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A B S T R A C T   

Theromoradiative (TR) devices, though proposed a decade ago, have seen little investigation due to their low- 
performance compared to other solid-state energy conversion technologies. Herein, we propose an InSb-hBN 
TR device with a nanoscale vacuum gap down to 10 nm that has the potential to achieve efficient waste heat 
recovery using solid-state technologies. By coupling the hyperbolic phonon polaritons of hBN with the interband 
transition of InSb, this TR device design can achieve an output power nearly 4 orders-of-magnitude higher than 
far-field scenarios and an upper bound efficiency up to 80% of the Carnot limit corresponding to only considering 
radiative loss. A detailed balance model combined with fluctuational electrodynamics for a multilayered 
anisotropic structure is developed to theoretically estimate the performance of TR devices from far- to near-field 
regime. Nonradiative losses are also investigated to elucidate their effects on performance. This work helps 
deepen the understanding of TR devices and provides a promising pathway to efficient low-grade (< 600 K) heat 
recovery.   

1. Introduction 

Thermoradiative (TR) cells generate electrical current by rejecting 
heat to cold surroundings through thermal radiation. Like other radia
tive energy converters, TR cells are usually made of semiconductor 
materials with a pn diode structure [1,2]. When the pn diode contacts 
with a local heat source, the thermally excited electrons and holes 
recombine and emit photons to the environment or a cold object. The 
free carrier population drops below the equilibrium value and results in 
a negative biased voltage, which can drive the free carriers in a circuit 
and generate electricity [3]. Santhanam and Fan [4] experimentally 
validated the concept of TR cell with a commercial photodiode soon 
after Byrnes et al. [5] proposed the idea in 2014. Field test of harvesting 
the power from the deep space was done by Ono et al. [6] with an 
improved power compared to the previous result of a proof-of-concept 
experiment [4]. Based on the theoretical analysis, TR cell can harvest 
waste heat more efficiently from a lower temperature range (e.g., 
300–600 K) compared to other solid-state energy conversion technolo
gies, such as thermoelectrics [7], and thermophotovoltaics (TPVs) [8,9]. 

Near-field radiation can greatly boost the performance of TPV and 

TR devices [1,2]. However, few studies have been conducted on 
near-field TR devices [10]. Hsu et al. [11] first proposed an InSb-CaCO3 
near-field TR device with only 0.5% efficiency at 500 K when non
radiative losses are considered. Wang et al. [12] made the attempt to 
improve the performance of a near-field InAs TR cell with a ZrC grating. 
An artificial hyperbolic metamaterial made of ZrC and SiO2 was 
designed by Ghanekar et al. [13] to support hyperbolic modes, which 
allow for extra photon transmission channels for the InAs TR cell. Lin 
et al. [14] indicated that by properly choosing the resonant frequencies 
supported by the receiver, Drude and Lorentz materials can provide 
descent enhancements on the power density and efficiency of an InAs TR 
cell. However, as a preliminary work on near-field TR devices, the ma
terials properties were manually tuned without practical consideration 
[14]. 

Inspired by the early works on the near-field TPV [15] and TR [14], 
matching the optical phonon frequency of the emitter/receiver with the 
bandgap of radiative energy converters can provide ample enhance
ments on the power density and efficiency. As a natural hyperbolic 
metamaterial [16,17], hexagonal boron nitride (hBN) possesses almost 
the highest optical phonon frequency (~0.17 eV), which can perfectly 
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match with the bandgap energy of InSb above room temperature. This 
indicates that hyperbolic phonon polaritons (HPhPs) can be excited 
within the narrow hyperbolic bands at the near-field regime. Therefore, 
the InSb-hBN thin-film structure can generate an ideal spectrum for 
radiative energy converters. Some researchers have proposed a 
near-field TPV device made of hBN-InSb with graphene covered on the 
TPV cell [18] or the hBN emitter [19]. However, all TPV and TR works 
mentioned above assumed a semi-infinite cell and neglected the non
radiative losses, which would substantially overestimate the perfor
mance of radiative energy converters. 

In this work, we propose a near-field TR device using InSb-hBN with 
a thin-film structure. By combining the detailed balance analysis and 
fluctuational electrodynamics of anisotropic stratified media, this work 
accurately predicts the photogeneration and radiative recombination of 
a near-field TR device with finite thickness for the first time. Non
radiative losses and parasitic absorption are investigated, especially 
Auger generation at different temperatures. The vacuum gap thickness is 
varied to demonstrate the importance of HPhPs to the device perfor
mance. This proposed device structure provides a novel and efficient 
mechanism that makes TR devices a more competitive technology for 
waste heat recovery. 

2. Methodology 

As shown in Fig. 1(a), the near-field TR device is configured with an 
InSb TR cell of thickness h1 and a hBN sheet with a thickness h2 that acts 

Fig. 1. (a) Schematic of the near-field TR device with an InSb cell and a hBN 
sheet at temperatures of T1 and T2, and with thickness of h1 and h2, respectively, 
separated by a vacuum gap of distance, d. (b) The band diagram of a TR cell. 
Here, Ec and Ev stand for the conduction and valance band, respectively. The 
photon chemical potential is equal to the difference between the quasi-Fermi 
levels of electrons (e-) and holes (h+), i.e., μ = Ef ,e − Ef ,h. 

Fig. 2. (a) The imaginary part of the dielectric functions of InSb at different 
temperatures. The unshaded region and blue shaded region represent the below 
and above bandgap of InSb at 550 K, respectively. (b) The real part and (c) the 
imaginary part of the ordinary and extraordinary dielectric functions of hBN 
with two red shaded areas showing as hyperbolic bands. 
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as the receiver. A vacuum gap with the thickness of d is maintained 
between the two films so that both convection and conduction are 
forbidden. The InSb film and the hBN sheet are assumed to be individ
ually at thermal equilibrium with T1 and T2 (T1 > T2), respectively. A 
thicker InSb film tends to have a higher possibility of nonradiative losses 
and parasitic absorption [11]. Therefore, the thickness of the InSb film 
(h1) is fixed at 50 nm in this work. 

The working principle of the near-field TR device can be considered 
as the optical and electrical processes separately, which are shown in 
Fig. 1(a) and (b), respectively. The thermally excited electrons and holes 
diffuse towards the depletion region and recombine to yield photon 
emission. As shown in Fig. 1(a), when the vacuum spacing is comparable 
or less the characteristic wavelength, near-field radiation can further 
enhance this photon emission by the coupling of HPhPs of the hBN sheet 
and interband transitions of the InSb cell. The photons emitted from the 
InSb cell can either propagate or tunnel through the vacuum gap to be 
absorbed by the hBN receiver. As depicted in Fig. 1(b), these enhanced 
radiative recombination of electron and hole pairs drive the quasi-Fermi 
levels of electrons and holes below the equilibrium states, which pro
duces a negative chemical potential, μ. The remaining free carriers 
would overcome the junction voltage by diffusions resulting in a current 
to drive the external load. As the chemical potential is built up nega
tively, the free carriers can barely diffuse through the junction so that 
the photon emission is suppressed. The incoming photons from the 
environment or the cold object would reach an equilibrium with the 
emitted photons, as the open-circuit voltage is reached. 

To calculate the radiation exchange between the InSb film and the 
hBN sheet, the dielectric function of undoped InSb is modeled as [20]. 

ε1

(

ω, T
)

=

[

m1 + i
α(ω,T)

2k0

]2

(1)  

where m1 is the refractive index, which is taken as a constant (3.96) at 
the investigated frequency range [21]. α is the absorption coefficient, 
which is approximately fit based on the experimental measurement at 
T ≤ 550 K [22]: 

α(ω,T) =

⎧
⎪⎨

⎪⎩

0.4T − 120, ω < ωg(T)

α0

[
ω − ωg(T)

ωg(T)

]1/2

,ω ≥ ωg(T)
(2)  

where ωg(T) = Eg(T)/ℏ is the angular frequency equivalent to the 
bandgap energy Eg and ℏ is the reduced Planck constant. The bandgap 
energy of InSb monotonically decreases as temperature increases, which 
can be fitted with the Varshni relation [23,24]. The imaginary part of 
dielectric functions of InSb are plot for 400–550 K in Fig. 2(a), which 
reflects the strength of absorption/emission at a given frequency. For 
example, the bandgap of InSb is 0.11 eV at 550 K, the unshaded area is 
the frequency range which represents the parasitic absorption/emission, 
and the blue shaded area is the frequency range which represents the 
radiative recombination/generation. 

The hBN sheet is an anisotropic material with the optical axis parallel 
to the z-direction. The dielectric tensor can be written as ε= 2 = diag(ε⊥,
ε⊥, ε‖), where ε⊥ and ε‖ are the ordinary and extraordinary dielectric 
function, respectively. The dielectric function resulted from optical 
phonon resonance can be modeled with the Lorentz model and detailed 
information can be found in Ref. [24,25]. Type I (ε′

‖
< 0 and ε′

⊥ > 0) and 

Type II (ε′

‖
> 0 and ε′

⊥ < 0) hyperbolic bands are shaded with red color 
in Fig. 2(b) since these bands are the main heat transfer channels for 
near-field radiation. As show in Fig. 2(c), large imaginary part of 
dielectric function indicates strong resonances at the two optical phonon 
frequencies ω = 0.17 eV and ω = 0.097 eV for ordinary and extraordi
nary components. The overlap between the type II hyperbolic band 
(0.17 eV < ħω < 0.20 eV) and interband transition region stands for 
potential channels of unltrahigh radiative heat fluxes. 

The net heat flux can be modeled by fluctuational electrodynamics 
with a recursive transfer matrix method [2,10,26]. The net heat flux 
emitted by the InSb cell through vacuum gap is calculated by 

Q =
1

4π2

∫ ∞

0
ℏω[ψ(ω,T1, μ1) − Θ(ω,T2)]dω

∫ ∞

0

∑

j=s,p
ξj(ω, k‖)k‖dk‖ (3) 

Here, Θ(ω,T) = [exp(ℏω/kBT) − 1]− 1 is the Bose-Einstein distribu
tion, and ψ(ω,T, μ) = {exp[(ℏω − μ)/kBT] − 1}− 1 is the modified Bose- 
Einstein distribution with a given photon chemical potential, μ [2,27]. 
Note that ξj(ω, k‖) represents the energy transmission coefficient from 
the InSb film to the upper region (the hBN film and the vacuum at the 

top), k‖ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k2
x + k2

y

√

is the magnitude of the parallel wavevector in the 
x-y plane, and subscript j represents either the transverse electric waves 
(s-polarization) or transverse magnetic waves (p-polarization). The en
ergy transmission coefficient can be obtained from 

ξj(ω, k‖) =
∫ h1

0
Re

[
iε′′1(ω, T1)F(ω, k‖, z, h1)

]
dz (4) 

The function F represents the solution of multilayer Green’s function 
for the emission at the surface h1 originated from position z, and 
ε′′1(ω,T1) is the imaginary part of the electric permittivity of the TR cell. 
The detailed calculation procedures of the energy transmission coeffi
cient in an anisotropic stratified medium are well-documented in 
Ref. [26]. The net photon flux emitted by the InSb film has a similar 
expression as the net heat flux, which can be written as 

N =
1

4π2

∫ ∞

ωg

[ψ(ω,T1, μ1) − Θ(ω,T2)]dω
∫ ∞

0

∑

j=s,p
ξj(ω, k‖)k‖dk‖ (5) 

The detailed balance analysis is used to calculate the output power 
and device efficiency. The current can be obtained as 

J(V) = JRR − JA − JSRH = e[N(V) − GA(V) − GSRH(V) ] (6)  

where e is the elementary charge. G is the nonradiative generation rate 
of the cell. Subscript RR, A and SRH represents radiative recombination, 
Auger process and Shockley-Read-Hall (SRH) process, respectively, 
which can be calculated using the following equations: 

GA(V) = C(n + p)
(
n2

i − np
)
h1 (7)  

GSRH(V) =
1
τ

(
n2

i − np
)
h1

n + p + 2ni
(8)  

where C is the Auger coefficient and τ is the SRH lifetime of the free 
carriers; n and p are the electron and hole concentrations; and ni is the 
intrinsic carrier concentration. Note that the carrier concentrations are 
also temperature-dependent and can be calculated using np =

n2
i (T1)exp(μ1/kBT1). 

To suppress Auger process, the InSb is chosen to be intrinsic with a 
thin-film structure. No high-level injection condition should be consid
ered, so the spatial variation of photon chemical potential can be 
neglected for this thin-film TR device. Therefore, μ1 = Ve [27]. The SRH 
lifetime is a defect-dependent property, which is assumed to be 98 ns 
[7]. 

The output power per unit area and conversion efficiency are ob
tained by 

P(V) = J(V)V (9)  

and 

η(V) = P(V)/[P(V)+Q(V)] (10)  

The net emitted heat flux Q depends on the photon chemical potential, 
which is essentially a function of the applied voltage in this work. 
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3. Results and discussion 

In order to analyze the mechanism resulting in this TR device, the 
spectral heat flux at the short-circuit scenario is shown in Fig. 3(a), 
where the temperatures of the hot and cold sides are fixed at T1 = 550 K 
and T2 = 300 K, respectively. The film and vacuum gap thicknesses are 
h1 = 50 nm, h2 = 5 nm, and d = 10 nm. These temperature and thick
ness values are used as default in this work unless otherwise indicated. 
The spectrum is divided into two regions: below bandgap energy (un
shaded area) and above bandgap energy (blue shaded area). As we can 
see, most of the radiation energy concentrates at the peak above the 
bandgap energy. The total heat flux corresponding to the radiative 
recombination is 8.7 W/cm2, while only 0.7% of total heat flux is 
emitted by InSb cell as parasitic heat (below bandgap energy), which 
cannot generate electricity. Therefore, this near-field TR device exhibits 
a nearly ideal heat flux spectrum, which is the key characteristic of a 
radiative energy converter with a high conversion efficiency. The 
spectral heat flux of two blackbodies at the same corresponding tem
peratures is also shown for comparison. Due to the coupling of HPhPs 
and interband transitions, the total heat flux is 18 folds of that for two 
blackbodies at the same temperatures. An enhancement on the output 
power due to near-field effect is expected and will be discussed in the 
later context. Two peaks of the spectral heat flux are corresponding to 
the two hyperbolic bands, which are shaded as red. The spectral heat 
flux starts to increase at bandgap energy (0.11 eV at 550 K) due to 

frustrated modes. As the photon energy reaches the hyperbolic band of 
hBN (0.17–0.2 eV), the spectral heat flux increases sharply as the HPhPs 
are excited. The contour plot of the transmission coefficient in Fig. 3(b) 
also indicates that the strong resonance occurs between the optical 
phonons and photons with large parallel wavevectors (k‖ > m1k0). The 
other peak at around 0.1 eV is also due to the excitation of HPhPs for the 
type I hyperbolic band. However, the transmission coefficient at this 
hyperbolic band is much smaller than that of type II hyperbolic band due 
to the low absorption coefficient of InSb in this spectral range. There
fore, the parasitic emission is minimized so that the efficiency of this 
near-field TR device can reach close to the Carnot efficiency. 

The calculated results for a near-field TR device using the default 
parameters are shown in Fig. 4 with or without considering losses. The 
ideal case without nonradiative losses is shown by the solid lines in 
Fig. 4(a). With the negative bias being built up by the thermally driven 
emission, the output power exhibits a maximum value of 0.77 W/cm2 

when V = − 0.042 V, and the corresponding efficiency reaches to 18.5%. 
When the magnitude (absolute value) of the voltage bias increases, the 
radiative recombination is suppressed due to the low concentrations of 
free carriers. Nevertheless, the emitted power is also suppressed. 
Therefore, the efficiency of the TR device reaches its maximum at V 

Fig. 3. (a) Spectral heat flux of the near-field TR device and two blackbodies 
with the same temperatures, and (b) the contour plot of the transmission co
efficient at V = 0 V. 

Fig. 4. (a) The power density and efficiency of the proposed TR device vs. the 
applied voltage with or without considering nonradiative losses. (b) Current 
densities vs. the applied voltage due to radiative recombination JRR, Auger 
generation JA (C = 5 ×10− 27 cm6/s), and SRH generation JSRH. 
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= − 0.124 V to be 36%, which is almost 80% of the Carnot efficiency. 
The corresponding output power is much lower than the maximum but 
can still achieve a decent value of 0.19 W/cm2. The mismatch between 
the voltages for the maximum output power and the maximum effi
ciency is because the efficiency is significantly affected by the emitted 
power as expressed by Eq. (10). The emitted power becomes comparable 
to the output power as the applied voltage decreases so that the effi
ciency reaches to its maximum. 

To include the main mechanisms of nonidealities in the TR device, 
we consider Auger process and SRH process as the loss mechanisms with 
the values mentioned in the previous section. As shown by the dashed 
lines in Fig. 4(a), the maximum output power is reduced to 0.68 W/cm2 

and the maximum efficiency becomes 23%, which is about 51% of the 
Carnot efficiency. The free carriers at equilibrium are consumed by the 
radiative recombination, which makes the carrier concentrations lower 
than the equilibrium value. To recover the free carrier concentration to 
the original state, Auger and SRH processes are favorable in generating 
free carriers and consequently cause the nonradiative losses [28]. 

The current density corresponding to the radiative recombination, 
Auger process and SRH process are shown in Fig. 4(b). The short-circuit 
current density is 47.7 A/cm2, which is revealed by JRR at 0 V. The 
current generated by radiative recombination monotonically decreases 
as the applied voltage decreases. Auger generation rate is proportional 

to exp(Ve/2kBT1) − exp(3Ve/2kBT1). As the applied voltage decreases, 
JA intersects with JRR at V = − 0.124 V, where the open-circuit voltage is 
obtained considering nonradiative losses. Compared to Auger genera
tion, SRH generation causes little deterioration on the performance of 
the TR device with the chosen materials properties. The Auger coeffi
cient is assumed to be 5 × 10− 27 cm6/s by averaging the experimental 
values from the Ref. [29–31] with the temperature effect considered 
[32]. 

The power density and efficiency (P-η) curves are calculated at 
different temperatures of the InSb cell to investigate the cell temperature 
effect on the performance of the TR device. As shown in Fig. 5(a), the P-η 
curve starts at origin, where no voltage is applied. As the applied voltage 
goes towards a negative direction, both the power density and efficiency 
start to increase. The curve reaches to maximum power density first, and 
then the power density begins to decrease. However, the efficiency 
reaches a maximum at a more negative voltage than the power density, 
which has been discussed in Fig. 4(a). As the temperature of the TR cell 
decreases from 550 K to 400 K, smaller photon flux and higher bandgap 
energy indicate that fewer photons can be utilized to generate elec
tricity. Consequently, the P-η curve shrinks as the temperature of the TR 
cell decreases. The maximum efficiency reduces from 36% to 20% and 
the maximum output power reduces from 0.77 W/cm2 to 0.054 W/cm2. 
The device efficiency remains at 80% of the Carnot efficiency as the cell 

Fig. 5. (a) The power density and efficiency characteristics of the near-field TR device for different InSb cell temperatures, without considering the nonradiative 
losses. (b) The power density and efficiency characteristics for different Auger coefficients. (c) The maximum power density and maximum efficiency vs. 
Auger coefficient. 
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temperature decreases. 
As discussed in Fig. 4(b), Auger generation is the dominant non

radiative loss in the TR device. Moreover, the Auger coefficient will 
increase as the temperature increases [32]. Therefore, a parametric 
analysis of Auger coefficient is further considered to design and optimize 
a real TR device. The P-η curves at different Auger coefficients are 
plotted in Fig. 5(b). According to Ref. [29], we choose the range of Auger 
coefficient in the parametric sweep to be 5 × 10− 27 cm6/s to 10− 25 

cm6/s to include the temperature effect on the Auger coefficient. As the 
Auger coefficient decreases, the maximum power density is mono
tonically reduced from 0.68 W/cm2 to 0.18 W/cm2, and the maximum 
efficiency also decreases from 22.5% to 2.4%, which is shown in Fig. 5 
(c). However, the maximum efficiency and output power can remain in a 
practical level if the Auger coefficient is suppressed lower than 10− 26 

cm6/s. Therefore, the strategies for Auger suppression, including the use 
of the heterostructures or confined nanostructured cells [33,34], would 
be critical to make this near-field TR device a competitive energy con
version technology compared to other solid-state heat engines. 

The thicknesses of the hBN sheet and vacuum gap are varied to 
investigate their effects on the performance of the proposed TR device. 
Auger generation and SRH generation are both volumetric processes so 

that they are linearly proportional to the thickness of InSb. Also, the 
emission/absorption due to HPhPs occur at the skin depth of InSb cell. 
Therefore, the thickness of InSb is fixed at 50 nm to maximize the device 
performance by suppressing the nonradiative losses without deterio
rating the photon exchange process. The variation range of the hBN 
sheet is chosen from 1 nm to 1 µm, which is shown in Fig. 6(a). The 
maximum output power exhibits oscillations as the hBN thickness in
creases due to the interference effect of hBN sheets [35]. The maximum 
output power occurs at h2 = 5 nm, while the maximum efficiency de
creases monotonically from 39.6% to 30.6% as the hBN thickness in
creases since more thermal energy is transferred by the photons with 
subbandgap energies. As shown in Fig. 6(b), the output power decreases 
significantly from 0.77 W/cm2 to 0.0001 W/cm2 as the vacuum gap 
thickness increases, which indicates a 7700-fold enhancement on the 
output power brought by the HPhPs at the nanoscale. The trend of ef
ficiency is not monotonic because the reduction of emitted power is 
larger than that of maximum output power. When the vacuum gap 
thickness is 50 nm, the maximum efficiency can be 38.1%, which is 84% 
of the Carnot efficiency. For far-field operation, the proposed TR device 
can still achieve 27% efficiency. 

4. Conclusions 

In summary, a near-field TR device made of hBN and InSb is pro
posed and analytically demonstrated with a performance of > 80% of 
the Carnot efficiency. The HPhPs excited at nanoscales couple with the 
interband transition of InSb, which can enhance the maximum output 
power by 7700-fold over the far-field scenario. A comprehensive model 
is developed by combining the multilayer fluctuational electrodynamics 
of anisotropic materials and detailed balance approach, where the 
nonradiative processes are included. Suppressing Auger process in the 
InSb cell is critical for realizing this near-field TR device with a 
competitive performance. By tuning the hBN thickness, the maximum 
efficiency can reach 39.6%, which is 87% of the Carnot efficiency. This 
work offers a novel alternative to solid-state energy conversion tech
nologies and opens a route to achieve low-grade heat recovery using 
thermoradiative cells at the nanoscale. 
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