure Pd.
This is due to the aforementioned non-linear change in the
density of states (see Figure 1e,o). The initial dramatic
broadening of the absorption peak is also accompanied by a
large spectral shift of the peak to higher photon energies, which
quickly settles and only slightly changes with further increasing
Pd content (Figure S6g). Finally, we notice that the intensity
of the LSPR absorption peak stays almost constant across
changing alloy compositions and only increases significantly in
the step to pure Au, as well as that the absolute peak intensity
only very slightly decreases with increasing particle diameter
(Figure 5f).

An important aspect that becomes evident from the above
analysis is that utilizing peak intensity, that is, the absorption

Figure 5. Absorption efficiency spectra for the three systems: (a) AuCu as an isovalent�full d band representative, (c) PdPt as an isovalent�
partially full d-band representative, and (e) AuPd as a non-isovalent representative. They are plotted for the whole range of alloy compositions in 10
at. % increments and for five different particle diameters. LSPR peak intensity as a function of alloy composition for (b) AuCu, (d) PdPt, and (f)
AuPd. We note that data points marked ⊗ cannot reliably be determined because they are part of a double peak or outside the calculated spectral
limit. In the latter case, the values located at the spectral limit are taken as the peak intensity.
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efficiency value at the spectral position of the LSPR absorption
peak maximum, likely is not completely capturing the light
absorption properties of these systems�in particular in
applications where broad-band illumination is used to, for
example, stimulate chemical processes photothermally11,12 or
in photothermal therapy based on light absorbing metal
nanoparticles.13,59 In this context, we therefore argue that
spectrally integrated absorption efficiency is a better descriptor
of the systems’ ability to absorb light. Therefore, we integrated
the absorption efficiency from 1.1 to 4.1 eV (ca. 1130 to 300
nm, which corresponds to a slightly extended visible spectral
range) for all 10 binary alloy systems calculated and for all
particle sizes considered so far. Furthermore, to better resolve
possible trends, we added the particle diameters 140, 160, 180,
200, 240, 280, 320, 360, and 400 nm to our analysis (Figure 6).
We also note that the obtained spectrally integrated absorption
efficiency values are proportional to the absorbed power if one
assumes a flat light spectrum. By not including a specific light
source and instead showing the integrated absorption
efficiency, it is straightforward to project our results on a
scenario with a specific light source (spectrum) of interest for a
specific application.
The most apparent feature in these data is the red band that

signifies the highest integrated absorption and that for the
largest fraction of all considered alloy compositions occurs at
approximately 80 nm particle diameter, thereby advertising this
particle size range as the champion in terms of maximized
broad-band absorption for a disk-type particle geometry.
Interestingly, a similar optimal size of ca. 70 nm was found
for gold nanospheres by Shafiqa et al. and explained by non-
radiative absorption being maximized before radiative (scatter-
ing) LSPR decay starts to become the dominant channel.20,60

Hence, we argue that the same reasoning also can be applied
here to explain our observations.
Analyzing the different alloys in more detail, for pure Ag and

AuAg/AgCu alloys with Ag content of up to 50% (Figure
6a,c), the maximal integrated absorption is shifted to smaller
particle diameters and significantly reduced at the absolute

level. For neat Ag nanoparticles, this is in agreement with
Geonmonond et al. who reported an increased absorption
efficiency in the range of 30 nm particle size.61 As the first
reason for this behavior, we identify that Ag, due to its low loss
properties in the visible spectral range, only exhibits a
significant absorption peak for particles with a diameter <80
nm (cf. Figure 4a) since in larger structures, radiative LSPR
decay completely dominates.20 The second reason is the high
energy needed for the excitation of the interband transition
from the 4d to the 5sp band in Ag, that is, 3.98 eV, compared
to Au where the corresponding 5d to 6sp band transition
occurs at significantly lower 2.4 eV38 and to Cu where the 3d
to 4sp transition occurs at 2.15 eV.37 Focusing on the
composition dependence, the key finding for AuAg and AgCu
is that absorption is maximized in Au- and Cu-heavy alloys
with Ag.

In contrast, AuCu shows an almost constant integrated
absorption efficiency across the whole composition range for
particles smaller than 80 nm, while for larger sizes, absorption
is maximized at ca. 50 at. % (Figure 6b). This is on one hand
due to a similar onset of interband transitions in Cu (2.15 eV)
and Au (2.4 eV) and on the other hand due to a very similar
behavior of the LSPR absorption peak, as discussed above. In
general, the isovalent full d-band systems exhibit the largest
decline in integrated absorption with increasing particle size.

The isovalent PdPt alloy (Figure 6d) exhibits significant
absorption across the entire composition range. However, at
the absolute level, it is inferior to the other three isovalent
systems AuAg, AuCu, and AgCu for particle sizes <120 nm due
to an overall weaker plasmonic excitation. For particle
diameters >120 nm, however, the PdPt system outperforms
the other three isovalent alloys due to a weaker scattering
decay channel that is the consequence of broad-band interband
transitions to the unfilled d-bands across the entire considered
spectral range. A second key difference compared to the other
isovalent systems is the almost constant integrated absorption
value across the full composition range and for all sizes, due to
the very similar band structure of Pt and Pd (cf. Figure 5c).

Figure 6. Interpolated integrated absorption efficiency for all 10 considered alloy systems as a function of composition and particle diameter (a−j).
As the first key result, most systems exhibit the largest absolute integrated absorption for a disk diameter of ca. 80 nm, except for pure Ag and Ag-
heavy isovalent alloys where absorption is maximized for smaller particle sizes. As the second key result, for all systems except PdPt and AgCu,
alloys exhibit a higher integrated absorption efficiency than their neat constituents above a particle size of 100 nm. The raw data based on which
this figure was composed are summarized in Figure S8 in the Supporting Information.
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Turning to the non-isovalent systems, we find that they
behave similar across the board for all sizes, with a strong
increase in integrated absorption between 0 and 30 at. % added
Pd or Pt (Figure 6e−j). Hence, when comparing to the
isovalent systems AuAg, AuCu, and AgCu, alloying with Pd
and Pt increases absorption significantly for particle sizes >100
nm due to the induced absorption peak broadening and the
simultaneously reduced radiative LSPR decay.
The most important conclusion from the above detailed

analysis of integrated absorption efficiency in our 10 alloy
systems is that in most combinations of materials and sizes, it is
an alloy that exhibits the highest absolute integrated absorption
value and thus outperforms the neat metal constituents. To
further analyze and quantify this key finding, we introduce an

absorption enhancement factor =EF 100
Q

Q
abs

abs,ref
, where

Q abs is the absorption efficiency of the alloy system in question
and Q abs,ref is the absorption efficiency of the chosen pure
reference metal. We then calculated EF for a particle diameter
range from 40 to 400 nm and for all 10 binary alloys by taking
each of the pure metals of each alloy as a reference in two
independent calculations, to explicitly reveal the positive/
negative impact of alloying one metal with the other and vice
versa (Figure 7).

This analysis reveals that Ag, which is a poor absorber below
the onset of interband transitions at 3.98 eV, benefits the most
from alloying with another metal (Figure 7a,c,e,f). This is
particularly pronounced when Ag is alloyed with Pd or Pt due
to the induced distinct spectral broadening of the absorption
peak and the increased absorption also for large particle sizes
due to a suppressed scattering decay channel of the LSPR. The
same trends and reasoning can also be applied to Au and Cu,
although not as strongly as to Ag (Figure 7b). Consequently,
Pt and Pd on the other hand benefit only marginally from
being alloyed with Au, Ag, or Cu in terms of integrated
absorption efficiency (Figure 7e−j). Interestingly, however, the
rule of increased absorption in alloys does not apply for the
smallest particle sizes. For the non-isovalent systems (Figure
7e−j), this can be explained by the strong plasmonic
absorption peak of Au, Ag, and Cu that “compensates” for
the peak broadening induced by alloying. For the isovalent
systems on the other hand (Figure 7a−d), the overall similarity
of the absorption efficiency spectra is the main reason.

The PdPt system is a further exception from the identified
general trends since it for all sizes and compositions essentially
lacks any absorption enhancement due to alloying because of
the optical similarity of the two systems (Figure 7d). We also
note that neat Pd is a marginally better absorber than neat Pt.
The AuCu system is another exception but in terms of

Figure 7. Integrated absorption efficiency enhancement factor, EF, for the entire considered particle size range and for AuAg (a), AuCu (b), AgCu
(c), PdPt (d), PtAg (e), AgPd (f), AuPd (g), PtAu (h), PdCu (i), and PtCu (j). The EFs are plotted by taking each of the pure metals of each alloy
system as a reference (left and right part of each panel), to explicitly reveal the positive/negative impact of alloying one metal with the other, and
vice versa. Alloy composition yielding the highest EF for all considered particle diameters for AuAg (k), AuCu (l), AgCu (m), PdPt (n), PtAg (o),
AgPd (p), AuPd (q), PtAu (r), PdCu (s), and PtCu (t). These plots reveal that in most cases, alloying increases the integrated absorption efficiency
compared to the neat alloy constituents, and that the alloy composition that features the highest EF shifts with particle diameter. The data are
interpolated between 10 at. % steps (for non-interpolated raw data, we refer to Figure S9a−j). Integrated absorption efficiency EF for each alloy
system and the entire considered particle size range. The EFs are plotted by taking each of the pure metals of each alloy system as a reference (left
and right part of each panel), to explicitly reveal the positive/negative impact of alloying one metal with the other, and vice versa. (k−t) Alloy
composition with the highest EF for all considered particle diameters, revealing that in most cases alloying increases integrated absorption efficiency
compared to the neat alloy constituents, and that the alloy composition that features the highest EF shifts with particle diameter. The data are
interpolated between 10 at. % steps, and for non-interpolated raw data, we refer to Figure S9 in the Supporting Information.
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symmetry of the enhancement with respect to the alloy
constituents since it is the only system where both constituents
benefit almost equally from being alloyed with the other one
(Figure 7b).
As the final step of this analysis, we extracted the

composition with the highest EF�and thus also highest
integrated absorption�for each alloy type and for all particle
sizes (Figure 7). Starting out with the isovalent alloy systems,
as the main result for AuAg, this analysis reveals how the alloy
composition that maximizes integrated absorption shifts from
Ag heavy alloys at small sizes to Au heavy alloy for particles
>60 nm, due to the poor absorbing properties of Ag in the
large particle size range (Figure 7k). The situation is similar
but even more extreme for AgCu, where pure Cu is the best-
performing composition for most particle sizes (Figure 7c).
AuCu on the other hand shows the best-performing
composition close to 50% for almost all sizes (Figure 7b),
whereas PdPt shows essentially no benefit of alloying since
absorption in pure Pd is only few percent higher than that in Pt
(Figure 7d).
Inspecting the non-isovalent systems reveals a clear trend

where (i) the full d-band metal (or an alloy composition close
to it) experiences the highest EF and where (ii) increasing
particle diameter shifts the alloy composition with the highest
EF toward 50% (Figure 7o−t). The latter is because for small
particle sizes Au, Ag, and Cu and the alloys with high full d-
band metal content exhibit significant absorption themselves,
which then quite rapidly decreases with increasing particle size
at the cost of the scattering LSPR decay channel. Therefore,
they benefit both from the broadband interband transitions
and absorption peak broadening provided by alloying with Pt
or Pd in this particle size regime (cf. Figure 5e). At the
absolute level, we also note that for the smallest particle sizes of
the non-isovalent alloy absorption enhancement by alloying is
only on the order of few percent, whereas it is up to 212% for
the champion system AgPd for particle sizes around 180 nm
and an Ag content of 40 at. %.
As a general summary of this analysis, we can see that, first,

alloying is the most beneficial in terms of maximized
absorption efficiency for particle sizes above 60 to 100 nm,
depending on the specific system. At these larger sizes, most
metal particles experience that scattering becomes the
dominant LSPR decay channel, which can be tweaked toward
non-radiative absorption by alloying, thereby enhancing the
absorption efficiency at these sizes. Second, alloying is most
beneficial for the full d-band metals Au, Ag, and Cu, with Ag as
the champion, if alloyed with a half full d-band metal-like Pt
and Pd. On an absolute scale, the largest increase in the
integrated absorption efficiency is obtained for particle sizes at
around 180 nm, where Au and Cu show an increase of up to
100% and Ag just over 200%. Notably, even when Ag, Au, and
Cu are alloyed with each other, an increased integrated
absorption efficiency can be seen, however to a somewhat
lesser extent, where AgAu exhibits a maximum increase of
almost 100% and AuCu of ca. 30% for particle sizes around
140 nm.

■ CONCLUSIONS
In conclusion, we have presented the systematic screening and
a fundamental physics discussion of the light absorption
efficiency of 10 binary late transition-metal alloys composed of
Au, Ag, Cu, Pd, and Pt, using a combination of FDTD
simulations for nanoparticles with 14 different sizes and

experimental absorption efficiency measurements on nano-
fabricated quasi-random alloy nanoparticle array samples with
10 at. % alloy composition intervals. The first key finding is
that most alloys exhibit a higher integrated absorption
efficiency than their neat constituents, with an enhancement
of up to 200% when Ag is alloyed with Pd or Pt for a
nanoparticle diameter around 180 nm. This advertises alloying
as a means to maximize light absorption in metal nanoparticles.
As the second key result, we found that most neat metals and
their alloy systems exhibit their highest absolute absorption
efficiency for nanoparticles with a diameter of around 80 nm,
where the balance between radiative and non-radiative LSPR
decay is optimized, except for Ag and Ag-heavy alloys where
the optimum is shifted to smaller sizes.

Taken all together, our findings highlight the potential and
value of alloying as a handle to engineer the visible light
absorption properties of metal nanoparticles. Specifically, for
applications where an enhancement of absorption is needed,
alloying with Pd and Pt is identified as the most beneficial
since adding only few percent to Au, Ag, and Cu increases the
absorption efficiency significantly. As an example, we predict
such alloying strategies to find applications in plasmonic
catalysis as a way to tailor the non-radiative LSPR decay in the
quest to distinguish near-field and hot electron-driven reaction
pathways.61

■ METHODS
Fabrication. The samples were fabricated using hole-mask

colloidal lithography on fused silica substrates for spectropho-
tometry and on oxidized silicon substrates for SEM imaging.
For the nanofabrication, the following instrumentation was
used: spincoating (Suss, LabSpin6), oxygen ion etching
(Plasmatherm, BatchTop m/95), and electron beam evapo-
ration (Lesker, PVD 225). We used a 0.2 wt % 140 nm sulfate
latex bead solution (molecular probes by life technologies) in
deionized water to create the mask. To induce alloy formation
after evaporation, the samples were annealed in a flow reactor
for 24 h at 500 °C in 4 ± 0.12% H2 in Ar carrier gas, at a flow
rate of 100 mL/min.
Scanning Electron Microscopy. A Zeiss Supra 55 was

used to record the SEM overview images with the in-lens
system at an acceleration voltage of 10 kV and at a working
distance of at least 5 mm.
Spectrophotometry. Optical absorption spectra of the

samples were obtained using a Cary 5000 spectrophotometer
with the diffuse reflectance accessory DRA 2500. We used a
step width of 1 nm and an averaging time of 0.3 s per step.
Finite-Difference Time-Domain. Ansys-Lumericals

FDTD solution version 8.26.2717 was used to calculate the
absorption cross section of the alloy nanodisks. The geometry
that was simulated was composed of a disk with the diameter
ranging from 40 to 400 nm and a height of 25 nm placed on a
SiO2 substrate. For the calculations with the purpose of
comparing them to experimental values (cf. Figure 3), the
diameters were extracted from SEM images of the
experimental samples (see Figure S2). The dielectric functions
for the neat metals and alloy systems are obtained from a study
by Rahm et al.33 and for the SiO2 substrate was taken Ansys-
Lumerical’s database and originates from a study by Palik43 As
shown in Figure 3c, we used the dielectric function for the
metals Au,41−46 Pd,42,43,47,48 Pt,43,48 and Cu.41−43,46,49 The
used source was a total field/scattered field source with a
linearly polarized plane wave.
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