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High-temperature physical properties of tungsten:
implications for near-field thermophotovoltaic

energy conversion
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Tungsten plays a crucial role in the development of near-field thermophotovoltaic devices. However,

available information about tungsten is insufficient to model radiative heat transfer at elevated

temperatures. In this study, we develop a statistical theory to evaluate finite-temperature effects on the

physical properties of tungsten up to 2000 K, corresponding to extreme conditions in practical emitters.

First, the moment expansion technique is applied to calculate the atomic volume, the mechanical

modulus, and the Debye temperature. Quasi-harmonic and anharmonic contributions are clarified via

simple analytical formulas for free energies. Then, we utilize these thermodynamic quantities to deduce

the electrical resistivity from the Bloch—Gruneisen law and the dielectric function from the Drude—

Lorentz model. Our calculations are in good agreement with previous experiments. Finally, based on

fluctuational electrodynamics, we reconsider energy-conversion processes in a representative system
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made of tungsten and GaSb. Both radiative and electric power densities will be severely underestimated

if the thermal variation of input parameters is ignored. This result suggests that experimental and
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1 Introduction

In recent years, “thermophotovoltaic” (TPV) has become an
attractive keyword in the field of energy conversion.'”* This
modern technology utilizes photovoltaic cells to transform
thermal radiation from selective emitters into electric power for
human activities. The transformation does not cause noise
pollution because there is no moving part in solid-state TPV
systems. Besides, various heat sources can be exploited to
increase emitter temperatures, including solar irradiation, fuel
combustion, radioactive decay, and industrial waste heat. In
particular, the TPV efficiency can be up to 40%,* which is hard
to achieve using conventional steam turbines. These
outstanding advantages have opened a flexible, economical,
and eco-friendly avenue for addressing global energy problems.

To generate more electricity from TPV devices, physicists
have paid meticulous attention to radiative heat transfers in the
near-field (NF) regime.>” When the vacuum gap between the
selective emitter and the photovoltaic cell is shorter than the
Wien characteristic wavelength, both propagating and evanes-
cent waves can directly contribute to the flow of radiative
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computational databases need to be expanded from low to high temperatures before actualizing the
potential applications of near-field thermophotovoltaics.

energy. This fascinating phenomenon originates from quantum
tunneling effects, which enable evanescent fields to penetrate
inside TPV materials rather than undergoing exponential
decays in the vacuum. The appearance of evanescent modes can
break down the blackbody (Planckian) limit of thermal radia-
tion, thereby boosting the production of electric power by
orders of magnitude.® Hence, NF TPV systems have an enor-
mous potential to compete with thermionic and thermoelectric
generators in the energy conversion race.

To realize NF TPV applications, the physical community
needs to find an appropriate emitter material. Among
prospective candidates, tungsten has attracted close interest
due to its splendid thermal stability, spectral emissivity, and
material compatibility.”** This refractory metal has been widely
used to develop NF TPV converters with the aid of fluctuational
electrodynamics (FED).® It has been predicted that the power
output density would reach 10° to 10° W m™> at a 10 nm
distance.” Nevertheless, since the dielectric functions of tung-
sten have not been fully understood at elevated temperatures,
FED calculations have been primarily performed with experi-
mental data at 7, = 300 K.">** This is a crucial problem because
practical emitters operate in intensely hot environments.>”
Their working temperature can be up to 2000 K, which is
sufficiently high to cause dramatic changes in physical quan-
tities. Thus, the assumption of insensitive optical properties
significantly increases the uncertainty of FED-based theoretical
predictions.
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Many attempts have been made to consider (finite-
temperature effects. Minissale et al.*® incorporated a high-
power laser into their spectroscopic system to carry out reflec-
tivity measurements between 300 and 925 K. On that basis, they
developed the Drude-Lorentz formalism to predict the optical
behaviors of tungsten during isobaric heating. Shortly there-
after, Xu et al.*® combined ellipsometry experiments with ab
initio computations to elucidate the underlying physics of inter-
and intra-band dielectric functions from 100 to 900 K. Their
experimental and computational results advanced our under-
standing of electron—-electron and electron-phonon interac-
tions in transition metals, including chromium, molybdenum,
and tungsten. To augment optical databases, Arya et al'
extended the experimentally accessible region to 1273 K. The
influences of sample thickness, grain boundary, and surface
scattering were also carefully discussed. However, a long
extrapolation is still required to reach the emitter temperature
of 2000 K in NF TPV devices. In addition, a strong consensus
about the Drude-Lorentz parameters remains unestablished.
While the plasma frequency spans from 5.2 to 7.8 eV at ambient
pressure and temperature, the collision frequency spans from
0.014 to 0.064 eV under the same conditions."”®™"” Therefore,
alternative strategies are needed to determine the high-
temperature physical properties of tungsten.

Here, we introduce a potential alternative based on
a combination of basic theories in solid-state physics. Our
inspiration comes from the intimate connection between ther-
modynamic, elastic, electrical, and optical quantities in metallic
crystals. This is clearly reflected in the Anderson equation,*® the
Bloch-Griineisen law," and the Drude-Lorentz model.”* We
also employ the statistical moment method (SMM) to incorpo-
rate quasi-harmonic and anharmonic effects into theoretical
calculations.*** SMM results are entered into FED formulas™
to reassess the energy transformation between tungsten and
Gasb parallel plates at the nanoscale. GaSb is chosen for con-
structing the photovoltaic cell because of its high absorption
coefficient, strong radiation resistance, and excellent spectral
responsiveness.>® Our approximations are thoroughly compared
with practical measurements to draw a more comprehensive
physical picture of tungsten in severe environments. We hope
our study can suggest more efficient and effective ways to model
TPV systems in the NF regime.

2 Method

2.1 Core ideas

Let us concretize our strategy (see Fig. 1). It has been demon-
strated that tungsten could retain its bce lattice over an exten-
sive range of temperatures (7) and pressures (P).>° This unique
monomorphism enables us to rapidly determine the total free
energy F using the SMM theory,* which is well-suited to handle
vibrational excitations in symmetric structures. Having the
analytical expression of F at hand, we can easily deduce the
atomic volume V of tungsten from the equation of state.
Simultaneously, it is possible to infer bulk (B) and shear (G)
moduli from the modified cylindrical method.* Inserting B and
G into the Anderson equation' provides us with the Debye

7012 | RSC Adv, 2026, 16, 7011-7021

View Article Online

Paper

temperature ¢p—a critical thermodynamic parameter in the
field of condensed matter physics. One of the most appealing
aspects of 0, is the ability to calculate the electrical resistivity p
via the Bloch-Griineisen law." We can evaluate the relative
importance of electron-electron versus electron-phonon scat-
terings under various thermodynamic conditions. Details about
vV and p help us capture the temperature dependence of the
plasma frequency Q, and the collision frequency I'p.”” In other
words, the dielectric function ¢ during isobaric heating can be
immediately derived from the Drude-Lorentz model.*®
Combining these results with FED formulas* leads to radiative
(Praq) and electric (P;) power densities in the NF TPV converter
made of tungsten and GaSb.

The above analyses reveal how to connect different physical
properties within a simple theoretical framework. There are two
key advantages we would like to emphasize here. First, apart
from the energy conversion, our approach can also predict the
volumetric expansion and the mechanical deformation of
emitter materials. These predictions would contribute to
enhancing the safety, longevity, and efficiency of NF TPV
devices. Second, equation-of-state databases are much larger
than optical ones due to the rapid development of ab initio,
shock-wave, ramp-wave, and diamond-anvil-cell techniques.***°
Information about the atomic volume, the elastic modulus, and
the Debye temperature is available for numerous crystals over
a wide range of P-T values. Hence, we can leverage these
abundant resources to determine FED inputs, accelerate
computational  processes, pressure-temperature
barriers, and search for prospective NF TPV candidates.

remove

2.2 Tungsten properties

After clarifying core ideas, let us formulate key equations for
tungsten. Its total free energy F can be decomposed into ground-
state (F,), quasi-harmonic (Fy,), and anharmonic (F,,) parts by
employing the Born-Oppenheimer approximation as*-*

F=Fy+ Fgn * Fan. 1)

Here, we neglect the explicit contributions of electrons and
vacancies to the Helmholtz free energy because the maximum
temperature we consider is 2000 K, corresponding to NF TPV
applications.>” Recent ab initio calculations®" have shown that
electronic excitations could not significantly alter the isobaric
heat capacity, the linear expansion coefficient, and the adiabatic
bulk modulus of tungsten in our studied temperature range.
Besides, since the equilibrium concentration of lattice vacan-
cies is less than 5 x 10832 we can apply the perfect bcc model
to construct the free-energy surface.” This model allows us to
perform SMM analyses with the pairwise interatomic potential
¢(r), where r is the nearest neighbor distance. Similar to
previous studies,*** we chose the Mie-Lennard-Jones interac-
tion function because of its mathematical simplicity,

L) e

F0:4(p:

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10049f

Open Access Article. Published on 02 February 2026. Downloaded on 6/14/2026 4:01:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
Modified
w & /y Cylindrical
F Method
d°¢9 v
T
Structure Free Energy
S e
= ©
S &
S %
/
Vv —_—
T
Atomic Volume
FED Free
i —
Emitter Cell Electron

o

Radiative and Electric
Power Densities

Fig. 1

The potential parameters of tungsten are D = 2.2067 €V, r, =
2.7365 A, a = 4.06, and b = 8.58.% The accuracy of eqn (2) will be
validated in Section 3.

The Mie-Lennard-Jones potential works quite well within
the first coordination shell.*®* Thus, we can employ the
Leibfried-Ludwig theory®” to extract the coupling parameters of
tungsten (k, v, and v,) from its ground-state free energy as

_ (TR _4de, 8

-~ \duz? qu 3 dr?

LRy 1 d
dut) . 54 dr

_1( ¢'F B
LER duu,* ) B

where m is the atomic mass, wg is the vibrational frequency, and
uy is the ¢ projection of the ionic displacement vector ({ # n =x,
¥, 2). Eqn (3) is very useful for evaluating quasi-harmonic and
anharmonic contributions. Specifically, 2123

2 de
v oz tor g ©

Fgy, is given by

hwE

— 4
=]
where /i and kg are fundamental physical constants. While the
first term originates from the zero-point motion, the second
term stems from the thermal vibration. Eqn (4) reminds us of

the Einstein crystal in quantum mechanics—a simple but
effective approximation for investigating high-temperature

3
Foh = EhwE + 3kgT In {1 —exp( —
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(Color online) Schematic description of our theoretical approach.
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properties.”® In addition, F,, is quantified by the thermody-
namic integration technique,®®

Y1 V2
Fa=3 | utan 43 [ () () )
0 0

where angle brackets stand for average values in the equilib-
rium state. It is feasible to utilize the density matrix to establish
the SMM recurrence relation among ionic displacement
moments.? This strategy helps us deduce {u;*) and (u;*) from
(uy)—a well-determined quantity in the force-balance
criterion.*** Note that we do not consider the influence of
sixth- or higher-order anharmonic terms because their absence
does not reduce the quality of free-energy calculations, as
demonstrated in the case of tantalum.*® The above arguments
lead to*

kg’ T?
Fp = Bkiz [3'YzX2 - 71(X+2)}
2’ T? ©)
+ 2 (X +2) [272 X =3y (v +27)(X + 1)]
where X = 2T 2k T plays a role in distinguishing

quantum (X — o) and classical (X — 1) domains.
Having calculated the total free energy of tungsten, we can
determine the atomic volume by solving the equation of state,*®

RSC Adv, 2026, 16, 7011-7021 | 7013
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The left-hand side of eqn (7) is set to 0 GPa, relevant to the
working pressure of NF TPV devices.*” Details about P-V-T
correlations are leveraged to derive the isothermal compress-
ibility xr, the volumetric expansivity 8p, and the isochoric heat
capacity Cy.*® These thermodynamic properties are valuable for
studying the bulk deformation of tungsten under adiabatic

conditions,*®
2
1(1+ﬁPVT>. (8)

B= —
Xr xrCr

Moreover, it is possible to compute the Young modulus E of
tungsten via the modified cylindrical method.*® Based on the
room-temperature Poisson ratio of 0.293,%° we have

-1

16ks T2<71+72>2(X+1>(X+2>} o

k4

E= 107cr

17k [1

Entering eqn (8) and (9) into the classical theory of elasticity
gives us the shear modulus of tungsten as®*®

3BE

~ 0B E (10)

The mechanical quantities above are linked with the Debye
temperature vig the Anderson equation,®

1 3 3
271ch 3 \3|2/GV\ 2 1/3B+4G T2
oo = ;TB(KV) 5(7) +§<Tn V) (11)

Intimate knowledge of Debye solids can open up
promising avenues for modeling electrical properties via
thermoelastic data. Specifically, we separate the total resistivity
of tungsten into three additive components using the

Matthiessen rule,*®

(12)

The residual resistivity p, originates from structural imperfec-
tions during material processing and remains unchanged along
the ambient isobar. Meanwhile, the intrinsic resistivities pe_e
and p, . are temperature-dependent because they arise from
electron-electron and phonon-electron scatterings. Applying
the Bloch-Griineisen law™ yields

pP=pot peet Pp—e-

Op
c T2 JT 2dt
Pee=Cee— | 7 v
0 Jo (@~ D1 e )
" (13)
5 (7T £dt
Pre = Crely s J CENErD)

where C._. and C,_. are metal-specific constants. In the low-
temperature limit, eqn (13) enables us to rewrite eqn (12) with

T T3
p=py+32899C. . — +124.4313C, . —. (14)
b o
Fitting eqn (14) with experimental data®™ at 1 = T < 40 K

provides po = 0.000015 puQ cm, Ce_. = 12.4459 pQ cm K, and Cp,_.
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Table 1 The Drude-Lorentz parameters of tungsten measured at
room temperature (T, = 300 K)*?

Parameter Value Unit
hQp 6.000 ev
Ao 0.064 ev
fo 0.206 None
fi 0.054 None
fiw, 1.004 ev
Ay 0.530 ev
fa 0.166 None
fiw, 1.917 ev
Bl 1.281 ev

fz 0.706 None
hws 3.580 ev
Al 3.332 ev
fa 2.590 None
fiw, 7.498 ev
K, 5.836 ev

= 14298.4974 pQ cm K. From there, we can clarify the thermal
variation of plasma and collision frequencies by*’

_1}7

AT ATy
V(T) p(T:) '

V(T:)
V(T)

A‘QP = 'QP(T) - Qp(Tr) = Qp(Tr)

(15)

AT =TI'p(T) — I'n(T:) = TD(Tr)[

The dielectric function of tungsten is then determined by the
Drude-Lorentz model as*
e=¢épteL,
2
%
w(w +ilp)’

4 2
_ S
L= ;fo(wjz —w?— iwfj)’

Ep = 1—
(16)

where o is the angular frequency, i is the imaginary unit, ¢p
represents the contribution of free electrons, and ¢, character-
izes the contribution of bound electrons. Semi-empirical
parameters fo, f;, w;, and I; are listed in Table 1.** Their
temperature dependence can be safely ignored, as suggested by
the latest ellipsometry measurements of Arya et al.'” on tung-
sten thin films and bulk substrates from 300 to 1273 K.

2.3 Fluctuational electrodynamics

Eqn (15) and (16) are advantageous for shedding light on the
conversion of heat into electricity in harsh environments. To be
more specific, we consider the electromagnetic interaction
between the hot tungsten emitter (¢, T) and the cool GaSb cell
(er, Ty) at the nanoscale, where the relative permittivity ¢, of the
semiconductor is taken from the empirical method of Adachi*
and the Python script of Polyanskiy.** Our NF TPV system is
built from two semi-infinite parallel plates separated by
a vacuum space of thickness d (see Fig. 2). This geometric
configuration is conceptually important because it provides
direct insights into the role of quantum-mechanical and finite-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (Color online) Illustration of our NF TPV converter. The plate—
plate configuration is selected due to its simplicity and popularity. FED
formulas for radiative heat transfers between two closely spaced
parallel plates have been thoroughly developed and validated. The
GaSb cell is responsible for transforming thermal radiation from the
tungsten emitter into electricity through photovoltaic effects.

temperature effects through well-established FED formulas.®®
In the FED framework, the sources of thermal radiation are
randomly activated electric currents inside solid objects.
Although the statistical average of these random -currents
vanishes, their correlations are quantitatively determined by the
fluctuation-dissipation theorem.*>*® Solving the Maxwell equa-
tions® with the aid of FED approximations yields>*

P * dw hw 3 hw
rad — o 47_52 h_&) . hw _l
exp T exp T,

X J di[tg(w, k,d) + 1p(w, k, d)],
0

(17)

where « is the wavevector component parallel to the emitter and
cell surfaces. If we know the Fresnel coefficients r,°, r,°, r,P, and
r,P, we can explicitly express the transmission probabilities
and t, for s- and p-polarized modes as™

(1= (1= 1rT?)
2 K <Ky,
‘1 — riSrsexp (2i\/:<02 — K2 ) ’
Ty =
4Im(r,*)Im(r,")exp { —2dIm< Ko? — K2 )]
3 ,  K>Ko,
‘1 — riSra’exp (21’ Ko? — K2 ) ’
(1= 1mel) (1= 1"
7 K <Ko,
‘1 — 11PryPexp <2i\/l<()2——l<2> ‘
T, =
4Im(r1p)1m(r2p)exp[ —2dlm(\/i<02 — K2 >]
3 , K> Ko,
‘1 — r1ProPexp (2i\/K02 — K2 ) ‘
(18)

where «, is the wavenumber in vacuum. Eqn (18) captures the
underlying physics of both propagating photons (k < ko) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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evanescent ones (k > k). Its inputs are calculated by**

. VKo — k2 — \ekg? — K2
VKE — K2+ Vek)? —xZ

s Ve — K2 —Vewo? — k2

r

ry =
KoZ — K2 &Ko? — K2
VKo + VKo (19)
o EVKE = K2 — Veko? — K2
r e
DT eVhkE — R+ ek — K2
P — erVKe: — K2 — \erko? — K2

VKo — K2 + ekg? — K2

Assuming that each photon absorbed by GaSb excites an
electron-hole pair, the photogeneration current I, is estimated
by®

Y 7% R R —
oh =€ b g hw hw
h exp T -1 exp ToT -1

X J dkk [‘L’s(w, k,d) + 1p(w, K,d)},
0

(20)

where e = 1.6022 x 10~ ' C is the elementary charge, and E, =
0.7 eV is the band-gap energy. Eqn (20) allows us to infer the
open-circuit voltage V,. and the fill factor FF from®

Voe = kB & In <@> ’

€ I()
Ih
| . In {ln (1—0)}
In (ﬁ) In (I’;h) 7
Iy Iy

where I, = 6 x 10> Am™? is the saturation current. Since I, is
nearly equal to the short-circuit current, we can write the elec-
tric power density as®

FF=|1-

Py = FFI,Vee. (22)
Eqn (15)-(17) and (22) are the key to answering whether room-
temperature optical data are suitable for designing high-
temperature NF TPV devices.

3 Result and discussion

Fig. 3 presents how the primitive unit cell of tungsten changes
during isobaric heating at 0 GPa. Generally, the hotter the
lattice, the larger the size. Our full SMM calculations indicate
that the atomic volume of tungsten increases significantly from
15.8026 A’ at 0 K to 16.3276 A’ at 2000 K. This increase is in
excellent agreement with the X-ray diffraction measurements of
Litasov et al.”® on the equation of state. All relative errors are less
than 0.33% in the examined region. This upper limit confirms
the accuracy of the Mie-Lennard-Jones potential** we have
mentioned in Section 2. Note that accurate information about
thermal expansion is crucial for ensuring material compatibility
and preventing structural damage in multi-component NF TPV

RSC Adv, 2026, 16, 7011-7021 | 7015
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Fig. 3 (Color online) The atomic volume of tungsten as a function of

the absolute temperature gained from SMM analyses (solid lines) and
X-ray experiments?® (open symbols).

systems. Therefore, physicists should use modern anharmonic
methods to avoid the risk of atomic volume overestimation—
a common problem with quasi-harmonic approximations.*
Fig. 4 depicts the influence of temperature on the mechan-
ical deformation of tungsten. Overall, there is a considerable
drop in elastic moduli along the zero-pressure isobar. Static
SMM analyses give us E = 429.6 GPa and G = 166.2 GPa in the
ground state. When the crystal is heated to 2000 K, the above
quantities reduce to E = 358.9 GPa and G = 137.7 GPa in the
quasi-harmonic limit. Nonlinear atomic vibrations further
lower them to E = 324.9 GPa and G = 122.6 GPa, consistent with
the experimental observations of Lowrie and Gonas® (E =
326.2 GPa and G = 125.3 GPa). This result highlights the role of
intrinsic anharmonicity in predicting the elastic behaviors of
tungsten at elevated temperatures. If anharmonic contributions
are ignored, both axial and shear stiffness will be overestimated.
Our conclusion is actively supported by recent theoretical
calculations for transition metals under severe conditions.****°
Thus, the present study would contribute to addressing the

(a) 460 . : .
. 400 -
©
o
Q
Woaa0 |
280 - - .
0 500 1000 1500 2000
T(K)
(b) 190 . : :
—~ 160
®©
o
e
© 130}
100 : . :
0 500 1000 1500 2000
T(K)
Fig. 4 (Color online) Finite-temperature effects on the Young

modulus (a) and the shear modulus (b) of tungsten. Whereas solid lines
denote SMM computations, open symbols represent ultrasonic
measurements.*®
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Fig. 5 (Color online) The Debye temperature of tungsten given by

SMM approximations (solid lines) and ultrasonic experiments®*® (open
symbols).

strict mechanical
converters.”

requirements of large-scale NF TPV

Fig. 5 shows the Debye temperature of tungsten as a function
of the absolute temperature. It is clear to see that fy, decreases
continuously with T. Cold SMM computations yield 6, = 388.2
K, which is very close to the ultrasonic value of 385.8 K reported
by Qi et al.*® After taking into account quasi-harmonic excita-
tions, we observe that 6, drops almost linearly at an average rate
of 0.016 K/K. However, this linearity will be rapidly broken down
if we add anharmonic effects to the #p-T curve. At T = 2000 K,
we obtain fp = 336.7 K from fully anharmonic SMM analyses.
Our theoretical results agree qualitatively well with the entropy-
based predictions of Grimvall et al.** on the nonlinear reduction
of fp during isobaric heating.

Fig. 6 presents our numerical calculations for the electrical
resistivity of tungsten. First, we compare the contributions of
different scattering mechanisms [see Fig. 6(a)]. It is possible to
divide our studied temperature region into three fundamental

(a) 3 T T
=P =Po

E p= Po + Pe-e

5} 0

@] =—p= Po + Pe-e + pp—e

2 o EXPT

%

> -3 .
o

_6 1 1
0.0 1.1 22 3.3
logy,T (K)
(b) 66 T T T
—6p =6p(T)

£ 44 1
o

]

2

a 22+ E

O 1 1 1
0 500 1000 1500 2000
T(K)
Fig. 6 (Color online) (a) Theoretical (solid lines) and experimental*

(open symbols) results for the electrical resistivity of tungsten along
the ambient isobar. (b) The total resistivity of tungsten derived from the
Bloch—-Gruneisen law with and without the temperature dependence
of the Debye parameter (red line: unfixed 6p, blue line: fixed 0p).
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Fig. 7 (Color online) Thermally induced shifts in the plasma and

collision frequencies of tungsten. While solid curves are taken from
SMM computations, open symbols are extracted from ellipsometry
experiments.'” The dashed horizontal line is added to highlight how the
Drude-Lorentz parameters increase/decrease with temperature.

parts: () 0 = T= 4K, (ii) 4 = T =< 10K, and (iii) 10 = T'< 2000 K.
In part (i), structural defects play a leading role. About 55-100%
of the p value is attributed to the residual term p,. Going to part
(ii), we find that electron-electron interactions get the upper
hand. The intrinsic term p._. accounts for 40-60% of the total
resistivity. The dominance of phonon-electron scatterings is
recorded in part (iii). More than 99% of the specific electrical
resistance comes from the vibrational term p,.. when the
absolute temperature exceeds 60 K. Our results are in good
agreement with the experimental data recommended by Desai
et al.* Notwithstanding, we would like to note that eqn (12) may
be unsuitable for tungsten at T = 2000 K because the strong
coupling of electronic and atomic vibrations®* may invalidate
the Matthiessen rule.*

(a) 0
-1200 B
= 1
& ——T=300K
2400 | =T =500 K 1
T =1000 K
=T =2000 K N
-3600 L L
0 5000 10000 15000
2ncw™” (nm)
(b) 2700
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E
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0 1 1
0 5000 10000 15000
2ncw™’ (nm)
Fig. 8 (Color online) Our theoretical predictions of the real (a) and

imaginary (b) dielectric functions of tungsten at different temperatures
(colored solid lines). The black arrows are included to elucidate
thermal effects in short- and long-wavelength regions. The symbol c
stands for the speed of light in a vacuum.
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Next, we assess potential risks related to fixing the Debye
temperature in eqn (13). It has been frequently assumed that
the principal input 6, of the Bloch-Griineisen law is thermally
insensitive.”* Nevertheless, this assumption does not work in
the case of tungsten. Fig. 6(b) shows that the ability to resist
electric currents will be strongly underestimated if we rely solely
on room-temperature information to conduct SMM analyses. At
T'=2000 K, the discrepancy between using 0p(7) and 0(7;) is up
to 23%. This error can be naturally explained by the quasi-
harmonicity and anharmonicity of the bce lattice (see Fig. 5).
Hence, physicists should pay careful attention to the variation
of the Debye temperature before investigating the electrical
properties of metals and alloys via the Bloch-Griineisen law."

Fig. 7 depicts temperature-induced changes in the Drude-
Lorentz parameters of tungsten. Generally, whereas the
plasma frequency decreases monotonically during isobaric
heating, the collision frequency does the complete opposite.
These trends were observed in the ab initio simulations of Xu
et al.*® At 2000 K, we gain #AQ, = —0.087 eV and ZAlp =
0.5261 eV from eqn (15). That means the plasma frequency
dwindles by only 1.45% while the collision frequency escalates
by up to 822% compared to room-temperature data.*” In other
words, the temperature dependence of the dielectric function
primarily stems from the parameter I'p. Our physical picture
aligns qualitatively with that of Arya et al.’” The gap between
theoretical curves and experimental points may be narrowed
by considering the impacts of grain size and surface roughness
on optical characteristics.

Fig. 8 shows our numerical results for the relative
permittivity of tungsten under various thermodynamic
conditions. For a specified wavelength, it is conspicuous that
the real part Re(e) always grows with temperature [Fig. 8(a)].
Meanwhile, the imaginary part Im(e) behaves quite complexly
[Fig. 8(b)]. To clarify the difference, we calculate the first-order
derivatives of Re(¢) and Im(e) at a given value of the angular
frequency by

d 2Q.2 Iy dIl
—Re(e) = —=2 -2 _—D (23)
dr (? + I'p?) dr
.Q 2 2 _ T 2
4 Im(e) = 22— ——~ (v DZ) —dFD7 (24)
dT w(w2+[‘D2) dT

where the thermal sensitivity of ¢ is supposed to depend solely
on I'p. Since dI'p/dT is never smaller than zero, eqn (23) clearly
explains why Re(¢) can be viewed as a monotonic increasing
function of T. In addition, the appearance of (w” — I'p”) in eqn
(24) helps us understand positive Im(¢e) — T correlations in the
short-wavelength domain and negative Im(¢) — T correlations in
the long-wavelength domain. When the difference between o
and I'p becomes sufficiently large, we can rewrite eqn (23) and
(24) with

2Q. Ty dI'
£%¥p D _D’ I'p € w,
d w* dT
—Re(e) = 5 (25)
dar 20,7 dI'p s
— w
TD3 dT ) D )
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Table 2 The radiative and electric power densities produced by our NF TPV system at various vacuum thicknesses. Whereas the working
condition of the tungsten emitter is set to 2000 K, that of the GaSb cell is kept at 300 K

Tungsten dielectric function d (nm) Prag (MW m™?) P, (MW m™?)
High-temperature Drude-Lorentz 10000 0.2454 0.0359
model 1000 0.2906 0.0439
100 1.9270 0.2053
10 7.1655 1.2170
Room-temperature Drude-Lorentz 10000 0.1405 0.0308
model 1000 0.1704 0.0384
100 0.7591 0.1580
10 4.0287 1.0869

Q.2 dry quantitatively explained how tungsten expands, deforms,

q _1: a7 I'p € w, resists electric currents, and interacts with electromagnetic

5% . .
ar Im(e) = 5 (26) waves at elevated temperatures. The roles of quasi-harmonicity,
_ 9y dlp I'n>> w0 anharmonicity, structural imperfection, electron-electron
2 J ‘ . . .
wlp” dT interaction, and phonon-electron scattering have also been

Note that both Re(¢) and Im(¢) vary very rapidly along the
ambient isobar. At 15000 nm wavelength, if we heat tungsten
from 300 to 2000 K, Re(e) will undergo a 51-fold growth, and
Im(e) will experience a 3.6-fold reduction. These numbers imply
that it is unreasonable to use room-temperature optical data-
bases to model high-temperature NF TPV converters.

Table 2 presents how our NF TPV system generates radiative
energy and transforms it into electricity at the emitter tempera-
ture of 2000 K. In general, the smaller the vacuum gap, the higher
the power density. According to our complete FED computations,
once d reaches 10 nm, Py,q is up to 7.1655 MW m 2, far beyond
the blackbody limit of 0.9068 MW m 2. Likewise, P climbs
significantly by a factor of 34 after switching from the micron
regime (d = 10 pm) to the nano one (d = 10 nm). These dramatic
enhancements are due to the quantum tunneling of evanescent
waves.®® Our theoretical results reaffirm the enormous potential
of NF TPV devices for overcoming energy crises.

Notably, if we omit thermally induced shifts in plasma and
collision frequencies as previously done by others,”>™ we will
strongly underestimate both radiative and electric power
densities. Take d = 100 nm as an example. Applying the room-
temperature Drude-Lorentz model gives us P,qg = 0.7591 MW
m~2, which is 2.5 times lower than P,q = 1.9270 MW m >
derived from the high-temperature Drude-Lorentz model. A
similar situation also occurs for P, where the deviation
between ¢(T)- and ¢(Ty)-based calculations is up to 23%. There-
fore, more efforts are required to expand available optical
databases to avoid incorrect conclusions about NF TPV systems.
Developing the theoretical scheme in Fig. 1 may be a viable
solution to this intriguing problem.

4 Conclusion

With a desire to contribute to the development of NF TPV
devices, we have constructed an expeditious analytical approach
to predict the physical properties of tungsten in severe envi-
ronments. This approach has leveraged fundamental equations
in solid-state physics to connect different aspects of mechanics,
thermodynamics, and electrodynamics. On that basis, we have

7018 | RSC Adv, 2026, 16, 7011-7021

elucidated. Applicable length scales have been discussed in the
Appendix. These theoretical insights would be beneficial for
controlling the stability, elasticity, emissivity, and compatibility
of tungsten in real emitters.

In particular, we have demonstrated that the transformation
of heat into electricity in NF TPV converters cannot be properly
modeled by using the room-temperature dielectric function
alone. The assumption of thermally insensitive Drude-Lorentz
parameters has led to the serious underestimation of radiative
and electric power densities in our tungsten-GaSb system in
both far- and near-field regions. Thus, it is urgently needed to
develop high-temperature optical databases to actualize NF TPV
applications in the field of energy conversion. Our theoretical
scheme may suggest innovative ways to determine optical
properties from elastic moduli and equation-of-state parame-
ters, which have been extensively studied under various ther-
modynamic conditions.
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Appendix: finite-size effects

In this study, we present theoretical results for bulk tungsten.
Meanwhile, the practical thickness of emitter materials in TPV
devices can range from nanometers to millimeters."*® Hence, it
is interesting to determine: What is the applicable limit of the
present theory?

To provide a quick answer to this question, we consider
a free-standing tungsten film consisting of N atomic layers in
the bee phase. These atomic layers are divided into 2 surface
layers and N-2 internal layers. Since each surface atom loses
four nearest neighbors, its ground-state energy (F,) and
coupling parameters (k*, v}, and v;) are estimated by

1 1

% 1 N N 1
F, = EFOa k* = Ek’ Y= 5717 Y2 = 572-

Replacing Fo, &, 1, and v, in eqn (1), (4) and (6) with F;, k*, F},
and v, gives us the surface free energy F*.5 For internal atoms,
we can use the bulk free energy F to investigate their physical
properties. That is because the first coordination number of
internal atoms remains unchanged after switching from bulk to
nano structures. The above assumptions enable us to derive the
average free energy Fg)y, per atom from
N-2

2
Fym = —F*+——F.
fil N + N

(27)

(28)

Based on eqn (28), it is feasible to calculate the nearest neighbor
distance rg, by solving the equation of state at P = 0 GPa.
Inputting rqy, into the modified cylindrical method* yields the
film thickness dgy, and the Young modulus Egjy, as

diitm = (N — 1) i

; (29)

>

17
Efim = ————
film 1070 e

2 16kg’T?, . .
x{ﬁk*[l By 43) (0 4 D (X 2)}

o+
N-2
2k
ok

16ks>T?
k4

(v1+72) (X + 1)(X + 2)} _ }
(30)

where X* is the surface counterpart of X.

Numerical calculations obtained from eqn (29) and (30) are
shown in Fig. 9. Overall, there is a growth tendency towards
saturation in the Egi, — daim profile. The elastic properties of
macro- and nano-structured systems will become hard to
distinguish if the film thickness exceeds 300 nm. This number
suggests that the theoretical results presented in the main text
should only be applied to tungsten emitters greater than
300 nm in size. Our recommendation agrees well with recent
electron transport measurements,” in which the electrical
anisotropy of tungsten films vanishes at dgj, = 320 nm.

To capture the optical behaviors of tungsten at dgj,, < 300 nm,
we need to add the effects of grain boundaries to the SMM model.
It has been demonstrated that the thinner the film, the smaller the
grain size. This phenomenon strongly enhances the contribution
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Fig. 9 (Color online) The Young modulus of tungsten as a function of

film thickness obtained from SMM calculations at 2000 K.

of electron-grain scatterings to the collision frequency.”” However,
modeling grain boundaries and their interactions with electrons is
a challenging problem. Additionally, the A15 phase may appear in
the sub-300 nm region.”® Since the A15 structure has a much
higher electrical resistivity than the bec structure,® the appearance
of A15 atoms may significantly alter the optical properties of
tungsten at the nanoscale. Nevertheless, the A15-bcc transition is
very complex because it depends on various factors, including
impurities, substrates, pressures, and temperatures. Therefore,
the intriguing problems above deserve consideration in separate
theoretical works in the future.
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