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Plasmonic materials that exhibit excellent plasmonic behavior at high temperatures would greatly expand
existing applications, but the search for such materials is ongoing. Transition metal nitrides with good conduc-
tivity and high-temperature stability are promising candidates for temperature-dependent plasmonic applications.
Here, we systematically investigate the temperature-dependent surface plasmon and hot carrier properties
of TiN and VN. Significantly, high temperatures significantly affect the phonon-assisted intraband transition
processes. Meanwhile, TiN and VN exhibit efficient optical absorption and low surface plasmon loss at different
temperatures, which are comparable to or even higher than Ag. In particular, the surface plasmon response of
TiN extends to visible light, making it an excellent candidate for low-loss and broadband plasmonic applications
at high temperatures. In contrast, VN exhibits a much narrower plasmonic window, which is mainly suitable
for infrared low-loss plasmonic devices. For hot carriers, the energy and probability distributions of hot holes
in TiN and hot electrons in VN exhibit robustness to temperature. Meanwhile, transport properties indicate
that the temperature effect on hot holes is significantly higher than that on hot electrons in TiN and VN.
Therefore, we expect that the reported results will provide theoretical guidance for the design of next-generation

high-temperature plasmonic devices.
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I. INTRODUCTION

Surface plasmons of metallic materials hold the excit-
ing promise of shrinking optical and photonic devices from
the micro- to nanoscale [1,2], and their nonradiative decay
generating hot carriers hold promise for improving optoelec-
tronic conversion efficiency [3,4]. Conventional noble metals
(Au, Ag) have long been considered excellent plasmonic
materials [5], which provide fundamental solutions for the
above-mentioned applications. However, the low-melting no-
ble metals do not meet the application-specific requirements
in high-temperature environments, such as aerospace and
power engineering.

Recently, transition metal nitrides [6—8] with good metallic
and high-temperature stable properties exhibit good plas-
monic properties as alternative “noble metals,” which have
great potential for high-temperature plasmonic applications.
For example, W. Wang et al. experimentally demonstrated
that VN films with superior thermal stability at 800 °C may
potentially be used for efficient solar absorption [9]. X.
Wang et al. presented a hybrid plasmonic Au-TiN vertically
aligned nanocomposite to attain optical flexibility including
change of surface plasmon resonances in the UV-visible range
[10]. In general, the plasmon properties are closely related
to the carrier concentrations, phonon properties, and carrier
energy distribution in metallic materials. The electric field
and impurity doping are important means to adjust the car-
rier concentrations. For example, Hu er al. experimentally
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demonstrated electric field modulation produces high-
concentration hole-doped graphene, resulting in broadly
tunable graphene plasmons [11]. Moreover, Shirodkar et al.
indicated that the high-concentration doping of lithium in
graphene shifts the plasmon frequency into the visible range
[12]. Meanwhile, impurity doping also increases the phase
space for electron-phonon scattering, resulting in an in-
crease in plasmon decay. Notably, the temperature has richer
effects on surface plasmon properties, including temperature-
dependent carrier density, scattering effects, and carrier
distribution. For example, Kim et al. observed that the inten-
sities of the plasmon resonance peaks increase significantly
as the temperature drops, resulting from temperature-induced
hole doping and the suppression of scattering [13]. Further-
more, Garcia et al. indicated that the temperature dependence
of surface plasmon in NbAs is very strong at low frequencies
[14], which is mainly caused by the temperature-dependent
distribution of electrons and phonons. Therefore, for intrinsic
transition metal nitrides, more studies on the temperature-
dependent surface plasmon properties are urgently needed
for the practical design of nanophotonic devices. In practice,
the construction of high-temperature experimental environ-
ments in the laboratory is costly to implement and poorly
reproducible. Therefore, it is necessary to find a theoretical
tool with enough accuracy and independence of empirical
parameters to fully evaluate temperature dependence of sur-
face plasmon properties of transition metal nitrides, which
can provide reliable theoretical guidance and thereby save a
great deal of laboratory trial and error time. For example, the
works of Gumbs et al. are a theoretical study of the tem-
perature dependence of surface plasmon in graphene by the
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2D random-phase approximation (RPA) ring diagram polar-
ization function at arbitrary temperatures [15,16]. Meanwhile,
Turov et al. theoretically investigated the plasmon dispersion
and damping in the Dirac-cone materials and the ¢ — 73 model
of 2D nanostructures based on the temperature-dependent
polarization function [17-20]. However, the current theoret-
ical studies still have little knowledge about the temperature
dependence of surface plasmon properties in transition metal
nitrides at the microscopic level.

Theoretically, surface plasmon inevitably decays rapidly
into electron-hole pairs in metallic materials. This plasmonic
loss mechanism generates efficient hot carriers, which is of
great significance for hot carrier-based applications such as
photochemistry and photodetection [21-23]. Effective hot
carrier devices require that the high-energy hot carrier in
metallic materials remain a sufficiently long lifetime and
transport distance at different temperatures. However, the
current understanding of the temperature dependence of hot
carrier properties is still lacking, which greatly hinders the
determination of the true potential of these materials for hot
carrier applications in high-temperature environments. Fun-
damentally, impurity, electron-electron, and electron-phonon
scattering effects inevitably affect the carrier transport prop-
erties. For the hot carrier system at different temperatures, the
numerical calculations by Patel ef al. indicated that the impu-
rity scattering rate shows little temperature dependence [24].
In addition, the concentration of unintentionally introduced
impurities in pure transition metal nitrides studied here is
generally low. Therefore, the study of temperature-dependent
carrier transport properties ignores the impurity scattering
effects. In contrast, electron-electron and electron-phonon
scattering generally exhibit strong temperature dependence.
For example, Efetov et al. reported that the measured resis-
tivity of graphene increases linearly with temperature [25].
Therefore, we systematically study the electron-electron and
electron-phonon scattering effects on the hot carrier transport
properties at different temperatures.

Here, based on the first-principles calculations without
any empirical parameters, we comprehensively investigate
the temperature dependence of the surface plasmon and hot
carrier properties in two transition metal nitrides: TiN and
VN [26,27]. Firstly, we calculate the temperature-dependent
optical response dielectric function, which includes the main
losses based on Drude resistance, direct interband-, and
phonon-assisted intraband electronic transitions processes.
The results show that the temperature significantly affects
the phonon-assisted intraband electronic transitions at low
energies. Meanwhile, our calculated complex dielectric func-
tions of VN and TiN are consistent with the results at room
temperature in reference [27], indicating the reliability of
our theoretical calculation. With these accurate results, we
study the temperature-dependent surface plasmon properties,
including two figures of merit in typical plasmonic appli-
cations. The results show that the low-loss surface plasmon
polaritons in TiN extend into the visible range at different
temperatures, making it an excellent noble-metal alternative
for high-temperature plasmonic applications. In addition, we
study the temperature dependence of hot carrier properties in
TiN and VN, including temperature-dependent energy distri-
bution, carrier lifetime, and mean-free path, which provides

deeper insight toward the relationship between hot carrier
transport properties and temperature at the microscopic level.

II. COMPUTATIONAL METHODS

We first calculate the electronic structure, phonon spec-
trum, and electron-phonon matrix elements of TiN and VN
from first principles using density-functional theory (DFT) as
implemented by the open-source code JDFTX software [28].
We use the Perdew-Burke-Ernzerhof generalized-gradient ap-
proximation [29] to the exchange-correlation functional and
norm-conserving SG15 pseudopotentials [30]. For TiN and
VN, we use a kinetic energy cutoff of 25 hartrees and Fermi-
Dirac smearing of 0.01 hartree. To obtain well-converged
results, we use a dense 14 x 14 x 14 k-point mesh for TiN
and 8 x 8 x 8 k-point mesh for VN, respectively. We use a
4 x 4 x 4 supercell for TiN and VN, respectively, to calculate
the phonon states.

Next, we construct the maximally localized Wannier func-
tions (MLWFs) [31,32] to exactly reproduce the DFT band
structures up to at least 30 eV from the Fermi level. Specifi-
cally, we use 23 Wannier bands for TiN and 34 Wannier bands
for VN, respectively, to reproduce the orbital energies, phonon
energies, and electron-phonon matrix elements at arbitrary
wave vectors k for subsequent surface plasmon and hot carrier
properties calculations.

A. Dielectric function of the material

In general, the frequency-dependent complex conductivity
o (w) is used to describe the optical and plasmonic responses
of metallic materials, of which the real part can be written as
[33,34]

—1_—1
00Tpy Ty (@)

Reo (w)=
eo(w [TD_I(CU)]2+CO2

+ Reginter (w) (1)

In the first term, 09T, represents the Drude resistance
effects with oy being DC conductivity and 7p being Drude
momentum-relaxation time, which is calculated by
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where ¢y, is the Kohn-Sham energy of the electronic state with
wave vector k and band index n, and ¢f is the Fermi energy;
Uk, 18 the band velocity with wave vector k and band index n;
gs= 2 is the spin-degeneracy factor, and d is the dimension,
which is 3 for bulk materials. Furthermore, 7, Y(w) is the
frequency-dependent momentum relaxation rates, which en-
capsulate the phonon-assisted intraband electronic transition
contributions to the optical and plasmonic response. From
the Eliashberg spectral function [35,36], we calculate the
frequency-dependent momentum relaxation rates t,, Y(w) as
follows:
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FIG. 1. Primitive unit cells of TiN (a) and VN (b).

where br(e) = +/w> and the dimensionless Gﬁa is defined
gYQdk
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where g(er) is the density of electronic states near the Fermi
energy, and fiwg, is the energy of phonon state with wave
vector ¢ and polarization index o; g‘(]lf +qm kn 18 the electron-
phonon matrix element with electronic states labeled by wave
vector K, q and band index n, n’, and €2 is the unit-cell volume;
kp is Boltzmann constant, and T represents the temperature.
We use 2 x 107 pairs (k, q) in the Brillouin zone to ensure
convergence of the integrals in Eq. (3), and the temperature
dependence of Eq. (3) is reflected in the parameter kgT

In the second term, Reojyer(w) is the contribution due to
direct interband electronic transitions. Using Fermi’s golden
rule for the real part, which is related to the imaginary part of
corresponding ¢(w) [37,38] and is calculated by

<dk
Reoijer (@) = gow(ne / § Z (fin — frnw)
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where g is the vacuum dielectric constant, and vy,,,is the ma-
trix element of the velocity operator; fx,=f (&kn, 1) is Fermi
occupation of the electron state with wave vector k and band
index n, in which the temperature dependence of Eq. (4) is
embedded [14]. For the Brillouin-zone integral calculation in
Eq. (4), we use a dense Monte Carlo sampling with 1.6 x 107
k to ensure convergence of the results.

Therefore, the imaginary part of the dielectric function,
which is closely related to the conductivity of metallic ma-
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terials, is calculated by
Reo (w)
Ime(w) = ——, (&)
Eow

where Reo (w) is the real part of the frequency-dependent
complex conductivity, which is calculated by Eq. (1), and the
corresponding real part of the dielectric function Reg(w) is
obtained from the Kramers-Kronig relation [39].

According to the classical electrodynamic theory, polariz-
ability x(w) is defined as e(w) = 14+ x(w). Meanwhile, the
dielectric function is calculated by e(w) = 1+’”(‘“) There-
fore, the analytical expressions for the polarlzablhty X (@) can
be expressed as

x (@ )— [

B. Transport properties
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Here, we calculate the temperature-dependent lifetimes
and mean-free paths of hot carriers accounting for electron-
electron and electron-phonon scattering.

For the electron-electron scattering contribution, we cal-
culate the electron-electron scattering rate from the imaginary
part of the quasiparticle self-energy within the RPA as [40,41]
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where Im ), ¢ is the carrier linewidth due to electron-
electron scattering; Pgqkn 1S the density matrix expressed in
the plane-wave basis, and sGG, is the RPA dielectric matrix
for reciprocal lattice vectors G and G’. According to the
Fermi-liquid theory for electrons, the temperature dependence
of electron-electron scattering rate is approximated with an
analytical correction as [14,42]

_ D,
() (o ) ~ —Z (e — )" + CrkaT, ),

where D, is the constant of proportionality, by fitting Eq. (6)
at room temperature Ty, and then adds (D, /%) (7kg)* (T2 —T3)
to Eq. (6) for finite temperature 7.
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FIG. 2. Band structures of TiN (a) and VN (b). The black scatters represent band structures calculated by the DFT calculation. The red lines
are obtained through interpolation of MLWFs. (c) Density of states (DOS) of TiN, VN, and bulk Ag with the unit of states/(eV *volume*atom).

The Fermi energies in (a), (b), and (c) are set to 0 eV.
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FIG. 3. Phonon spectra of TiN (a) and VN (b).

For the electron-phonon scattering contribution, we cal-
culate the temperature-dependent electron-phonon scattering
rate as follow: [43,44]

e—ph
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where Im Y¢-”" is the carrier linewidth due to electron-
phonon scattering; 1 is a small Lorentzian broadening; ng«
is the Bose occupation of phonon state with wave vector
q and polarization index «. The temperature dependence of
Eq. (7) is embedded in the Fermi occupation of electron state
Jin = f(éxn, T.) and Bose occupation of phonon state ng, =
n(€qq» I.). For the integral calculation in Eq. (7), we use
2 x 10° Monte Carlo sampling points to ensure convergence
of the results.

Finally, taking into account the electron-electron and
electron-phonon  scattering contributions, the carrier

T . h
lifetime is calculated by ty, = NS Ay where

Im Y5 ¢ +Im Y5 P s the total carrier linewidth. Mean-
while, the mean-free path is calculated by Ak, = vk, * Tkns
where 1y, and vk, are lifetime and group velocity of hot
carriers in the electronic state kn, respectively.

III. RESULTS AND DISCUSSION
A. Structure and stability

In this work, we mainly focus on two typical transition
metal nitrides, titanium nitride (TiN) and vanadium nitride
(VN). As shown in Fig. 1(a), the most stable TiN crystal

is a face-centered cubic structure, and the calculated lattice
parameters are a = b = ¢ = 4.25 A. For VN crystal, the me-
chanically stable structure is the more complex hexagonal
phase [Fig. 1(b)] with lattice constants a = b = 2.74 A, and
¢ = 2.65 A, respectively. Figures 2(a) and 2(b) show the band
structures of TiN and VN, where the allowed inter- and in-
traband electronic transitions are marked by green arrows.
Meanwhile, Fig. 2(c) shows that TiN has the largest density
of electronic states near the Fermi energy, indicating that TiN
may sustain plasmon in the visible range, which is partic-
ularly desirable for optical devices. In addition, Figs. 3(a)
and 3(b) show that the phonon spectra have no imaginary
frequencies, indicating the dynamical stabilities of the TiN
and VN crystal structures. Physically, electron transitions and
electron-phonon interactions exhibit strong temperature de-
pendence. Therefore, this work systematically investigates the
surface plasmon and hot carrier properties of TiN and VN at
different temperatures.

B. Plasmonic responses of metallic materials

In general, the plasmonic responses of metallic materi-
als consist mainly of the contributions of Drude resistance,
phonon-assisted intraband-, and direct interband electronic
transitions. We start with ab initio calculations of Drude re-
sistance, which generates thermal effects and competes with
intraband electronic transitions at low frequencies. For Drude
resistance effects, Table I shows the calculated Fermi velocity,
and the ratio (op/tpg) of DC conductivity to the average Drude
momentum relaxation time at room temperature, which are
closer to the data in Ref. [27]. The results show that the Fermi
velocity of VN is lower than that of TiN, and both are lower
than that of Ag (about 1.4 x 10° ms™!). Combined with the
lowest density of states of VN near Fermi energy shown in
Fig. 2(c), we can infer that the carrier lifetime in VN is longer
than that of Ag due to the smaller electron-phonon scattering
effect. In addition, from the real part of complex conductivity
Reo(w) in Eq. (1), the larger value of the ratio (o¢/tpo)
indicates that the Drude resistance effect contributes more to
the surface plasmon decay at low frequencies. Table I shows
that the ratio (0y/7po) in TiN and VN is almost independent
of temperature.

According to Eqs. (3) and (4), we then calculate the
momentum relaxation times of phonon-assisted intraband
electronic transitions and the imaginary part of the dielectric
function due to direct interband electronic transitions, which
are two important components of the plasmonic response
of metallic materials. Specifically, the momentum relaxation
time directly determines the intraband loss due to the phonon-
assisted electronic transitions. As shown in Fig. 4, similar to

TABLE I. Comparison of calculated parameter values with those in reference.

TiN (300 K) VN (300 K)
Ref. [27] Calculated Ref. [27] Calculated
Fermi velocity (10° ms™!) 0.72 0.72 0.28 0.28
00/tpo [1/(n2 m fs)] 0.001 0.004 5.29 x 1073 1.43 x 107
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FIG. 4. Momentum relaxation times of phonon-assisted intra-
band electronic transitions, as a function of photon energy, in TiN
(a) and VN (b) at 300, 500, 800, and 1200 K.

the graphene [33], the momentum relaxation time in TiN (VN)
drops dramatically at frequencies above 0.06 (0.08) eV, due
to strong scattering with optical phonons with a maximum
energy ~ 0.074 (0.085) eV shown in Fig. 3. Meanwhile, the
momentum relaxation times of VN are one order of magnitude
higher than that of TiN, indicating the lower intraband loss
of VN at low energies. Notably, the temperature dependence
of the momentum relaxation times is concentrated within
about 1 eV. With an increase in temperature, the momentum
relaxation times at low energies decrease significantly. As
shown in Fig. 5, the imaginary part of the dielectric function
directly quantifies the surface plasmon decay due to interband
electronic transitions with energies above the optical gap in
TiN and VN. Observably, the temperature has a weak effect
on the imaginary part of dielectric functions of TiN and VN at
energies below about 1 eV. Consequently, the main tempera-
ture effect on the dielectric response of TiN and VN exhibits a
significant intraband and interband response at low energies.
In addition, in Fig. 6 we plot the frequency-dependent conduc-
tivity at four temperatures. It is shown that temperature mainly
affects conductivity at low frequencies. It is noteworthy that
TiN still has excellent conductivity at higher temperatures,
which is very close to that of Ag (6.25 x 10° @ 'cm™') at
room temperature. Based on electromagnetic theory, the cor-
responding temperature-dependent dielectric function &(w) is
obtained from Eq. (5), followed by further discussion of the
direct optical absorption and surface plasmon properties of
TiN and VN at different temperatures.

We calculate the optical absorption coefficient from single-
particle electronic excitations, including the three physical
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FIG. 5. Imaginary part of the dielectric function Ime(w) due to
direct interband electronic transitions, as a function of photon energy,
in TiN (a) and VN (b) at 300, 500, 800, and 1200 K.
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FIG. 6. Real part of the optical conductivity Reo (w) as a func-
tion of photon energy in TiN (a) and VN (b) at 300, 500, 800, and
1200 K.

processes discussed above, which is expressed as [45]

1/2
() = ﬁ%[\/eﬁw) +62(0) — £1(0)] ©)

where ¢;(w) and &(w) are the real and imaginary parts
of the dielectric function ¢(w), respectively. The calculated
dielectric functions of TiN and VN shown in Fig. 7 are
consistent with the results at room temperature in Ref. [26],
indicating the reliability of our theoretical calculations.
Figure 7(c) shows that TiN maintains efficient optical absorp-
tion at different temperatures, even higher than Ag [46], which
is beneficial for high-temperature applications. In contrast,
the optical absorption coefficients of VN shown in Fig. 7(d)
exhibit temperature sensitivity at low energies, as indicated
by the blue circle, where the optical absorption coefficients
increase with increasing temperature.
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FIG. 7. The real and imaginary part of the complex dielectric
functions, as a function of photon energy, in TiN (a) and VN (b)
at room temperature (300 K), which include the contributions of
Drude resistance, direct interband-, and phonon-assisted intraband
electronic transitions. The single-particle optical absorption coeffi-
cients o(w), as a function of photon energy, in TiN (c) and VN (d)
at 300, 500, 800, and 1200 K, where the enlarged result shows the
energy range marked by the blue circle.
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FIG. 8. (a) Plasmon dispersion of bulk Ag at the temperature of 300 K. (b) and (c) show the plasmon dispersion in air environment (¢, = 1)
and AIN dielectrics (¢, = 4.7) of TiN and VN, respectively, at 300, 500, 800, and 1200 K. The dashed and solid lines in (b) and (c) indicate air
environment (¢, = 1) and AIN dielectrics (¢, = 4.7), respectively. The energy in (a), (b), and (c) indicates the plasmonic response frequency.
The purple line indicates the value of surface plasmon frequency wy, at the Ag/TiN/VN-air interface. The enlarged result in (b) shows the

energy range marked by the blue circle.

Furthermore, according to Ref. [41], the total plasmon
decay rate I' can be determined as

A Ime (). (10)

2L(w)ly(z < 0)

Here, Ime(w) is the imaginary part of the calculated dielec-

tric function obtained from Eq. (5); L(w) is the quantization

length for the plasmon determined by normalizing the energy

density of the mode; |y (z < 0)] is the inverse decay length of
the plasmon into the metal, and A is the polarization vector.

C. Surface plasmon properties

In this section, we analyze the surface plasmon properties
at the TiN/VN—dielectric interface. The surface plasmon exci-
tation at the semi-infinite interface corresponds to the poles of
the Fresnel reflection coefficient rry, [47]:

sk — eky

—_—, 11
skl + &k; (0

'rTm =
where e(w) is the dielectric functions of TiN and VN; the
dielectric constant ¢, defines the adjacent dielectric environ-
ment; kf is the propagation constants of the reflected incident
light. Thus, the plasmon dispersion (frequency  versus wave
vector ) is calculated as [7,48]

_ gre(w)
P=ho e e

where kg = ¢ is the free-space wave vector and c is the speed
of light in a vacuum. In the long-wavelength limit, the elec-
tric polarization will completely shield the external electric
field, which means that the dielectric function &(w) becomes
much larger than the dielectric constant ¢,, that is, e(w) > ¢,.
Therefore, the plasmon dispersion of Surface Plasmon Polari-
ton (SPP) at the interface between the two half spaces is close
to ko at the light line [49].

Figure 8 shows the plasmon dispersion [frequency w versus
wave vector Re(8)] of TiN and VN. As a comparison, bulk Ag
[Fig. 8(a)] in the air (¢,= 1) exhibits a wide energy window
of about 3.6 eV at 300 K and has a wave vector of the bound
SPP close to about 0.04 nm~!. Theoretically, the energy
window range of negative Ree(w) in the dielectric function
shown in Fig. 7 is related to the surface plasmon response

(12)

range. The wide range of negative Ree(w) and the corre-
sponding low Ime(w) in metallic material indicate excellent
plasmonic behavior over a broad surface plasmon frequency
range. Therefore, as shown in Figs. 8(b) and 8(c), the sur-
face plasmon frequency of TiN is about 1.61 eV, indicating
that the plasmonic behavior of TiN extends to the visible
region. In contrast, VN exhibits a much narrower plasmonic
window, less than 0.12 eV. In particular, as the temperature
increases, the surface plasmon frequency is redshifted for TiN
and blueshifted for VN, accompanied by a decrease in the SPP
wave vector in TiN and an increase in VN. In addition, our
results indicate that the air environment is difficult to maintain
stable and sharp SPP performances. Therefore, strong SPP
in SPP-based devices requires a dielectric material with in-
creased dielectric constant, such as AIN (e,= 4.7) [50,51].
To evaluate the application potential of the SPP at the
TiN/VN-dielectric interface, we calculate two distinct figures
of merit [52]: one is effective propagation length with the
ratio Eﬁzg; , which measures the SPP propagation length before
an SPP loss of most of its energy The other is confinement
ratio ’; (hgir = < s Asp = Rec ﬁ)) which reflects the degree

of locahzatlon As shown in Figs. 9(a), 9(b), and 9(c), in the
entire surface plasmonic response range, the effective propa-
gation lengths of TiN and VN are larger than that of bulk Ag,
indicating a low SPP loss of TiN and VN. With the increase
of temperature, the SPP loss increases slightly for TiN and de-
creases significantly for VN. Meanwhile, Figs. 9(d), 9(e), and
9(f) show that TiN and VN exhibit confinement ratios close
to 1 at different temperatures, which is comparable to that of
bulk Ag. Therefore, TiN is an excellent alternative to noble
metals for low-loss and broadband plasmonic applications
at different temperatures. Meanwhile, VN with a low SPP
loss is mainly suitable for photoelectric conversion in the in-
frared range at different temperatures. In addition, the results
show that increasing the dielectric constant of the dielectric
significantly reduces the effective propagation length and in-
creases the confinement of the SPP at the TiN/VN-dielectric
interface.

D. Hot carrier properties

Due to the excellent optical absorption and surface plas-
mon properties of TiN and VN discussed in the previous
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FIG. 9. Effective propagation length (22) for bulk Ag (a), TiN (b), and VN (c). Confinement ratio (%) for bulk Ag (d), TiN (e), and

Im(B)

Asp

VN (f). The dashed and solid lines in (b), (c), (e), and (f) indicate air environment (¢, = 1) and AIN dielectrics (¢, = 4.7), respectively. The
enlarged result shows the energy range marked by the blue circle. The horizontal axis indicates the plasmonic response frequency. The purple
line indicates the value of surface plasmon frequency w;), at the Ag/TiN/VN-air interface.

section, their inevitable losses also provide unique opportu-
nities for applications. Especially, the nonradiative plasmon
decay generates hot carriers, which offers tremendous op-
portunities for combining efficient light capture with energy
conversion and catalysis at the nanoscale. Therefore, in
this section, we comprehensively discuss the properties of
photon/plasmon-driven hot carriers of TiN and VN at different
temperatures, including their energy distribution and transport
ability.

Carrier energy dispersions

In general, there are mainly two microscopic mechanisms
for generating hot carriers: direct interband and phonon-
assisted intraband electronic transitions. Using the same
calculation methods as our previous work [37], we discuss
the energy dispersion of hot carriers generated by direct in-
terband and phonon-assisted intraband electronic transitions,
respectively.

For hot carriers generated by direct interband electronic
transitions, Figs. 10 and 11 show that the carrier energy
distributions of TiN and VN are more complex than those
of noble metals with uniform carrier energy distributions
[41]. The reason is that the energy distribution of hot car-
riers generated by direct interband electronic transitions is
closely related to the electronic structure. Specifically, the
carrier energy distribution of TiN with “spiky” distribu-
tion probability is asymmetrical, exhibiting high-energy hot
holes with photon/plasmon energies above 2.5 eV and high-
energy hot electrons with photon/plasmon energies less than
2.5 eV. Meanwhile, as marked by the red rectangle, the
temperature affects the carrier energy distribution when the
photon/plasmon energy is below 2.5 eV. With the increase in
temperature, the distribution probability of hot electrons and
hot holes gradually decreases, but their energy distribution is

almost unaffected. In addition, as marked by the red circle, the
carrier energy distribution of VN exhibits the symmetric bi-
modal feature in a very narrow energy range. Meanwhile, the
temperature has almost no effect on the energy and probability
distribution of hot electrons and hot holes in VN. Signifi-
cantly, we find that when the photon/plasmon energy is higher
than about 2.5 eV, the energy and probability distribution of
energetic holes in TiN and energetic electrons in VN exhibit
robustness to temperature.

For hot carriers generated by phonon-assisted intraband
electronic transitions, Figs. 12 and 13 show that the carrier en-
ergy distributions of TiN and VN are relatively flat compared
to that from interband electronic transitions. Also, the hot

0 2
Energy (eV)

0
Energy (eV)

FIG. 10. Energy distribution of hot carriers generated by direct
interband electronic transitions, as a function of photon/plasmon
energies (fiw), in TiN at 300 (a), 500 (b), 800 (d), and 1200 K (d). The
horizontal axis indicates the energy of photon/plasmon-generated
carriers, where negative values indicate hot holes and positive val-
ues indicate hot electrons. The color bar indicates the distribution
probabilities of carriers. The Fermi energy is set to 0 eV.
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0
Energy (eV)

Energy (eV)

FIG. 11. Energy distribution of hot carriers generated by direct
interband electronic transitions, as a function of photon/plasmon
energies (fiw), in VN at 300 (a), 500 (b), 800 (c), and 1200 K (d). The
horizontal axis indicates the energy of photon/plasmon-generated
carriers, where negative values indicate hot holes and positive val-
ues indicate hot electrons. The color bar indicates the distribution
probabilities of carriers. The Fermi energy is set to 0 eV.

carriers generated by phonon-assisted electronic transitions
in TiN and VN are dominated by high-energy hot electrons.
In addition, as marked by the red circle, the temperature
affects the distribution probability of the hot carriers in VN,
where the distribution probability decreases with increasing
temperature. Considering the plasmonic frequency range, the
energy of the plasmon-driven hot carriers will be smaller than
the maxima of allowed surface plasmon excitation energies,
which are 1.6 eV for TiN and 0.12 eV VN, respectively. In this
energy region, TiN exhibits temperature-sensitive energetic
electrons, while VN is temperature-sensitive energetic holes
excited by phonon-assisted electronic transitions.

For the single-particle (particle-hole mode) region, from
Figs. 10 and 11, the incident energy onset of single particles
generated by interband electronic transitions in TiN and VN

2
Energy (eV)

FIG. 12. Energy distribution of hot carriers generated by
phonon-assisted intraband electronic transitions, as a function of
photon/plasmon energies (fiw), in TiN at 300 (a), 500 (b), 800
(c), and 1200 K (d). The horizontal axis indicates the energy of
photon/plasmon-generated carriers, where negative values indicate
hot holes and positive values indicate hot electrons. The color bar
indicates the distribution probabilities of carriers. The Fermi energy
issetto 0 eV.
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2 1
21
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FIG. 13. Energy distribution of hot carriers generated by
phonon-assisted intraband electronic transitions, as a function of
photon/plasmon energies (fiw), in VN at 300 (a), 500 (b), 800
(c), and 1200 K (d). The horizontal axis indicates the energy of
photon/plasmon-generated carriers, where negative values indicate
hot holes and positive values indicate hot electrons. The color bar
indicates the distribution probabilities of carriers. The Fermi energy
issetto 0 eV.

is about 0.2 and 0.7 eV, respectively. From Figs. 12 and
13, the energy onset of single particles generated by intra-
band electronic transitions in both TiN and VN starts almost
from O eV. Therefore, the single-particle (particle-hole mode)
energy region overlaps the surface plasmon region, indicat-
ing that the surface plasmon decay can occur by Landau
damping.

E. Transport properties

Considering the electron-electron and electron-phonon
scattering processes, we calculate the lifetimes and mean-free
paths of hot carriers to quantitatively analyze the temperature
effect on the transport properties of hot carriers.

Figure 14 shows the carrier linewidths caused by electron-
electron scattering and electron-phonon scattering, respec-
tively, at different temperatures. As expected for a normal
metal conforming to Fermi-liquid theory, electron-electron
scattering dominates far away from the Fermi energy. Mean-
while, the large value of carrier linewidths is confirmed to be
from interband impact ionization and Auger recombination
processes. In addition, electron-phonon scattering dominates
near the Fermi energy, where the linewidth value of electron-
electron scattering reaches the minimum at the Fermi energy.
Note that the carrier linewidth of electron-phonon scattering is
comparable to that of electron-electron scattering. This indi-
cates that electron-phonon scattering is also important enough
to not neglect its role in hot carrier transport, which is different
from the assumption that electron-phonon scattering occurs
on a very slow timescale [53]. More importantly, our results
show that the temperature has a greater effect on electron-
phonon scattering than on electron-electron scattering. This
is because as the temperature increases, the collision between
free electrons and the crystal lattice becomes stronger. In
addition, the temperature has a significant effect on the carrier
linewidth of VN compared to TiN. For example, the carrier
linewidth in VN near the Fermi energy increases from 4 meV
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FIG. 14. Carrier linewidths in TiN at 300 (a), 500 (b), 800 (c), and 1200 K (d). Carrier linewidths in VN at 300 (e), 500 (f), 800 (g),
and 1200 K (h). The red, blue, and green scattering points represent the carrier linewidths with electron-electron scattering, electron-phonon
scattering, and total scattering effects, respectively. The horizontal axis indicates the energy of photon/plasmon-generated hot carriers, where
negative values indicate hot holes and positive values indicate hot electrons. The Fermi energy is set to 0 eV, which is marked by the black

dotted-dashed line.

at 300 K to 15 meV at 1200 K, which is almost four times
higher than that at room temperature. However, as the temper-
ature increases from 300 to 1200 K, the carrier linewidth in
TiN increases only from 78 to 200 meV.

Excellent plasmonic materials require high-energy hot car-
riers with long lifetimes and transport distances, which are
being actively explored for high-temperature hot carrier de-
vices. Here, our results show that VN has a maximum lifetime
of 53 fs at 300 K, which is much longer than that of conven-

tional plasmonic materials (Au, Ag) [41]. It is worth noting
that the maximum carrier lifetime in VN at 1200 K is still
comparable to that in noble metals at room temperature, and
even higher than that in Al [41]. In particular, the results show
that the lifetimes of high-energy hot holes in TiN and VN are
longer than those of high-energy hot electrons. For example,
as shown in Figs. 15(a) and 15(e), the lifetime of high-energy
hot holes in TiN (VN) reaches 3.2(2.0) fs at energies between
—4 and —3 eV, but that of high-energy hot electrons is 1.1(1.1)
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FIG. 15. Carrier lifetimes, accounting for electron-electron and electron-phonon scattering contributions in TiN at 300 (a), 500 (b), 800
(c), and 1200 K (d). Carrier lifetimes, accounting for electron-electron and electron-phonon scattering contributions in VN at 300 (e), 500 (f),
800 (g), and 1200 K (h). The horizontal axis indicates the energy of photon/plasmon-generated hot carriers, where negative values indicate hot
holes and positive values indicate hot electrons. The Fermi energy is set to 0 eV, which is marked by the black dotted dashed line.
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FIG. 16. Mean-free paths (MFP) of hot carriers, accounting for electron-electron and electron-phonon scattering contributions in TiN at
300 (a), 500 (b), 800 (c), and 1200 K (d). MFP of hot carriers, accounting for electron-electron and electron-phonon scattering contributions
in VN at 300 (e), 500 (f), 800 (g), and 1200 K (h). The horizontal axis indicates the energy of photon/plasmon-generated hot carriers, where
negative values indicate hot holes and positive values indicate hot electrons. The Fermi energy is set to 0 eV, which is marked by the black

dotted-dashed line.

fs at energies between 3 and 4 eV. Meanwhile, the high tem-
perature has a greater effect on high-energy hot holes than
on high-energy hot electrons. For example, the lifetime of
high-energy hot holes in TiN (VN) decreases from 3.2(2.0) fs
at 300 K to 1.6(1.2) at 1200 K fs, but that of high-energy hot
electrons is almost constant. Meanwhile, as shown in Fig. 16,
the mean-free path of high-energy hot holes in TiN (VN)
decreases from 1.0(0.6) nm at 300 K to 0.5(0.3) nm at 1200 K,
but that of high-energy hot electrons is always about 0.2
nm. Therefore, the energetic holes of TiN with long lifetimes
and transport distances exhibit strong temperature sensitivity,
making it an excellent plasmonic material for carrier-
based temperature-sensing devices. Meanwhile, the energy
dispersion and transport properties of energetic electrons of
VN are almost temperature independent, which is of great
significance for carrier-based applications.

IV. CONCLUSIONS

In summary, based on the first-principles calculations,
we systematically investigate the surface plasmon and hot
carrier properties of TiN and VN at different temperatures.
By quantifying the three main microscopic processes of
dielectric response in TiN and VN, we find that the
temperature mainly affects the intraband response at low en-
ergies, and hardly affects the interband electronic transition
process at high energies. The optical absorption coefficients of
TiN and VN remain up to 10° cm™" at different temperatures,
even higher than Ag. Meanwhile, TiN and VN exhibit low
surface plasmon loss comparable to that of Ag at different

temperatures. Particularly, the low-loss TiN has a broad sur-
face plasmon response that extends to visible light, and the
low-loss VN exhibits a much narrower plasmonic window,
less than 0.12 eV. With the increase of temperature, the surface
plasmon frequency is redshifted for TiN and blueshifted for
VN, accompanied by a decrease in the SPP wave vector in
TiN and an increase in VN. In terms of hot carriers, the energy
and probability distributions of high-energy hot holes in TiN
and high-energy hot electrons in VN exhibit thermal stability
under high-energy incident light. Meanwhile, the results show
that high temperatures significantly decrease the carrier life-
times and mean-free paths of TiN and VN. However, VN still
has a maximum lifetime of 16 fs at high temperatures, which
is comparable to that of Al at room temperature, indicating
the promise of efficient carrier extraction at high tempera-
tures. In addition, the temperature effect on high-energy hot
holes is significantly higher than that on high-energy hot
electrons. We expect that the reported results will provide the-
oretical guidance for the design of the next high-temperature
plasmonic devices. Furthermore, the theoretical method in-
troduced here is general, and will facilitate the exploration
of the temperature-dependent plasmonic response and carrier
properties of discovered materials.
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