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We consider a near-field electroluminescent refrigeration device. The device uses a GaAs light
emitting diode as the cold side, and a Si photovoltaic cell as the hot side. The two sides are brought
in close proximity to each other across a vacuum gap. The cooling is achieved by applying a posi-
tive bias on the GaAs light emitting diode. We show that the choice of GaAs and Si here can sup-
press the non-idealities for electroluminescent cooling purposes: GaAs has a wide bandgap with
low Auger recombination, and Si is a non-polar semiconductor which leads to significantly reduced
sub-bandgap heat transfer. We show that by using this configuration in the near-field regime, the
cooling power density can reach 10° W/m? even in the presence of realistic Auger recombination
and Shockley-Read-Hall recombination. In addition, with photovoltaic power recovery from the Si
cell, the efficiency of the device can be further improved. Our work points to the significant poten-
tial of combining near-field heat transfer with active semiconductor devices for the control of heat

flow. Published by AIP Publishing. https://doi.org/10.1063/1.5007712

I. INTRODUCTION

In the near field, the radiative heat transfer between two
planar bodies can be significantly enhanced beyond the far-
field limit as described by Planck’s law due to the presence of
evanescent waves.''? Such enhancement has been widely
studied in many applications. For example, in thermophotovol-
taics (TPV), the near-field heat transfer could significantly
enhance the output power density as well as the efficiency.'*™"*

The concept of near-field electromagnetic heat transfer
can also be used to enhance the operation of cooling devices
based on electroluminescence. In 1957, Tauc proposed to use
electroluminescence for cooling purposes.”’ He showed that
in the ideal limit, a light emitting diode (LED) at forward
bias can be used as a cooling device that removes the entropy
from its surrounding medium through electroluminescence
that generates radiation to the far field. The concept of elec-
troluminescent cooling has since been further explored in a
number of publications.”' 2° For example, in Ref. 26, a realis-
tic single-quantum well InGaN/GaN LED is investigated by
including all relevant heat transfer mechanisms. With a built-
in quantum well polarization field, the internal temperature
rise can be potentially reduced up to 20% and an electrical
efficiency of 1.02 is predicted. However, there has not been
an experimental demonstration of actual cooling from elec-
troluminescence, due in part to the presence of non-radiative
recombination that limits the radiative efficiency of most
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semiconductors, as well as the difficulty of extracting photons
out of high-index semiconductors.

In Ref. 27, Chen et al. proposed to overcome the diffi-
culties of far-field electroluminescent cooling by considering
a near-field configuration. The configuration in Ref. 27 con-
sists of two planar semiconductor regions separated by a vac-
uum gap with a sub-wavelength size. The two planar regions
are maintained at different temperatures and undergo electro-
magnetic energy exchange between them. A positive bias is
applied to the cold side in order to generate heat flow from
the cold side to the hot side. Reference 27 showed that this
near-field configuration can significantly mitigate the detri-
mental effects of non-radiative recombination. In addition, it
was also noted that to achieve significant cooling in the near-
field, the sub-bandgap heat transfer due to phonon-polariton
needs to be suppressed.?’

As an example for the near-field electroluminescent
cooling, Ref. 27 considered the use of InAs as the cold side
with a temperature of 290K and InSb as a hot side with a
temperature of 300K, and theoretically predicted a cooling
power density of approximately 100 W/m? and a coefficient
of performance (COP) that is 5.7% of the Carnot limit.
Subsequently, Liu and Zhang28 considered a system with
GaSb as the cold side, and Ge as the hot side, and predicted
a maximum cooling power density of 11.56kW /m? with a
10 nm vacuum gap. Neither of these cooling power densities,
however, is competitive against the thermoelectric devices
operating at similar temperature ranges.

In this paper, we show that the performance of the previ-
ous near-field electroluminescent cooling systems can be

Published by AIP Publishing.
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FIG. 1. A near-field electroluminescent cooling device consisting of a LED
(made of GaAs) at temperature 77 and a PV cell (made of Si) at temperature
T, separated by a vacuum gap with size d, and T < T,. The thicknesses of
the two bodies are ; and #,. Both bodies are backed with perfectly reflecting
mirrors in order to prohibit emission to the back sides. The voltages applied
on the LED is Vy, and a result of a net photo flux from the LED to the PV
cell, the PV cell may have a voltage V,. The generated electric power —/,V>
can be fed back as part of the injected external electric power /;V; into the
LED, where I, and I, are the current densities in bodies 1 and 2 defined in
Egs. (6) and (7). The arrows indicate the direction of emission from the
GaAs LED and the Si PV cell.

significantly improved by using GaAs and Si as the cold and
hot sides, respectively, as shown in Fig. 1. GaAs has greatly
reduced Auger recombination as compared to both GaSb and
InAs. Also, Si, being a non-polar semiconductor, does not pos-
sess an optically active phonon-polariton so that the parasitic
sub-bandgap phonon-polariton heat leakage can be significantly
suppressed.”®*’ Moreover, we show that the system efficiency
can be further improved by combining electroluminescent cool-
ing with photovoltaic (PV) power recovery, where the electric
power generated in the Si photovoltaic cell is fed back to the
GaAs light emitting diode. This is the inverse of the thermo-
photonic heat engine proposed by Green.> Our theoretical cal-
culations show that the system can have a cooling power
density in the order of 10°W / m?, which is comparable to what
can be achieved in thermoelectric cooling.

The electroluminescent cooling device as we study here
seeks to manipulate photon-based heat flow. Since thermal
radiation at 300K has a wavelength of near 10 um, one might
think that an electroluminescent cooling device operating near
room temperature may also require the use of narrow-band gap
semiconductors. Here, somewhat counter-intuitively, we show
that a practical choice for electro-luminescent cooling in fact is
to use a wider bandgap semiconductor, where the Auger
recombination is far lower as compared to narrow-bandgap
semiconductors.

The paper is organized as follows: In Sec. II, we present
the theoretical formalism. In Sec. III, we present and discuss
the results obtained by exact numerical calculation which
takes into account various nonidealities and compare our
device to thermoelectric coolers. We summarize and con-
clude in Sec. IV.

J. Appl. Phys. 122, 143104 (2017)

Il. THEORETICAL FORMALISM
A. Configuration

Throughout the paper, we consider the configuration as
shown in Fig. 1, which consists of two semiconductor bod-
ies. Both bodies consist of a PN junction with small heavily
doped P* and N regions at the backside that provide elec-
tric contact, and an active region which can be either lightly
doped or intrinsic. The active regions face each other across
the vacuum gap. We also assume that the two bodies only
emit to each other through the surfaces on the vacuum gap
side as indicated by the colored arrows in Fig. 1, and there
is no emission on the edges. Body 1 consists of GaAs, main-
tained at a temperature T, subject to a bias V. Body 2 con-
sists of Si, maintained at a temperature 75, subject to a bias
V5. A positive sign of the voltage corresponds to forward
bias of the junction. We assume that 7} < T5. The objective
of our device is to pump heat from the colder GaAs body to
the hotter silicon body. For this purpose, in our configura-
tion, both the Si and the GaAs junctions are forward biased,
i.e., both V| and V, are greater than zero. The forward bias
on the GaAs junction is (partially) externally provided, and
hence the GaAs body operates as a light emitting diode
(LED), with the externally provided electric power serving
as the power input to the heat pump as required by the
Second Law of Thermodynamics. With V| > 0, there is a
net photon flow from the GaAs body to the silicon body,
and hence the silicon body operates as a photovoltaic (PV)
cell generating a positive V, across the silicon junction. The
output electric power from the silicon PV cell can be
injected back to the GaAs LED, and thus, contributes to the
total injected electric power into the GaAs LED. We will
show that the use of such photovoltaic power recovery is
beneficial for the overall efficiency of electroluminescent
cooling device.

Throughout the paper, we choose 77 = 280K and
T, = 330K. This temperature choice is practical for electro-
luminescent cooling applications.

B. Detailed balance relations

To model the heat transfer in the system in Fig. 1,
we use the standard formalism of fluctuational electrody-
namics®' that has been widely used to treat near-field
electromagnetic heat transfer. The detailed theoretical
formalism can be found in Ref. 27. Here, we include
only those aspects that are essential and are directly rele-
vant for the present paper. In the presence of an external
voltage, we treat the current-current correlation functions

separately for frequencies above and below band gap,
29,32
ie.,

%w@(w,T, V)el(w)d(r—r)d(w— )b, (0> wy) (1a)

(i (r, w)jZ’(rlvw/)) =

%w@(w,T,O)e;(w)é(r —r)o(w— )by (0 < wy), (1b)
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where o and f label the directions of polarization, r and ¥
are position vectors, 6(w — ') is the Dirac delta function,
¢, (w) and €)(w) are the imaginary parts of the dielectric
functions that result from interband transitions (e,(w)) and
sub-bandgap transitions (e,(w)), respectively, and @, is the

bandgap frequency
how

ho — qV
exp ]{37'[' —1

is the average photon energy33 in a single mode at an angular
frequency w, ¢ is the magnitude of the electron’s charge, 7 is
the reduced Planck’s constant, kp is the Boltzmann constant,
and V is the voltage on the body.

The transferred power density can be directly computed
using standard dyadic Green’s function technique.®’** We
compute the net energy fluxes from electronic excitations E°
from the LED to the PV cell and the parasitic heat fluxes E”
from the PV cell to the LED due to the phonon-polariton
excitations on the GaAs-vacuum interface. These fluxes are
obtained by integrating over the appropriate frequency
ranges

O(w,T,V) = 2)

+00
E"zj O, T1, Vi) — O(0, T, Va) | 0(w) dos,  (3)

Wih

y:J%@@J¢W—®@JLw®@M@ 4)
0

where ®(w) is the transmission coefficient integrated over
the lateral wave vectors k|| at the frequency ,”” and can be
computed through a scattering matrix formalism® or by
directly integrating the contributions from the current sour-
ces defined in Egs. (1a) and (1b) over the volume of the emit-
ting body." A similar calculation also yields the net above-
bandgap photon flux between the two bodies as
20w, T,V
F:J O 11, V1) 1) den
hiw
J+OO @(CO, Tz, Vz)
Dth ho

[,

O(w)dow. Q)

We denote the first and the second terms in Eq. (5) as F_»
and F,_,;, respectively. For an ideal semiconductor, there is
no absorption of light for frequencies immediately below the
bandgap frequency w,, and therefore, one would choose
wm = wg in Egs. (3)—~(5). In the present case, however, we
note that for both GaAs and Si, in the frequency range imme-
diately below the bandgap frequency w,, the imaginary part
of the dielectric function is not exactly zero due to the exis-
tence of Urbach tail.>® Therefore, in the numerical evalua-
tions of Egs. (3)—(5), we choose g = 2.08 x 101 rad/s that
is slightly below w,. We note that for the above formalism to
be valid, the maximum value for V| needs to be lower than
liog /q. Thus, in this paper, we set the maximum value of V,
to be 1.35 V. In addition, both the contributions of propagat-
ing and evanescent waves are included in this calculation.
However, in the near-field regime, the contributions from
evanescent waves dominate.

J. Appl. Phys. 122, 143104 (2017)

For LED, the photons above band gap come from radia-
tive recombination. Therefore, the above-bandgap photon
flux as calculated in Eq. (5) is the net radiative recombina-
tion rate. The enhancement of radiative heat flux in the near
field thus translates to an enhancement of radiative recombi-
nation rate in this system.

Having obtained the net energy fluxes and the net pho-
ton fluxes, one can evaluate the performance of the device
by calculating the cooling power density and the efficiency.
For the currents, we use the sign convention that a positive
current corresponds to the flow of positive charge from P"
anode through the semiconductor to the N* cathode. Also,
when referring to unit area, including either explicitly or
implicitly in the definition of current density or power den-
sity, we refer to the unit area of the semiconductor surface
facing the vacuum gap. Then, the current densities in the
LED and the PV cell are given by

I =q(F+Ry), (6)
L =q(—F +Ry), @)

where R, is the total nonradiative recombination rate per unit
area for body a (a=1, 2) and F depends on the voltages on
both bodies as indicated by Eq. (5). Assuming that the sys-
tem has no parasitic photon absorption, i.e., all absorption of
photons occur in the Si and GaAs active regions, we define
the luminescent efficiency (1;) for the LED as the ratio of
radiative recombination rate to the total recombination rate,
ie.,

Fl—>2

— e 00%, 8
Fi_»+ Ry ’ ®

M

where the numerator describes the radiative recombination
rate in GaAs and the denominator describes the total recom-
bination rate.

We define the net cooling power density for the system as

0. = (E°—E") - 1Vy, 9

where the first term describes the net heat flow across the
vacuum gap, and the second term refers to the total injected
power into the LED. Having obtained the cooling power den-
sity, we compute the cooling coefficient of performance
(COP), defined as the ratio of the net cooling power density
obtained in Eq. (9) to the total power density required from
the outside into the LED

Q.

COP=—=° |
LV + 1LV,

(10)

where the denominator represents the extra power density
needed from the outside of the device in the presence of the
recollected electric power density /,V,. In contrast to Ref.
27, which focused on the V, = 0 case, here, we assume that
the PV cell can have a non-zero forward bias generated by
the incoming flux from the LED. In our calculation in this
paper, we maximize the COP using Eq. (10) over all possible
V, values. For comparison purposes, we further normalize
the COP thus obtained numerically with respect to by the
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Carnot limit of Ty /(T, — T1), which is 5.6 for our choice of
temperatures.

C. Nonradiative recombination

A key consideration in electroluminescent cooling is to
reduce the non-radiative recombination. Here, we provide a
brief discussion of non-radiative recombination processes in
GaAs and Si. For both GaAs and Si, we consider Auger
recombination and bulk Shockley-Read-Hall (SRH) recom-
bination. Hence, we set R,(a = 1,2 denoting the two
bodies) in Egs. (6) and (7) to>"*®

NgPa — n%a .
Ny +pa + 2ni‘a “
1D

In Eq. (11), the first and second terms refer to the Auger and
SRH processes, respectively. C,, and C,, are the Auger
recombination coefficients for two-electron and two-hole
processes of body a (a =1, 2), respectively. n, and p, are
electrons and holes density of body a, respectively. n; , is the
intrinsic carrier concentration for body a. ¢, is the thickness
of body a, and A, is the SRH recombination coefficient of
body a and is related to the SRH lifetime tsru, through
Ay = 1/TsRHq-

The non-radiative recombination rate and the lumines-
cent efficiency in GaAs strongly depends on both the doping
concentration and on the applied voltage. To determine the
optimal doping concentration, we follow Ref. 39 and assume
a p-doped GaAs in the low injection regime, i.e., n; < p;
~ N4 and a simple radiative recombination rate expressed as
BniN, where B is the radiative recombination coefficient,
Eq. (8) reduces to a bias-independent form

R,= (Cn,a ng+ Cp.apa) (napa - ”ia) ty+A,

BNy

B . 12
'/Il|nl<<m Al +BNA + Cp,lN%ﬁ ( )

This results in Ny = \/A1/C,1 where Eq. (12) reaches its
maximum.
In the case of low injection where V| is small, the hole

concentration p; =~ N4. Therefore, n; is small and scales
vy

with €%71. As a result, the SRH process dominates. When V
is large where low injection approximation fails, both n,;

and p, scales with e*s71. Thus, the Auger recombination rate

scales as 6% and becomes significant. As a result of the
competing non-radiative processes inside GaAs, to achieve
net cooling, the choice of voltage V; is therefore essential.
For the cooling device as we consider here, and for the range
of voltages we use in the paper, the voltage that optimizes
the COP does not necessarily correspond to the low injection
condition as discussed above, but as we will see, this choice
of N, results in a very good luminescent efficiency.

For Si, as we will see below that the injected photon
density is actually very high. In the comparison to solar cells,
this corresponds to a few thousand suns. Therefore, it is best
to take Si as intrinsic to minimize the Auger recombination.

J. Appl. Phys. 122, 143104 (2017)

In the calculation in Sec. III, the intrinsic carrier densities
for GaAs and Si are ;| = 2.8 x 10° cm™3 (Refs. 38 and 40)
and ;5 = 1.4 x 10'°cm™> (Refs. 40 and 41) for the tempera-
tures that we consider here. The Auger recombination coeffi-
cient of GaAs is C; =7 x 107°cm®s™~!, with C,; and C,,;
each equal to C;/ 2.*2 The Auger recombination coefficient
of Siis Cpo +Cpa = 1.4 x107 em®s~1.40* At small ¢,
the radiative recombination rate increases as f; increases,
and for large #,, the radiative recombination rate saturates.
On the other hand, the non-radiative recombination rate
defined in Eq. (11) scales proportionally to #;. Therefore,
there is an optimal #; that maximizes the cooling power den-
sity in the presence of non-radiative recombination. We find
the optimal #; = 500 nm for the GaAs LED. With this thick-
ness value, the SRH lifetime for GaAs is estimated to be
Tsru,1 = 16.7 us assuming GalnP passivation.44 Using these
parameters, we optimize the doping level for GaAs to be
1.31 x 10" cm ™3 for maximum luminescent efficiency con-
sideration through Ny = /A;/C,. In addition, in order to
maximize the absorption by Si, we choose a thick Si body
with thickness #, = 50 um, and the bulk SRH lifetime tsrp >
is 35ms.®

lll. NUMERICAL RESULTS

In the following calculation of near-field heat transfer,
the frequency-dependent dielectric functions for GaAs and
Si are obtained from Refs. 42, 46, and 47 and linearly inter-
polated. We plot the dielectric functions for GaAs and Si for
the above-bandgap and sub-bandgap regions as a function of
wavelength in Figs. 2(a)-2(d). We notice that in the sub-
bandgap frequency range, the imaginary part of dielectric
function of GaAs [Fig. 2(b)] has a peak at a wavelength of
37.5 um, corresponding to the phonon-polariton of GaAs. By
comparison, for Si [Fig. 2(d)], there is no such phonon-
polariton peak since silicon is a non-polar material, and
hence, the imaginary part of the dielectric function in the
sub-bandgap region remains relatively small in the order of
107, The absence of the phonon-polariton peak in the sub-
band gap region is an important advantage in the present

Above bandgap Below bandgap

14 200 400
GaAs 13.5 1 0 200
13 0 -200 0
15 —0.0811.7 i1,
_E" —€ %10
- -
10
Si 14 0.04
@\ - 9
13 0 11.69 8
0.7 0.8 0.9 34 38 42

wavelength (um) wavelength (um)

FIG. 2. (a) and (c) Dielectric functions for GaAs and Si for wavelengths in
the above-bandgap region of GaAs. (b) and (d) Dielectric function for GaAs
and Si for wavelengths in the sub-bandgap region of GaAs. The blue and red
curves correspond to the real and imaginary parts of the dielectric functions,
respectively.
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configuration as compared to Ref. 27, where it was shown
that the existence of sub-bandgap phonon-polariton leads to
a strong sub-bandgap heat transfer in the near-field region
that degrades the cooling performance.

In this section, we apply the formalism introduced in
Sec. II B to our configuration, taking into account the non-
radiative recombination processes described in Sec. IIC. In
Sec. Il A, we first discuss the performance of our device in
the absence of photovoltaic power recovery (V, = 0), which
resembles the setup in Ref. 27. In Sec. III B, we consider the
impact of photovoltaic power recovery, where the part of
power generated by the Si PV cell is fed back to the GaAs
LED. In Sec. III C, we compare our device to thermoelectric
coolers. In Sec. III D, we discuss the detrimental effects of
the existence of a thin SiO, layer on the silicon surface on
the performance of our device.

A. Performance in the absence of photovoltaic power
recovery

We first compute the cooling power density and the
COP in the absence of photovoltaic power recovery. This is
done by shorting the PV cell, i.e., by setting V, = 0. In Fig.
3(a), we show the cooling power density as a function of the
LED bias V; for d = 10nm and 10 um in blue and red
curves, respectively. At V; = 0, the net heat flow should go
from the hot side to the cold side, as required by the Second
Law of Thermodynamics, and hence, the net cooling power
density is negative. When V; is small, the cooling power
density remains negative because of the existence of sub-
bandgap heat transfer. The cooling power becomes positive
at V) =~ 1.02V. As V; further increases, the cooling power
density increases drastically as a function of V, reaching a
peak of 6.96 x 10> W/m? at V| = 1.35 V. For this gap sepa-
ration, we do not observe a decrease of cooling power den-
sity because for the voltage range that we have considered
here, the radiative recombination process always dominates
over the competing non-radiative recombination processes.

In terms of cooling power density, with a 10 nm vacuum
gap, the results here are about three orders of magnitude
higher as compared to Ref. 27, which used InAs and InSb as
the semiconductors, and about one order of magnitude higher
as compared to Ref. 28, which used GaSb and Ge as the
semiconductors. The improved performance here arises from
the use of GaAs, which has a wider bandgap and, therefore,
a far lower Auger recombination rate.

The use of near-field heat transfer is essential for the
cooling performance that we observe here. As a direct com-
parison, in Fig. 3(a) we plot as the red curve the cooling
power density in a far-field setup where the LED and the PV
cell are separated by a vacuum gap of 10 um that is much
larger than the bandgap wavelength. Significantly reduced
refrigeration power density is observed as a result of the
reduced radiative recombination rate in GaAs when the
GaAs LED and the Si PV are separated in the far-field
region. In general, it is difficult to observe large cooling
power in the far-field region in the simple planar geometry.
One may significantly improve the cooling performance in
the far-field region with the use of rear surface texturing that

J. Appl. Phys. 122, 143104 (2017)
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FIG. 3. (a) Cooling power density as a function of LED voltage V; for the
configuration shown in Fig. 1 with the PV cell short-circuited. Red and blue
curves correspond to vacuum gap sizes of d = 10nm and 10 um, respec-
tively. (b) Luminescent efficiency (1;) as a function of V; for d = 10nm and
10 um in blue and red curves, respectively. (¢) COP normalized with respect
to the Carnot efficiency as a function of V; for d = 10nm and 10 pm in blue
and red curves, respectively.

facilitates the extraction of photons, which greatly enhances
radiative recombination over non-radiative recombination.
To better analyze the significant difference in cooling
performance between the near-field and far-field regimes, we
plot the luminescent efficiency of GaAs as a function of V;
for d = 10nm and 10 um in Fig. 3(b). Since the SRH recom-
bination is small compared to radiative recombination, the
luminescent efficiency is flat for a large range of V.
However, in the far-field case (d = 10 um), as V| approaches
to the bandgap, the luminescent efficiency starts to drop
because of the significant Auger recombination. In contrast,
in the near-field case (d = 10nm), the luminescent efficiency
remains almost unchanged at a high value as V; increases up
to 1.35 V. In the near-field regime, the radiative recombina-
tion rate is significantly enhanced, leading to the enhanced
luminescent efficiency. Such an enhancement of luminescent
efficiency is essential for the observation of significant cool-
ing in the presence of realistic non-radiative recombinations.
We plot the COP as a function of LED bias V; for
d =10nm and 10 um in Fig. 3(c). Due to the significant
enhancement of sub-bandgap parasitic heat transfer in the
near-field regime, we observe that the COP in the far field has
a higher peak value than that in the near field. However, the
near-field case has a higher COP for larger biases, because of
the enhanced radiative recombination rate in the LED. In gen-
eral, being able to operate at higher voltage, as we observe for
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the near-field case as compared to the far-field case, is advanta-
geous since at a higher voltage we expect a higher cooling
power density.

B. Performance with photovoltaic power recovery

In general, when there is a net photon flux from the LED
to the PV cell, a non-zero positive voltage V, on the PV cell
can be generated, and the electric power generated from the
PV cell can be fed back into the LED, thus reducing the
required external power that is injected into the LED. On the
other hand, a non-zero positive voltage on the PV cell results
in a higher heat back flow from the PV cell to the LED. As a
balance of these competing effects, there is an optimal V, in
order to achieve the maximal COP.

In Fig. 4(a), we plot the optimal COP as a function of
the LED voltage V; for vacuum gaps d = 10nm and 10 um
as red and blue curves, respectively. For each value of V;
and gap size in Fig. 4(a), we optimize V), to reach the optimal
COP. The values of V, thus obtained as a function of V; for
the two gap sizes, are shown in Fig. 4(b). Compared to Fig.
3(c), we observe a significant increase of COP for both the far-
field and near-field cases. Also, in Fig. 4(b), we observe that
the optimal V, is far smaller as compared to the bandgap of Si.
Therefore, at the optimal V,, the net cooling power is unaf-
fected since the back flow of heat from the PV cell back to the
LED is still significantly smaller as compared to power carried
by the photon flow from the LED to the PV cell. Thus, the
photovoltaic power recovery can be used to significantly
enhance the COP without degrading the cooling power.

The results here represent significant improvements in
terms of power density as compared to previous works. Chen
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FIG. 4. (a) COP normalized with respect to the Carnot efficiency as a func-
tion of V; with photovoltaic power recovery from the PV cell for vacuum
gaps d = 10nm and 10 um in blue and red curves, respectively, for T} =
280K and T, = 330K. (b) The optimal bias V, for the PV cell for each LED
bias V; value where there is net cooling. The red and blue curves correspond
to vacuum gaps d = 10nm and 10 um, respectively.
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et al*’ discussed a structure with the InAs as the LED and
the InSb as the PV, with a peak cooling power density of
91 W/m?. Liu and Zhang?® discussed a structure with GaSb
as the LED and Ge as the PV cell, with a peak cooling power
density of 1.16 x 10* W/m?. The significant power density
improvement in our present work occurs from the signifi-
cantly reduced Auger recombination rate in GaAs, which
results in a much higher radiative recombination yield. At
the peak power density, which corresponds to V| = 1.35V,
the luminescent efficiency for the GaAs system is 99.8%,
whereas for the InAs and the GaSb systems, the luminescent
efficiencies at the maximum power point are approximately
62.8% and 99.1%, respectively.

We notice that even in the presence of photovoltaic
power recovery, the maximum COP shown in Fig. 4 is still
much lower than the Carnot limit under these temperatures.
In the absence of non-radiative recombination, the Carnot
limit is reached when the applied voltage is close to the
threshold.?” At such a low applied voltage, the cooling power
density is very small, and the system is, therefore, particu-
larly susceptible to the detrimental effect of parasitic heat
transfer below the band gap. In order to achieve a high COP
close to Carnot limit, further engineering is required to
reduce the parasitic heat transfer in the sub-bandgap regime.

C. Comparison with thermoelectric cooler

Cooling devices, in general, exhibit a trade-off between
the COP and the cooling power density. Therefore, a reason-
able way to compare the performances of different cooling
devices is to compare their cooling power density at the same
COP. For this purpose, in Fig. 5, we plot the COP as a func-
tion of the cooling power density as the LED bias V varies,
for the two cases with the vacuum gap sizes of d = 10nm
and d = 10 um, corresponding to the near-field and far-field
cases, respectively. For each LED bias V|, we plot the COP
and the power density at the optimal PV cell bias V, as

"|—d=10 nm
0.12 —d=10 um
°
=
©
o So0.08}
o
O ©
C
20.04 |
(@]
©

0 2 M M
10* 102 10° 102
Q, (Wim?)

FIG. 5. COP normalized with respect to the Carnot limit as a function of
cooling power density, for the device configuration shown in Fig. 1. Each
data point in the plot corresponds to a particular LED bias V; with a corre-
sponding optimal PV bias V,. The arrow indicates the direction of increasing
V1. The blue and red curves correspond to near-field vacuum gap d = 10 nm
and 10 pm, respectively.
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discussed earlier. At the same COP, the near-field configura-
tion has a much higher cooling power density as compared to
the far-field configuration. For both cases, the optimal cooling
power density and the optimal COP occur at different LED
bias V. For the near-field case with a gap size of d = 10nm,
the structure reaches an optimal COP = 11.0% of the Carnot
limit with a cooling power density of 57.3W/m? at V;
= 1.09V. It reaches an optimal cooling power density of
6.96 x 10> W/m? with a COP of 1.9% of the Carnot limit at
V1 = 1.35V. Whereas for the far-field case with a gap size
of d = 10 um, the optimal COP is 10.7% of Carnot with
Q. =0.161W/m?> at V; =1.03V, and optimal cooling
power density is 4.00 x 10° W/m? at a COP with the value
of 1.1% of the Carnot limit at V| = 1.32 V. Therefore, the
main benefit of the operating in the near-field regime is that it
allows one to reach a power density that is about two orders
of magnitude higher at a comparable COP as compared to the
far-field case.

The concept of electroluminescent cooling provides an
interesting alternative approach for solid-state cooling.
Therefore, it would be useful to compare the performance
predicted here to the performance of thermoelectric cooler.
Reference 48 presents a summary for the commercially
available thermoelectric modules. Most of the devices pro-
vide a maximum cooling power density at the order of
10* W/m? when the hot side is maintained at room tempera-
ture. Our device can provide an order of magnitude improve-
ment in cooling power as compared with such thermoelectric
devices. In terms of COP, a thermoelectric cooler with
ZT = 1.0, operating at the same temperature difference
AT = 50K as our device, exhibits a COP of 10% of the
Carnot limit. This is comparable to the COP of our device.
The results presented here point to the important potential of
electroluminescent cooling devices. In this paper, we use a
planar geometry for near-field heat transfer. The perfor-
mance of our device may be further improved with more
sophisticated geometry optimized for enhancing near-field
heat transfer.**>°

D. Impact of the SiO, layer on the Si surface

In practice, silicon and GaAs usually have a thin layer
of coating for passivation purposes.’*>! For example, GaAs
can be passivated with GaInP® and silicon always has a sili-
con dioxide (SiO,) (:oating.51 The existence of the coating
can result in a parasitic heat flow, since all the materials in
the coating are polar materials that support photon-polariton
excitations. On the other hand, since GaAs already has a
strong phonon-polariton response that is already taken into
account in the previous simulation, the presence of GalnP
passivation layer should not significantly affect the heat
transfer. Therefore, here we ignore the effects of GalnP
phonon-polaritons and mainly focus on the heat flow from
the Si side directly to the GaAs side due to the surface
phonon-polariton of SiO,. For amorphous SiO,, its two sur-
face phonon-polaritons are located at the wavelengths of
93 um and 21.7 um, which misalign with the surface
phonon-polariton of GaAs. Therefore, the backward heat
flow due to an oxide layer is not very significant. To
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FIG. 6. The performance of the configuration of the device in Fig. 1, except
that a SiO; layer is added on the silicon surface facing the vacuum gap. The
size of the vacuum gap between the LED and the PV cell is fixed at 10 nm.
(a) Maximum cooling power density and (b) maximum COP as a function of
the thickness of the SiO, layer on the silicon PV cell. Good performance
requires a SiO, layer thickness of less than 2 nm.

investigate the effect of the oxide layer, we perform numeri-
cal calculations by fixing the vacuum gap d = 10nm and
varying the thickness of SiO, layer on silicon. We show the
cooling power density as a function of SiO, thickness in Fig.
6(a). When the thickness of SiO, increases, the cooling
power density decreases. However, even with a 20 nm SiO,
layer on top of Si, the cooling power density can still be as
high as 5.24 x 10° W/m? at LED bias V; = 1.35V. In Fig.
6(b), we plot the maximum COP as a function of the thick-
ness of the SiO, layer. The COP also decreases as the thick-
ness increases. However, we still observe a COP = 4.3% of
the Carnot limit when the SiO, thickness is 20nm.
Therefore, the significant performance of our device still per-
sists even in the presence of a thin SiO, layer.

IV. CONCLUSION

In conclusion, we introduce a new device configuration
that significantly improves the performance of the near-field
electroluminescent cooling device as introduced in Ref. 27
and further studied in Ref. 28. This device configuration uses
GaAs, which has significantly reduced Auger recombination
as compared with narrow-bandgap semiconductors used in
Ref. 27, and uses Si that does not have surface phonon-
polariton, which results in significant suppression of parasitic
backward heat flow. We also combine the concept of near-
field electroluminescent cooling with the idea of photovol-
taic power recovery.’® As a result, we numerically demon-
strate orders of magnitude improvement in the performance
of near-field electroluminescent cooling device. The peak
cooling power density of this system is 6.96 x 10> W/m?,
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which exceeds standard thermoelectric coolers operating in
the same temperature range while maintaining a similar
COP. Our work points to the significant potential, where the
combination of near-field heat transfer and active semicon-
ductor devices can lead to new possibilities for heat
manipulation.
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