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We consider a near-field enhanced negative luminescent refrigeration system made of a polar material
supporting surface-phonon polariton resonances and a narrow-band-gap semiconductor under a reverse
bias. We show that in the near-field regime, such a device yields significant cooling power density and a
high efficiency close to the Carnot limit. In addition, the performance of our system still persists even in the
presence of strong nonidealities such as Auger recombination and sub-band-gap thermal radiation from
free carriers.
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I. INTRODUCTION

When a semiconductor p-n junction is under external
bias, the expectation value of the photon energy per
mode above the band gap satisfies the Bose-Einstein
distribution [1]

Θðω; T; VÞ ¼ ℏω

e
ℏω−qV
kBT − 1

; ð1Þ

where ℏ is the reduced Planck’s constant, ω is the angular
frequency, q is the magnitude of the electron’s charge, V is
the external bias, kB is the Boltzmann constant, and T is
the temperature of the semiconductor. Thus, in the presence
of a negative bias (i.e., V < 0), the semiconductor p-n
junction emits fewer photons as compared to the same
system at thermal equilibrium with V ¼ 0. In such a
situation, as far as thermal radiation properties are con-
cerned, one can equivalently describe the semiconductor as
having an apparent temperature lower than its real temper-
ature [2–8]. This effect, i.e., the suppression of thermal
radiation from a semiconductor p-n junction by applying
a negative bias, is commonly referred to as “negative
luminescence” and has applications such as cold shields
for IR detectors [9], radiometric reference sources [10], and
dynamic infrared scene projectors [10].
One potential application of negative luminescence is in

the area of solid-state cooling [11,12]. In Ref. [11], Berdahl
considered two semiconductor objects having different
temperatures undergoing radiative thermal exchange
between them and showed theoretically that a net heat
flow from the cold to the hot object is possible when the
hot object is under a negative bias. His calculation was
mostly carried out in the far-field regime, in which the
separation between the two bodies is much greater than all

wavelengths relevant to electromagnetic heat transfer
between the bodies. In such a case, the achievable power
density for cooling is fundamentally limited by the Stefan-
Boltzmann law. He also noted the potential enhancement in
the near field due to the high index of the semiconductors.
In recent years, there have been significant theoretical

[13–22] and experimental [23–27] efforts in exploring
near-field heat transfer, through which the power density
can far exceed the far-field limit. Motivated by these efforts,
in this paper we examine the concept of negative lumines-
cent refrigeration in the near-field regime. We consider a
configuration as shown in Fig. 1, where a narrow-band-gap
semiconductor p-n junction under negative bias is placed in
close proximity to a dielectric material supporting phonon-
polariton resonances. We show that operation in the near-
field regime results in significant enhancement of both the
power density and coefficient of performance for negative
luminescent refrigeration. Our work differs from Ref. [11]
in two essential aspects. First of all, in our system, the near-
field heat transfer is enhanced through the use of surface-
phonon polaritons, which give rise to a much larger
enhancement not limited by the indices of the semicon-
ductors. Second, we also provide a quantitative evaluation
of the impacts of nonidealities in the near-field regime,
which was not carried out in Ref. [11].
This work is connected to but also differs significantly

from a recent publication [28]. Reference [28] considered a
related cooling scheme exploiting radiative energy
exchange between a colder semiconductor p-n junction
body under external bias and another hotter thermal body.
A positive bias was applied to the colder semiconductor
p-n junction body to extract heat from the cold to the hot
body. In the scheme of Ref. [28], since the electric bias in
this case is applied to the cold side, the cooling power is
limited by the Auger recombination and cannot reach the
radiative limit. However, as we see in the following
sections, the negative luminescent scheme eliminates this*shanhui@stanford.edu
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constraint since the electrical bias in this case is applied
to the hot side, and, therefore, Auger recombination is no
longer a direct heating process on the cold side.
The rest of the paper is organized as follows: In Sec. II,

we briefly review the concept of negative luminescent
refrigeration. In Sec. III, we present the results of a system
consisting of mercury cadmium telluride (MCT) and
hexagonal boron nitride (h-BN). We conclude in Sec. IV.

II. BRIEF REVIEW OF NEGATIVE
LUMINESCENT REFRIGERATION

We start by a brief review of the concept of negative
luminescent refrigeration. Following Ref. [11], we consider
the configuration shown in Fig. 1, where body 1 at T1 is in
thermal exchange with body 2 at temperature T2. Body 2 is
made of a semiconductor with band-gap energy Eg. In this
configuration, the device forming body 2 can be fabricated
in a process where one first fabricates a diode on a
substrate. The substrate is then removed, and finally a
metal layer is deposited on the diode to act as the mirror.
We assume that T1 < T2. The objective of negative
luminescent refrigeration is to extract heat from body 1,
in spite of the fact that it has a lower temperature, by
applying a negative bias V < 0 to the semiconductor
body 2. We assume a device configuration as shown in
Fig. 1 where the semiconductor region is intrinsic, and
external bias is applied through two heavily doped regions
labeled Pþ and Nþ, respectively. The convention for the
signs is chosen such that a positive current corresponds to
the flow of positive charge from Pþ anode through the
intrinsic region to the Nþ cathode. The negative bias then
generates a negative current I. The total electric power that
is used to drive the two-body system is then I × V.
A cooling device as such is characterized by its cooling

power density and its efficiency. The cooling power density
P is defined as the net electromagnetic power per unit area
that flows from body 1 to 2. The efficiency of a device is
characterized by the coefficient of performance (COP)
defined as

COP ¼ P × area
I × V

¼ P
J × V

; ð2Þ

where J ¼ I=area with the area being the surface area of
body 1 facing body 2. Since the net cooling power, which
arises from the radiative exchange between the two bodies,
scales linearly with the area defined here in Eq. (2), for
convenience it is useful to define a current density as the
total current divided by this area. The current density,
thus, is defined in a normalized measure of the total current
that passes through the device and does not necessarily
correspond to the actual electric current density within the
device.
Similar to the treatment in Ref. [28], we now present a

simple analytical calculation of the negative luminescent
device that highlights the essential physics. Using Eq. (1)
and assuming that the heat exchange between the two
bodies is narrow banded near the band-gap frequency
ωg ¼ Eg=ℏ, we can then define an apparent radiant temper-
ature T�

2 by setting

ℏωg

e
ℏωg−qV
kBT2 − 1

¼ ℏωg

e
ℏωg
kBT

�
2 − 1

; ð3Þ

and, hence,

T�
2 ¼ T2

�
1 −

qV
ℏωg

�
−1
; ð4Þ

which is Eq. (5) in Ref. [11]. As far as the radiation
properties are concerned, the semiconductor has an effec-
tive temperature T�

2 less than its thermodynamic temper-
ature T2 in the presence of a negative bias V < 0.
In order to achieve solid-state cooling of body 1, we must

have T�
2 < T1, and, therefore, the applied voltage must

satisfy V < V t, where the threshold voltage

Vt ¼
ℏωg

q
T1 − T2

T1

: ð5Þ

In the case of a substantial negative bias, the emission
from the semiconductor body 2 can be ignored. Within the
same narrow-banded approximation as discussed above,
the cooling power density can then be estimated as

Pmax ¼ ℏωgF1→2; ð6Þ

where F1→2 is the photon number flux from body 1 to
body 2. Also, J ¼ −qF1→2. Therefore, for V < V t, the
COP in Eq. (2) is simplified to be

COP ¼ −
ℏωg

qV
: ð7Þ

According to the second law of thermodynamics, the COP
should be bounded by the Carnot limit, i.e.,

FIG. 1. Schematic of the configuration. The system consists
of body 1 [material supporting surface-phonon polaritons such
as hexagonal BN (h-BN) and cubic BN (c-BN)] and body 2 [a
narrow-band-gap semiconductor such as (Hg,Cd)Te (MCT) and
(In,As)Sb] in close proximity. The two bodies are backed by
perfect electric conductor mirrors. Body 2 is under a
negative bias V.
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COP ≤
T1

T2 − T1

: ð8Þ

From Eqs. (5) and (7), we see that the COP reaches the
Carnot limit exactly when V ¼ Vt, and falls below the
Carnot limit when V < Vt. The dependence of the COP on
the voltage can be understood from Eq. (7). Each photon
traversing the vacuum gap removes energy of ℏωg from
body 1 at the cost of injected electric energy of qV into
body 2. Therefore, the COP decreases as the magnitude of
the applied voltage V increases.
We now illustrate the choice of materials and the

operation regime for the device using the simple analytic
model. In general, the photon flux from body 1 to body 2 is

F1→2 ¼
Z þ∞

ωg

dωAðωÞ 1

eℏω=kBT1 − 1
; ð9Þ

where AðωÞ is the spectral heat-transfer coefficient and
AðωÞ ¼ A0ðωÞ ¼ ðω2=4π2c2Þ if the two bodies are in the
far field. The body 1 is a blackbody, and the absorption
coefficient of body 2 is unity at frequencies above the band
gap. AðωÞ can be greater than A0ðωÞ in the near-field case.
In both near-field and far-field cases, suppose ℏωg ≫ kBT1,
Eq. (9) is approximated as

F1→2 ¼
Z þ∞

ωg

dωAðωÞe−ℏω=kBT1 ∝ e−ℏωg=kBT1 : ð10Þ

Therefore, in this case, the cooling power density is
exponentially suppressed by the factor e−ℏωg=kBT1. It follows
that to have substantial cooling power density, we like to
choose a narrow-band-gap semiconductor with ℏωg on the
order of kBT1. For operation around the room temperature
of 300 K, the use of a narrow-band-gap semiconductor is,
therefore, required.
A general thermal body will typically have its emissivity

less than unity. Therefore, in applying Eq. (9) to a general
thermal body in the far-field regime, we always have
AðωÞ < A0ðωÞ. Therefore, in the far-field regime, the
cooling power density is limited by the Stefan-
Boltzmann limit of blackbody radiation. On the other
hand, since in the near field the heat exchange can
significantly exceed the Stefan-Boltzmann limit, the
near-field regime represents an opportunity to signifi-
cantly enhance the cooling power density achievable
with negative luminescence.

III. ANALYSIS OF A NEAR-FIELD NEGATIVE
LUMINESCENT REFRIGERATION DEVICE

A. Material systems and geometry

The discussion in Sec. II highlights the essential physics
of negative luminescent refrigeration and points to the
importance of performing such cooling in the near-field

regime. Motivated by this discussion, here we present a
detailed analysis of the system shown in Fig. 1. For the
semiconductor (i.e., body 2 in Fig. 1), we use a narrow-
band-gap semiconductor MCT. MCT is a commonly used
material for infrared detector applications. With x ¼ 0.2, it
has a band gap of Eg ¼ 0.169 eV. In our calculation, we
choose the semiconductor to have a temperature of
T2 ¼ 300 K. The band gap of MCT, therefore, equals a
few times kBT2 ¼ 0.026 eV. The dielectric constant of
MCT as a function of frequency is taken from Ref. [29].
For the body to be cooled (i.e., body 1 in Fig. 1), we

assume a temperature T1 ¼ 290 K and choose to use h-BN.
h-BN is an anisotropic material with a uniaxial dielectric
tensor as characterized by the ordinary and the extraordi-
nary dielectric functions ϵo and ϵe, respectively. Both ϵo
and ϵe have a resonance corresponding to an underlying
phonon-polariton resonance. It is well known that the
presence of surface-phonon polariton leads to significantly
enhanced near-field thermal transfer [13], hence, the choice
of h-BN in our case since its phonon-polariton frequency is
well aligned with the band gap of MCT, corresponding to
the wavelength of 7.3 μm. The phonon-polariton resonant
wavelengths defined as the wavelengths where the imagi-
nary parts of ϵo and ϵe maximize are located at 12.8 and
7.3 μm, respectively. The dielectric function of h-BN as a
function of frequency is obtained from the model
in Ref. [30].
In the calculation, the thicknesses of body 1 and body 2

denoted as t1 and t2 are chosen to be 5 μm to ensure
significant emission and absorption. The two bodies are
separated by a vacuum gap of size d, and both bodies are
backed by perfect electric conductor mirrors. We consider
only the case where the c axis of h-BN is perpendicular to
the surface of body 1.
The setup here is a commonly used configuration for

demonstrating near-field heat transfer through vacuum
between two bodies. When two thermal bodies of different
temperatures are brought in close proximity with separation
below the thermal wavelength, the heat transfer between
them can be enhanced beyond Planck’s law of blackbody
radiation due to the contributions from the evanescent
waves [31–33]. Such enhancement is particularly promi-
nent when the interacting bodies support surface modes,
such as surface-plasmon polaritons or surface-phonon
polaritons [22,34]. Similar to the scenario considered in
our case, the heat transfer between a semiconductor and a
polar material supporting surface-phonon polaritons has
also been discussed in the context of thermophotovoltaics
[13] as well as thermal rectification [35,36].
We also note that the choices of material for the

two bodies are not limited to the materials considered
here. Any combination of a material supporting surface
resonant modes, such as surface-phonon polaritons or
surface-plasmon polaritons, and a narrow-band-gap semi-
conductor whose band gap is below the corresponding

NEAR-FIELD ENHANCED NEGATIVE LUMINESCENT … PHYS. REV. APPLIED 6, 024014 (2016)

024014-3



surface-polariton frequency can be used in the configura-
tion for negative luminescent refrigeration. Either body can
also have nanopatterning on the surface facing the vacuum
gap to further enhance the transferred power density.

B. Computational methods

To evaluate the performance of the negative luminescent
refrigeration device, we use the formalism of fluctuational
electrodynamics [16,17,28,31,37,38]. In this formalism,
one describes the heat transfer between objects by comput-
ing the electromagnetic flux resulting from fluctuating
current sources inside each object. The cooling power
density can then be obtained as [39,40]

P¼Pideal¼
Z þ∞

ωg

½Θðω;T1;0Þ−Θðω;T2;VÞ�ΦðωÞdω: ð11Þ

In Eq. (11), ΦðωÞ is the sum of transmission factors at
lateral wave vector k∥ at frequency ω, i.e.,

ΦðωÞ ¼ 1

2π

X
j¼s;p

�Z
k0

0

d2k∥
4π2

ð1 − jrð1Þj j2Þð1 − jrð2Þj j2Þ
j1 − rð1Þj rð2Þj e2ik⊥dj2

þ
Z

∞

k0

d2k∥
4π2

4Imðrð1Þj ÞImðrð2Þj Þ
j1 − rð1Þj rð2Þj e2ik⊥dj2

�
; ð12Þ

where k0 ¼ ω=c is the free-space wave vector,

k∥ ¼ ðkx; kyÞ, k⊥ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 − jk∥j2

q
is the wave vector

perpendicular the surfaces of body 1 and 2, j ¼ s, p

accounts for the s and p polarizations, rð1Þj and rð2Þj are
Fresnel reflection coefficients from vacuum to body 1
with perfect electric conductor (PEC) and from vacuum to
body 2 with PEC for j polarization, respectively. For each
ω in Eq. (12), the integrand peaks at the value of k∥ that
corresponds to the dispersion relation ωðk∥Þ of the surface-
phonon polariton [35,36]. The heat transfer in the near field
is, therefore, strongly dominated by the contributions from
surface-phonon polaritons.
A semiconductor that is ideal for negative luminescent

refrigeration should have entire emission arising from
electron-hole recombination. An ideal semiconductor,
therefore, should have emission only at frequencies above
the band-gap frequency. Moreover, the recombination
should be completely radiative. In the ideal case, the
current density Jideal is

J ¼ Jideal ¼ q
Z þ∞

ωg

�
Θðω; T2; VÞ

ℏω
−
Θðω; T1; 0Þ

ℏω

�
ΦðωÞdω;

ð13Þ

from which the COP can then be obtained using Eq. (2).
In the scheme considered here, the inherent material

nonidealities are the existence of significant nonradiative

recombination, such as Auger recombination, as well as
sub-band-gap thermal radiation. In the presence of non-
radiative recombination, the total current density now has
contributions from both radiative and nonradiative recom-
bination, i.e.,

J ¼ qðJideal þ RÞ; ð14Þ

where R is the nonradiative recombination rate per unit
surface area, and then COP can be obtained by combining
Eqs. (2) and (14).
The net sub-band-gap heat flow is from the hot body 2

to the cold body 1 and, therefore, represents a parasitic
process that is detrimental for the objective of cooling
here. In the presence of free-carrier thermal radiation,
the net sub-band-gap heat flow from body 2 to body 1
is expressed as

Ps ¼
Z

ωg

0

½Θðω; T2; 0Þ − Θðω; T1; 0Þ�Φðω; VÞdω: ð15Þ

Here, since the density of free carriers of the semiconductor
depends on the voltage, the dielectric function of the
semiconductor in the sub-band-gap wavelength range, thus,
also depends on the voltage. Φðω; VÞ is computed with a
voltage correction included. The overall net cooling power
density is

P ¼ Pideal − Ps; ð16Þ

and the COP can be obtained by combining Eqs. (2), (14),
and (16).
The objectives of our calculation here are to illustrate

the theoretical limit of the performance using the ideal case
and to consider the impact of the most fundamental
nonidealities on the performance of the device. In the
following, we first discuss the ideal case in Sec. III C. We
then discuss nonradiative recombination and sub-band-gap
radiation in Secs. III D and III E, respectively.

C. Ideal case

We consider the ideal case first. In the absence of
nonradiative recombination and sub-band-gap free-carrier
thermal radiation, we use Eqs. (11) and (12) to compute the
cooling power P and the current density J, respectively, and
then obtain the COP with Eq. (2).
The net cooling power densities P as a function of the

magnitude of the bias for d ¼ 10, 100, 1000 nm are shown
in Fig. 2(a). For each d, when V ¼ 0, the temperature
difference between the bodies results in net heat flow from
body 2 to body 1, and, thus, a negative value of P. Applying
a negative voltage to body 2, i.e., having a negative V,
results in the suppression of the radiation from body 2 and,
hence, the increase of the cooling power density P. When
V < Vt, the apparent temperature of body 2 becomes lower
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than that of body 1, and, thus, P becomes positive. As
indicated in Fig. 2, in the ideal case considered here this
threshold voltage Vt is independent of the gap size d. The
value of Vt ¼ −0.0065 V, as obtained from simulation,
compares reasonably well with the prediction of Vt ¼
−0.0058 V as obtained from the results of the simple
analytical model described in Eq. (5). When the magnitude
of V is sufficiently large, the heat flux from body 2 to 1
becomes negligible for the temperatures considered here,
and, therefore, P saturates to the heat flux from body 1 to 2.
As d decreases from 1000 to 10 nm, the maximum cooling
power density increases from 29.3 to 1007.0 W=m2. As a
comparison, the maximum power density in the far-field
limit for this system is 11.5 W=m2. Operating in the near-
field regime, therefore, significantly increases the cooling
power density beyond the far-field limit.
In Fig. 2(b), we show the COP for the three gap

separations. For all gap sizes, at V ¼ Vt, the COP is zero
as expected since the net cooling power density is zero.
As V decreases below Vt, the COP quickly maximizes as
then decreases as V further decreases. The COP is largely
independent of the gap size. Except for the regime near Vt,
the COP agrees very well with the analytical model results
of Eq. (7) shown as the gray dashed line in Fig. 2(b). For
d ¼ 10 nm, the maximum COP is 25.3, which can be
compared with the Carnot efficiency limit of 29 for this
system. In this ideal case, the device can operate with very
high efficiency.

The result in this section shows that in the absence of
material nonidealities, the device shown in Fig. 1 can
perform with a high COP close to the Carnot limit, as well
as a high cooling power density far exceeding the far-field
limit by operating in the near field. In what follows, we
evaluate how the inherent nonidealities of the semicon-
ductor influence the device performance.

D. Auger recombination

The analysis in Sec. III C assumes that the only carrier
generation or recombination mechanism in the semicon-
ductor is completely radiative. On the other hand, for
narrow-band-gap semiconductors such as MCT, there is
significant Auger recombination which is nonradiative. In
this section, we evaluate the impact of Auger processes.
The rate of net Auger recombination R in Eq. (14) takes the
form [41,42]

R ¼ C0n3i

�
exp

�
3qV
2kBT

�
− 1

�
t2; ð17Þ

where C0 is the Auger recombination coefficient, ni is the
intrinsic carrier density, and t2 is the thickness of the
semiconductor. For MCT, ni ¼ 2.614 × 1016 cm−3 is cal-
culated using Eq. (1) in Ref. [43] and C0 ¼ 4.88 ×
10−26 cm6 s−1 is inferred from the carrier lifetime data in
Ref. [44]. The first and second terms in the brackets of
Eq. (17) arise from recombination and generation proc-
esses, respectively.
In Fig. 3(a) we plot R as a function of the magnitude

of the reverse bias. At V ¼ 0, the semiconductor is at
equilibrium, and the net Auger recombination rate is zero
since the generation rate balances the recombination rate as
shown in Eq. (17). With a large enough negative bias, the
net recombination rate saturates to a large negative value. In
such a case, the application of large negative bias sup-
presses the carrier density and, hence, suppresses carrier
recombination. As a result, there is a net generation of
carriers in the system, which is represented by a net
negative recombination rate.
The presence of Auger recombination does not affect the

cooling power since it occurs in body 2. This can be seen
from the formalism in Sec. III B. On the other hand, the
cooling power at large negative voltages is given by the
radiation from body 1 to body 2. Therefore, the cooling
power is the same as Fig. 2(a) even in the presence of Auger
generation given that the temperature of body 2 is main-
tained constant.
Auger recombination, on the other hand, significantly

degrades the COP. We compute the COP using Eqs. (2),
(11), and (14). Figure 3(b) shows the COP as a function of
the magnitude of voltage for d ¼ 10, 100, 1000 nm in blue,
green, and red curves, respectively. Comparing Fig. 3(b)
with Fig. 2(b), we see that the COP is degraded by several
orders of magnitude as compared to the ideal case. In this
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FIG. 2. (a) Net cooling power density and (b) COP as a function
of the magnitude of the reverse bias. The blue, green, and red
curves are for d ¼ 10, 100, 1000 nm, respectively. The threshold
voltage Vt is labeled in both figures. In (b), the horizontal dotted
line represents the Carnot efficiency, and the gray dashed curve is
the COP obtained using Eq. (7).
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case, the COP increases in the near field, since operating in
the near field enhances radiative recombination and, hence,
enhances internal quantum efficiency for the radiative
processes in body 2.

E. Sub-band-gap thermal radiation

For a narrow-band-gap semiconductor with high intrin-
sic carrier density, the free carrier can result in a large
thermal emission in the sub-band-gap wavelength regime.
Such sub-band-gap heat transfer is detrimental since it
results in a heat flow from the hot to the cold bodies. On the
other hand, the free-carrier density can be suppressed using
negative bias. In this section, we discuss the sub-band-gap
heat transfer at long wavelengths.
To model the free-carrier absorption, for simplicity, in

the frequency range below the band gap of MCT, we
assume a Drude dielectric function [45]

ϵðωÞ ¼ 1 −
Neq2=ϵ0m�

e

ω2 þ iωγe
−
Nhq2=ϵ0m�

h

ω2 þ iωγh
; ð18Þ

where Ne (Nh) and m�
e (m�

h) are the concentration and the
effective mass of electrons (holes), respectively, γe (γh) is
the damping rate of the electron (hole) plasma oscillation,
and ϵ0 is the vacuum permittivity. For MCT with x ≈ 0.2,
m�

e ¼ 0.0114m0, and m�
i ¼ 0.55m0 [46], where m0 is the

electron mass. γe and γh are related to the mobilities of

electrons (μe) and holes (μh) through γe ¼ q=m�
eμe,

γh ¼ q=m�
hμe, where μe ¼ 1.0 × 104 cm2=ðVsÞ, μh ¼

100 cm2=ðV sÞ [46]. In the presence of a bias V, the Ne
and Nh scale exponentially as a function of V expressed
as Ne ¼ Nh ¼ ni exp ½qV=ð2kBTÞ�. We also assume the
mobilities are independent of V. For h-BN, here we again
use the dielectric function model described by Eq. (1)
in Ref. [30].
In evaluating the integral of Eq. (15), which is used for

calculating the sub-band-gap heat transfer, instead of
integrating in frequency from 0 to ωg, we integrate between
a narrower frequency range from 3.77 × 1013 rad=s to
2.13 × 1014 rad=s, corresponding to the wavelengths range
between 50 and 8.86 μm. This is sufficient to capture most
of the contributions to sub-band-gap heat exchange while
reducing the computational cost. Having obtained the sub-
band-gap heat transfer, the cooling power is then obtained
from Eq. (16). In the section here, we also take into account
Auger recombination by using Eq. (14) to compute the
current density. From this, the COP is then computed
using Eq. (2).
We show the net cooling power density as a function of

the magnitude of the reverse bias for d ¼ 10, 100, 1000 nm
in Fig. 4(a) in blue, green, and red curves, respectively. In
all three cases, cooling can be achieved with a negative bias
having a sufficiently large magnitude. Unlike the ideal case,
however, the threshold voltage in this case does depend
on the spacing d. As d decreases, the sub-band-gap heat
transfer increases faster than that of above-band-gap heat
transfer, and, therefore, a larger reverse bias is needed for
the device to reach the threshold condition. At d ¼ 10 nm,
the net cooling power density can reach 1006.4 W=m2 at
V ¼ −0.2 V. When the magnitude of V is sufficiently
large, the free-carrier density is strongly suppressed, and
the net cooling power density approaches the ideal case, as
can be seen from Fig. 4(a).
In Fig. 4(b), the COP as a function of the magnitude of

the voltage for d ¼ 10, 100, 1000 nm is shown in blue,
green, and red curves, respectively. Compared to Fig. 3(b),
since the net cooling power density is degraded by the
presence of sub-band-gap heat transfer, the COP is much
lower for most of the values of the bias voltage. On the
other hand, since the decrease of V results in the suppres-
sion of the sub-band-gap heat transfer, when the magnitude
of V is sufficiently large, the COP becomes close to that in
Fig. 3(b). Therefore, for a large jVj, the COP is limited by
the Auger recombination. We also note that the voltages
applied in the p-n junction are in the reverse direction and
serve to reduce the density of free carriers. However, for
real material with defects, the carrier density is unlikely to
reach an ideal limit, and, thus, the COP is far lower than the
Carnot limit.
In addition to cooling power and COP, another metric to

measure a cooling scheme is the equilibrium temperature
that body 1 can reach when a negative bias is applied to the

−6

−4

−2

0
× 10

24

R
 (

m
−2

 s
−1

)

0 0.05 0.1 0.15 0.2
0

2

4

6

|V| (V)

C
O

P

 

 

d = 10 nm

d = 100 nm

d = 1000 nm

× 10−2

(b)

(a)

FIG. 3. (a) The net Auger recombination rate as a function of
the magnitude of the reverse bias. The generation rate is plotted as
the black dashed line. (b) COP as a function of the magnitude of
the reverse bias in the presence of Auger recombination for
d ¼ 10, 100, 1000 nm in blue, green, and red curves, respec-
tively.
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p-n junction in body 2. In this system, assuming that body
1 undergoes heat exchange only with body 2 with no other
parasitic heat loss mechanism and body 2 is maintained at a
temperature of 300 K with an applied voltage on body 2 of
−0.2 V, and with a 10-nm gap between the bodies, the
equilibrium temperature of body 1 is estimated at 226 K by
a self-consistent calculation that determines the temper-
ature through power balance. This calculation does not take
into account the variation of material properties with
respect to the temperature. Nevertheless, the estimate does
indicate that significant cooling in terms of temperature
reduction can be achieved in this device.
To briefly summarize this section, in the proposed

scheme for near-field negative luminescent refrigeration
as considered here, the cooling power can reach the
radiative limit as defined solely by the radiative heat
exchange of the two bodies, in spite of Auger recombina-
tion and sub-band-gap heat radiation from free carriers that
typically occur in narrow-band-gap semiconductors. The
COP in this scheme is limited by the Auger recombination,
again independent from the sub-band-gap heat radiation
from the free carriers, since such radiation is suppressed at a
negative bias with sufficiently large bias.

IV. CONCLUSION

In this paper, we propose a negative luminescent
refrigeration device based on near-field electromagnetic
heat exchange between a semiconductor under reverse bias

and a polar material that supports surface-phonon polar-
itons. The power density of this cooling effect is signifi-
cantly enhanced in the near-field regime. In the ideal case,
the device can operate close to the Carnot limit with a large
cooling power density around 103 W=m2 at a gap separa-
tion of 10 nm. We further discuss the impacts of non-
idealites on the performance of the device. In the presence
of strong Auger recombination, such high cooling power
density persists. Even with sub-band-gap free-carrier ther-
mal radiation included, the cooling power density can still
be achieved close to its maximum with a sufficiently large
reverse bias. The performance and the robustness to non-
idealities of this scheme are important to solid-state cooling
applications.
Admittedly, the cooling power density and efficiency

achieved by our device is lower than those of commercial
thermoelectric coolers. However, due to the absence of
direct contact between bodies, our device supports much
faster temperature modulation than that of a thermoelectric
cooler. For example, when the h-BN is only 100 nm,
the maximum cooling power density at T1 ¼ T2 ¼ 300 K
is 1171.3 W=m2. Given that h-BN has a specific heat
capacity of 0.8 J=ðgKÞ [47] and a density of 2.18 g=cm3

[47], the temperature slew rate is 6716 K=s, which is
significantly faster than commercial Peltier coolers and
even microdevice coolers designed for fast response times
[48]. This allows the rapid modulation of temperatures
which can benefit applications such as chip hot-spot
cooling and life science applications [48].
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