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Cu-Ag alloy for engineering properties and
applications based on the LSPR of metal
nanoparticles
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Efficient generation of high-energy hot carriers from the localized surface plasmon resonance (LSPR) of
noble metal (Ag, Au and Cu) nanoparticles is fundamental to many applications based on LSPR, such as
photovoltaics and photocatalysis. Theoretically, intra- and inter-band electron transitions in metal
nanoparticles are two important channels for the non-radiative decay of LSPR, which determine the
generation rate and energy of hot carriers. Therefore, on the basis of first-principles calculations and
Drude theory, in this work we explore the potential role of alloying Ag with Cu in modulating the
generation rate and energy of hot carriers by studying the intra- and inter-band electron transitions in
Cu, Ag and Cu—-Ag alloys. It is meaningful to find that the d-sp inter-band electron transition rates are
notably increased in Cu—Ag alloys. In particular, the inter-band electron transition rates of CupsAdos
become larger than that of single Cu and Ag across the whole energy range between 1.5 and 3.2 eV. In
contrast, intra-band electron transition rates of Cu—Ag alloys become smaller than that of single Cu and
Ag. Because the intra-band electron transitions mainly contribute to the resistive loss in metals, which
finally results in a thermal effect rather than high-energy hot carriers, the reduction of intra-band
electron transitions in Cu—Ag alloy is beneficial for the transforming the energy absorbed by LSPR into
high-energy hot carriers through other non-radiative channels. These results indicate that alloying of Ag
and Cu can effectively improve the generation rates of high-energy hot carriers through the inter-band
electron transition, but decrease the resistive loss through intra-band transition of electrons, which
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Introduction

In 1972, Fujishima discovered the so-called “Honda-Fujishima
Effect”, which uncovered the prelude of heterogeneous photo-
catalysis.” Over the past decades, the technologies of photo-
chemistry and photocatalysis have been widely applied in
fields including pollutant degradation,> water decomposition,?
carbon dioxide reduction,* etc. Photocatalytic materials and
photocatalytic conditions are the two main factors influencing
photocatalytic efficiency, among which photocatalytic materials
are paid the most attention.>” Semiconductors are one of the
most important types of photocatalytic materials, but they
generally exhibit band structure mismatch with solar energy,
inefficient light absorption and high recombination rate of
photo-generated carriers, which significantly limit the solar
energy conversion efficiency. Therefore, expanding the spectral
response range (especially the visible light) and prolonging the
lifetime of photo-generated carriers are important for
improving photocatalytic efficiency. In this respect, the local-
ized surface plasmon resonance (LSPR), which is typically
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should be used as a guide in optimizing the non-radiative decay processes of LSPR.

observed in the nanoparticles of noble metals upon certain light
irradiation, is promising in improving the solar energy
conversion. Plasmonic systems are promising as alternatives to
semiconductors because the LSPR of metal nanoparticles can
absorb solar energy more efficiently. For example, Linic et al.
systematically illustrated the applications of plasmonic metal
nanostructures for effective conversion of solar to chemical
energy.®

LSPR is the collective oscillation of conduction electrons in
metallic nanoparticles when the incident photon frequency
matches the intrinsic resonant frequency of the conduction
electrons. Physically, all metals can have resonant polarization
and the difference lies in the energy range.® Most of the solar
energy consists of ultraviolet-visible light, so we mainly focus on
the noble metal (Au, Ag and Cu) nanostructures with LSPR. The
solar energy absorbed by LSPR supplies the photocatalytic
process through primarily two mechanisms: the generation of
hot carriers and near-field enhancement.’®** On one hand, the
inevitable non-radiative decay of LSPR results in electron tran-
sitions in metal nanoparticles, thus generating electrons and
holes with high energy (the so-called hot carriers).” Some hot
carriers with enough energy and proper momentum can not
only directly participate in redox reactions on the surface of
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nanoparticles, but also be transferred to adjacent semi-
conductors, which then induce redox reactions on the surface of
semiconductor.” As can be inferred, the generation rates and
energy distribution of hot carriers play central roles in deter-
mining the photocatalytic efficiency based on the hot carriers.
On the other hand, the near-field enhancement can signifi-
cantly improve the absorption efficiency of adjacent semi-
conductor with proper bandgap.**

Theoretically, the non-radiative decay of LSPR can take place
through four channels:** (1) inter-band electron transition; (2)
surface-assisted electron transition; (3) phonon-assisted elec-
tron transition; (4) the classical resistive loss. Among them, the
inter-band electron transition contributes mostly to the gener-
ation of hot carriers, and the resistive loss, which originates
from the intra-band transitions of conduction electrons, mainly
generates heat and competes with the other channels. There-
fore, for efficient generation of hot carriers, it is important to
find ways to improve the inter-band electron transition of
plasmonic metals, but decrease the resistive loss. The electronic
structures of metal fundamentally determine the intra- and
inter-band electronic transitions,'® which can be adjusted by
various methods, such as strain,"” defects'® and alloying.* It is
interesting to investigate the role of alloy in modulating the
electronic structure and optical properties of metals.>*** In
order to examine whether alloying Au with another metal is
beneficial for plasmonic application, Keast et al. investigated
the alloys and compounds of Au with other metals by calcu-
lating the density of states (DOS), dielectric function and plas-
mon quality factor.”® The results showed that -certain
compounds of Au are suitable for plasmonic applications. For
the metal alloy, the key factor is the ratio of metals in the alloy.
Zhang et al. reported that atomic ratio in Pd-Cu alloy influences
the catalytic performance of HCOOH oxidation.*® Wang et al.
measured fast nonlinear refractive index and nonlinear
absorption coefficient of Ag—Cu alloy nanocluster.> The results
show that with different Ag/Cu ratio, linear absorption and
nonlinear absorption are different in near infrared (NIR) region.
It is suggested that by changing the ingredient percentage of
metals in alloy, different optical nonlinearities could be selec-
tively obtained.

In this paper, Cu-Ag alloy is taken as an example to explore
the potential impact of atomic ratios in modulating the gener-
ation and energy distribution of hot carriers through the non-
radiative decay of LSPR. Specifically, the electronic structures
and optical properties of pure Cu, Ag and Cug 125A80.875,
Cuy.25Ag0.75, and Cug sAgo s are systematically investigated on
the basis of first-principles calculations and Drude theory. And
the effect of alloy on the near-field properties is also assessed by
calculating the dimensionless quality factor. It is found that
Cu-Ag alloy can significantly increase the generation rates of
high-energy hot electrons by increasing the inter-band electron
transitions within the energy between 1.5 and 3.2 eV, and the
behavior of Cuy sAgy. 5 alloy even surpass that of single Cu and
Ag. On the other hand, Cu-Ag alloys reduce the near-field
enhancement compared to both Ag and Cu. These results
show that Cu-Ag is beneficial for applications based on the
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generation of hot carriers, but is unfavorable for applications
based on the near-field enhancement.

Computational method

Our DFT calculation are conducted using VASP based on the
plane wave basis function, and the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)
was used for the exchange-correlation potential.>> The plane
wave cutoff energy is 500 eV. Firstly, all the Cu-Ag alloyunit cells
with different atomic ratios are structurally relaxed, so that each
atom is subjected to a force that less than 0.01 eV A™*, and
a stable alloy crystal structure is obtained. During structure
optimization and self-consistent, the Brillouin zones for the
alloys are sampled with (4 x 8 x 8). In the calculation of optical
properties, a much denser k-points (16 x 32 x 32) are used for
sampling the Brillouin zones to reach converged results.”® All
the parameters above have been tested to give converged
results.

For Cu-Ag alloy crystals, this paper mainly focuses on the
light absorption caused by the d-sp inter-band electron transi-
tions and the sp intra-band electron transitions. The electron
transition rates of the d-sp inter-band and the sp intra-band are
characterized, respectively. The light absorption coefficient e(w)
of Cu-Ag related to the d-sp inter-band electronic transition® is
calculated as follows:

o 1/2
a(w) = V2 ~|Ver(e) +el(w) —aw) 1)

where ¢,(w) and ¢;(w) are respectively the imaginary and real
parts of the frequency-dependent dielectric function. As can be
seen from eqn (1), the light absorption coefficient a(w) is related
to the dielectric constant. The imaginary part of the frequency-
dependent dielectric function &,(w) is calculated by summation
over unoccupied band states in the Brillouin zone, and
a Kramers-Kronig transformation is performed to obtain the
real part ¢;(w).** This method has been widely used for calcu-
lating the dielectric functions due to inter-band electron tran-
sitions for metals.”®*® The Cu-Ag alloy is metallic, which has
a high free carrier concentration. They can generate sp intra-
band free-electron transitions to cause light absorption. The
Drude model* gives a good explanation for the light absorption
caused by this intra-band electron transitions. The corre-
sponding imaginary part &,(w) and the real part ¢(w) are
calculated as follows:

2
W
=1- L 2
81(0‘)) (,()2+’YZ ( )
2
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= — 3
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Then the optical absorption coefficients are evaluated
according to eqn (1). As shown in eqn (2) and (3), the plasma
frequency® w,” and inverse electron lifetime y must be calcu-
lated to obtain the dielectric function. The details for calcu-
lating plasma frequency are the same as our previous work."”

This journal is © The Royal Society of Chemistry 2020
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For the inverse electron lifetime vy, the typical experimental
value for noble metals, /iy ~ 0.1 eV, is used.?* On the other hand,
the near-field and light absorption properties are also impor-
tant factors affecting the solar energy conversion efficiency
based on the LSPR, so the near-field enhancement is described
by calculating the quality factor.”® This parameter provides
a frequency-dependent value that is related to the near-field
enhancement for a plasmon excitation.

Results and discussion
Crystal structures of Cu-Ag alloys

In 2016, Gong et al. experimentally prepared the Cu-Ag alloy
films by mixing Cu and Ag metals in different proportions and
explored the effects of metal alloy ratios on optical properties.*
It is shown that the metal ratio significantly affects the optical
properties of metal alloy. Since Cu and Ag elements belong to
the same family in the periodic table and have the same elec-
tronic configuration, and both are face-centered cubic crystals,
the difference in their atomic radius is less than 15%, and
a substitutional solid solution can be formed. Keast et al. con-
structed substitutional alloys,** AuX, by setting two units of the
Au conventional cell and replacing one of the eight atoms with
substitutional element, X. In order to construct Cu-Ag alloys
with different atomic ratios, the same method is used as shown
in Fig. 1 and the substitute atoms (Cu) in Cu-Ag alloys have
a random occupancy on the positions of Ag. It is noted that the
Cu-Ag alloys in the composition range that was investigated are
not thermodynamically stable, and they should be produced by
some non-equilibrium technique such as physical vapor depo-
sition. The calculated lattice constants of Cu-Ag alloy unit cells
are listed in Table 1. From Table 1, the lattice constants of Ag
and Cu are respectively 4.147 and 3.638 A, which are very similar
to the experimental values.*® For the Cu-Ag alloys, their lattice
constants are between that of Ag and Cu, and the lattice
constants gradually decrease as the ratio of Cu increase. On the
other hand, for the same atomic ratio, the lattice constants with
different alloy structures are almost the same.
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Table 1 Lattice constants (in A) of Ag, Cu, and Cu—Ag alloys with
different atomic ratios

Ag Cu CUo.125A80.875 Cuo.25A80.75 Cuo.5A80.5
a 4.147 3.638 4.094 4.037 3.948
4.147 3.638 4.094 4.037 3.909
[4 8.295 7.276 8.188 8.075 7.782

Electronic structures of Cu-Ag alloys with different atomic
ratios

Cu-Ag alloy nanoparticles may efficiently absorb solar energy
on the basis of LSPR, and the non-radiation decay of LSPR can
generate large number of hot electrons and holes by exciting
intra- and inter-band electron transitions. Therefore, the
detailed distribution of electronic states near the Fermi level
determines the energy of hot carriers in Cu-Ag alloys. In Fig. 2,
we show the band structures of Cu-Ag alloys with different
atomic ratios. In comparison with pure Cu and Ag, the d-bands
of Cu-Ag alloys are significantly expanded, and the expansion
slightly increases with the ratio of Cu. In addition, the upper
edge of the d-bands in Cu-Ag alloys moves closer to the Fermi
level and is located at about —1.5 eV below the Fermi level,
which is similar to that of pure Cu, but higher than that of pure
Ag by about 1 eV. This indicates that the energy of hot holes in
Cu-Ag alloys may be very similar to that of pure Cu. Further-
more, the hybridization of d states with s and p states near the
Fermi level increase as the ratio of Cu in the alloys, suggesting
that the d-sp inter-band transition rates may become larger. In
addition, the position of the sp hybridization band near the
Fermi level varies with the ratio of Cu. From the point of view of
the d-sp inter-band and sp intra-band electronic transitions, the
results above indicate that alloying Ag with Cu may significantly
change the energy distribution and generation rates of hot
carriers from the decay of LSPR.

To uncover the behavior of band structures for Cu-Ag alloys
above, we further investigate the total and orbital projected
density of states (TDOS and PDOS) of pure Cu, Ag and Cu-Ag
alloys. As shown in Fig. 3(a), the changes in the DOS are mainly
located in the energy range between —6.5 and —1.5 eV, whereas
the DOS located in the energy range near the Fermi level is only
slightly changed. From the results of band structures in Fig. 2,

Fig. 1 Crystal structures of (a) Ag, (b) Cup125Ag0 g75, (€) Cug 25Ag0 75, (d) CugsAgg 5.
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Fig. 2 Band structures of (a) Ag, (b) Cu, (c) Cug 125Ado 875, (d) Cup 25Ag0 75 and (e) CugsAdo s. The Fermi levels are set to O eV. The red, blue, and

green lines indicate s, p and d orbital contributions, respectively.

the DOS in the energy range between —6.5 and —1.5 eV are
mainly contributed by the d orbitals of metals. Therefore, in
Fig. 3(b) we show PDOS of d orbitals for the pure Cu, Ag and Cu-
Ag alloys. As can be seen, the d-band width is progressively
increased with the ratio of Cu. Moreover, the limiting values for
the lower edges and upper edges of the d-band are approaching
that of the Ag and Cu atoms, respectively. Detailed investigation
of PDOS for the d orbitals of Ag and Cu components in the Cu-
Ag alloys shows that the extension of the d-bands results from
the strong hybridization of the d orbitals of Ag and Cu
components. As shown in Fig. 3(e-g), in each alloy there are
some resonant peaks for the d orbitals of Ag and Cu at some
energy values, and the number of resonant peaks increases with
the ratio of Cu. Moreover, the widths for the d orbitals of Ag and
Cu components respectively increase with the ratio of Cu. The
extension of the d-bands can facilitate the hybridization of them
with the sp bands, thus may increase the d-sp inter-band tran-
sition range and transition rate. For the PDOS of s and p orbitals
of the pure Cu, Ag and Cu-Ag alloys, as shown in Fig. 3(c) and

13280 | RSC Adv, 2020, 10, 13277-13285

(d), their distributions in energy are almost the same, but their
specific values are different at a given energy value. In partic-
ular, the s and p PDOS of Cu, 5Ag 5 are quite different from the
others. These results indicate that the sp intra-band transition
properties can also be modulated to some extent. Moreover,
effects on the inter- and intra-band transition properties of
electron depend strongly on the specific alloy ratio and
structures.

The reason for the changes in the electronic structures of
Cu-Ag alloys can be understood as two aspects: on one hand, it
can be seen from Table 1 that the volume of Cu-Ag alloys with
different atomic ratios is reduced to varying degrees compared
to pure Ag crystal. Since the atomic radius of the Cu atom is
smaller than that of the Ag atom, replacing the Ag atoms with
the Cu atoms is equivalent to the lattice volume compression.
According to the free-electron gas model of metal, the decrease
in the volume of Cu-Ag alloys can increase the degree of delo-
calization of the free electron like sp band. On the other hand,
the distance between the Cu and Ag atoms in Cu-Ag alloy is

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Total and orbital projected density states (TDOS and PDOS) of pure Cu, Ag and Cu—Ag alloys. (a) TDOS for pure Cu, Ag and Cu—Ag alloys
with different atomic ratios. (b) PDOS for the d orbitals of pure Cu, Ag and Cu—Ag alloys with different atomic ratios. (c) and (d) are respectively
PDOS of s and p orbitals of pure Cu, Ag and Cu—Ag alloys with different atomic ratios. (e—g) PDOS for the d orbitals of Ag and Cu components in
the Cuo 125Ado.875, Cuo 25Ado 75, and Cuo sAgo 5 respectively.
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reduced relative to that in pure Ag. According to the tight
binding model, the d-band dispersion of Cu-Ag alloys may be
increased. Meanwhile, the d-sp hybridization can also become
stronger.

Intra- and inter-band optical absorption properties of Cu-Ag
alloys with different atomic ratios

The above band structures and DOS of Cu-Ag alloys indicate
that Cu-Ag alloys can change the energy distribution of hot
carriers and intra- and inter-band electron transition proper-
ties, which may affect the non-radiative decay of the LSPR based
on the alloy nanoparticles. To quantify the effects of different
atomic ratios on electronic transitions, the optical absorption
coefficients of Cu-Ag alloys with different atomic ratios are
calculated and shown in Fig. 4. For comparison, the results of
pure Cu and Ag are also calculated. In this paper, the concept of
metal alloying is proposed to improve the solar energy conver-
sion efficiency on the basis of LSPR. Therefore, we mainly focus
on the light absorption between 1.5 and 3.2 eV, which includes
the majority of solar energy. Fig. 4(a) shows the calculated
optical absorption coefficients contributed by the d-sp inter-
band electron transitions. For pure Ag, the absorption coeffi-
cients in the energy between 1.5 and 2.4 eV is almost zero, and
start to progressively increase in the energy range between 2.4
and 3.2 eV. In contrast, the absorption coefficients of Cu in the
whole energy range between 1.5 and 3.2 eV is much larger than
that of Ag, and steadily increases with energy. Therefore, it is
inferred that addition of certain amount of Cu may increase the
absorption coefficients of Ag and thereby increase the solar to
hot carrier conversion efficiency. Indeed, as shown in Fig. 4(a),
in comparison with Ag, the absorption coefficients of the Cu-Ag
alloys are notably increased. In particular, the absorption
coefficients of CugsAgy.s become even larger than that of Cu

View Article Online

Paper

and structure can even surpass that of the single component
metals.

Free electrons in a metal may jump between different elec-
tronic states within the same energy band forming hot carriers.
Due to the high concentration of carriers in metal, it is neces-
sary to analyze the contribution of intra-band electron transi-
tion rates, which is also an important channel for the non-
radiative decay of LSPR. Fig. 4(b) shows the calculated absorp-
tion coefficients of pure Cu, Ag, and Cu-Ag alloys due to intra-
band electron transitions. Theoretically, the onsets of sp intra-
band absorption can start at 0 eV. However, in terms of solar
energy conversion, as stated previously, we focus mainly on the
energy range between 1.5 and 3.2 eV. Contrary to the inter-band
absorption properties, Fig. 4(b) shows that the intra-band
absorption coefficients of Cu-Ag alloy are reduced, and the
reduction in Cuy 155A80.g75 is the largest. As shown in the part of
Computational methods, in this work the optical absorption
due to the intra-band electron transition is calculated on the
basis of Drude model. This means that the calculated intra-
band transitions here mainly contribute to the resistive loss in
metals, which finally result in thermal effect rather than high-
energy hot carriers in metal. Therefore, the reduction of intra-
band transitions in Cu-Ag alloy can be beneficial for the
transforming the energy absorbed by LSPR into high-energy hot
carriers through other non-radiative decay channels. In addi-
tion, it seems that the changes with atomic ratio in alloys for
both the inter- and intra-band transition is rather random.

Near field enhancement effect

The near-field enhancement is another important effect
induced by the LSPR of metallic nanoparticles, which has also
shown many applications.** In this section we further analyze
the potential effect of Cu-Ag alloy on the LSPR near-field

across the whole energy range. In addition, for Cug 155Ag0 575 the ~enhancement. To do this, we calculate the dimensionless
absorption coefficients also become larger than that of Cuin the quality factor Q, which is defined as:*
energy range between 1.5 and 1.8 eV. All the results above 1 o de
indicate that Cu-Ag alloy can increase the d-sp inter-band 0= 26 dw (4)
transition rates, and the properties of alloy with proper ratio
@ ==
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Fig.4 Optical absorption coefficients as a function of energy due to the inter-band (a) and intra-band (b) electron transitions for pure Cu, Ag and

Cu—Ag alloys with different atomic ratios.
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Fig.5 Energy-dependentimaginary parts of the dielectric function (a) and quality factor Q (b) for pure Ag and Cu—Ag alloys with different atomic

ratios.

where ¢; and ¢, are respectively the real and imaginary parts of
the dielectric function due to both intra- and inter-band elec-
tron transitions. Q is used by many researchers to characterize
the near-field enhancement effect. Theoretically, the near-field
enhancement competes with the attenuation of plasmon,
which can be characterized by the imaginary parts of the
dielectric function.?* As shown in Fig. 5(a), the imaginary part of
dielectric function for Cu-Ag alloys are much larger than that of
Ag, that is CugsAgos > CUg25A80.75 > CUo.125A80.875 > Ag.
Accordingly, the Q values of the Cu-Ag alloy in Fig. 5(b) are
smaller than that of Ag. For example, the degree of reduction in
Q of Cu-Ag alloys with different atomic ratios at 2.4 eV is 56.5%
(Cup.125A0.875), 89.7% (Cug.,5A80.75), and 93.3% (Cug 5A80.5),
respectively. Because quality factor Q is positively related to the
near-field enhancement and efficiency of the absorption spectra
for a plasmon resonance: the larger the value of Q, the higher
(stronger) the enhancement of near-field (efficiency of the
absorption spectra) will be, the results above indicate that in
comparison with Ag, the Cu-Ag alloys are not conducive to the
applications based on near-field enhancement effects.
Furthermore, from the analysis of electronic structures we find
that the d-bands of Ag are located deeper below the Fermi level
and move up to different degrees after adding certain propor-
tions of Cu atoms, and results in larger d-sp inter-band transi-
tion rates. Keast et al. previously pointed out that the near-field
enhancement effect of plasmon is related to the d-band electron
transitions:** to improve the near-field enhancement effect, it is
necessary to reduce the inter-band transition of d-band elec-
trons. The Q value results presented here thus also verify her
statement.

Conclusion

In conclusion, to investigate the effects of Cu-Ag alloy in engi-
neering the properties and applications based the LSPR of
metal nanoparticles, we have systematically studied the elec-
tronic structures and optical properties of pure Cu, Ag and three
Cu-Ag alloys with different atomic ratios and alloy structures. It

This journal is © The Royal Society of Chemistry 2020

is shown that the hybridization of d-bands between Ag and Cu
atoms is rather strong and increases with the atomic ratio of Cu
in Cu-Ag alloys, which decreases the d-sp inter-band transition
energy and increases the d-sp inter-band transition rates.
Therefore, the absorption coefficients resulting from the d-sp
inter-band transitions are significantly increased for Cu-Ag
alloys. In particular, the absorption coefficients of Cug 5Ago 5
become larger than that of single Cu and Ag across the whole
energy range between 1.5 and 3.2 eV. In addition, for
Cuy.125Ag0.875 the absorption coefficients are also larger than
that of single Cu and Ag in the energy range between 1.5 and
1.8 eV. In contrast, the absorption coefficients due to sp intra-
band transition become smaller than that of single Cu and
Ag. Because the intra-band transitions investigated here mainly
contribute to the resistive loss in metals, which finally result in
thermal effect rather than high-energy hot carriers in metal.
Therefore, the reduction of intra-band transitions in Cu-Ag
alloy can be beneficial for the transforming the energy absorbed
by LSPR into high-energy hot carriers through other non-
radiative decay channels. These results indicate that alloying
of Ag and Cu can effectively improve the generation rates of hot
carriers through the inter-band transition, but decrease the
resistive loss through intra-band transition of electrons, which
should be used as a guide in optimizing the non-radiative decay
processes of LSPR. On the other hand, it is found that Cu-Ag
alloys reduce the near-field enhancement due to the increase in
the inter-band electron transitions. Therefore, Cu-Ag alloys are
not suitable for applications based on the near-field enhance-
ment effects of LSPR.
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