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We propose a multijunction configuration for an electroluminescent cooling system, incorporating mul-
tiple semiconductor layers with different band gaps. Through theoretical analysis focusing on cooling
power density and coefficient of performance, we show that increasing the number of semiconductor
layers results in an enhanced performance of electroluminescent cooling. We highlight the reduction of
operating voltage as a pivotal factor contributing to this improvement. Furthermore, we show that the
enhancement can persist in the presence of nonradiative recombination. Our work indicates the potential
of multijunction configurations in advancing the capabilities of electroluminescent cooling.
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I. INTRODUCTION

Electroluminescence, which underlies the operation of
light-emitting diodes (LEDs), is a phenomenon where a
semiconductor emits light as a result of radiative recombi-
nation of injected charge carriers. Electroluminescence in
LEDs can be a cooling process. For each injected electron-
hole pair, the electrical energy provided is usually below
the band-gap energy, whereas the emitted photon typically
has energy that is approximately the band-gap energy. The
emission thus requires energy in excess of the electrical
energy supplied externally. This excess energy is provided
by the removal of heat from the surroundings, engen-
dering a cooling effect, commonly referred to as electro-
luminescent cooling [1,2]. Electroluminescent cooling is
technologically attractive since it is entirely based on solid-
state technology. While this concept was proposed many
decades ago, in recent years there has been a resurgence
of interest due to the developments in both semiconduc-
tor and photonics technology, which allow more advanced
control of electron and photon flow that is essential for its
experimental demonstration [3—18].

The process of electroluminescent cooling is the reverse
of the process of photovoltaics, where part of the energy of
absorbed photons is converted to electrical energy, while
the remaining part is converted to heat. In photovoltaics,
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it is well known that the use of multijunction config-
urations can improve the device efficiency [19-24]. In
spite of the close connection with photovoltaics, however,
the exploration of multijunction configurations for elec-
troluminescent cooling purposes has not been previously
considered.

In this work, we propose the use of a multijunction
configuration to enhance the performance of electrolumi-
nescent cooling. For a given cooling power density, we
show that increasing the number of semiconductor lay-
ers can lower the operating voltage of each layer, leading
to an improved coefficient of performance (COP). We
show that the improvement persists even when nonradia-
tive recombination is present and we analyze an example
of a double-junction electroluminescent cooling structure
based on GaAs and InP layers as an illustration of the
potential practical implementations.

II. SINGLE-JUNCTION ELECTROLUMINESCENT
COOLING SYSTEM

Before we discuss the details of our multijunction elec-
troluminescent cooling system, we review the operating
mechanism of a single-junction system, in order to high-
light the limitations of a single-junction system that moti-
vate our work and to introduce the aspects of the formalism
that will be useful for analyzing our multijunction system.
For this purpose, we consider a simple model of a semicon-
ductor with an energy band structure, shown in Fig. 1(a)
[25]. An electron-hole pair can be excited when electrical
work gV is supplied, ¢ and V being the elementary charge
and the applied voltage, respectively. Radiative recombi-
nation of this electron-hole pair leads to the emission of a
photon with energy /4f , where /4 and /* are the Planck con-
stant and the photon frequency, respectively. This photon
energy is approximately the same as the band-gap energy
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FIG. 1. (a) The energy (£)-momentum (p) diagram of a semi-
conductor. Er, and EF, indicate the quasi-Fermi levels for elec-
trons and holes, respectively, and ¢V is the difference between
them. The band gap of the semiconductor is Eg. (b) An illustra-
tion of a single-junction electroluminescent cooling system. The
vertical direction conveys the meaning of photon energy (or fre-
quency); i.e., the higher the position along the vertical direction,
the greater is the corresponding energy. The bar with gray and
white regions represents a semiconductor layer biased at voltage
V and its band gap is expressed by the height of the white region.
The black narrow box indicates a low-pass energy filter with
threshold energy located at the lower end, which reflects back the
photons with energy higher than the threshold. Each arrow sym-
bolizes a photon flux, where the size of the arrow represents its
magnitude, the direction of the arrow shows the direction of flux,
and the vertical position of the arrow indicates the frequency.

E¢. For typical operation of an LED, ¢V < E¢ and, there-
fore, the photon energy Af surpasses the electrical work
qV. For the emission process to occur, an excess energy
hf — qV needs to be provided from the environment in
the form of heat extraction. The COP associated with this
cooling process is (4f/qV) — 1. This simple model illus-
trates the physical origin of electroluminescent cooling.
We also observe that as far as COP is concerned, there
is an advantage in operating at low voltage. This obser-
vation, which we will derive more rigorously below, is
one of the key motivations in considering multijunction
electroluminescent cooling.

As a quantitative analysis of the electroluminescent
cooling process, we now consider the case depicted in
Fig. 1(b), [26] where a semiconductor layer with a p-
n junction is thermally connected to a cold reservoir to
maintain its temperature at 7. The semiconductor emits
photons to a black body that serves as a hot reservoir at
temperature 7. Throughout this work, 7; and Ty are set
to 263 and 313 K, respectively, following Ref. [14].

External power is provided by applying a voltage V' to
the semiconductor layer. This electrical power input results
in a photon flux emitted from the semiconductor. The emit-
ted photons are sent toward the low-pass filter [the narrow
black box in Fig. 1(b)] that has threshold energy E¢ > Eg.
This filter allows all photons with energy below E¢ to pass
through with unity transmissivity, directing them to the
hot side [the large arrow in Fig. 1(b)]. At the same time,

it reflects all photons with energy exceeding E¢ back to
the semiconductor [the curved arrow in Fig. 1(b)]. This
low-pass energy filter is placed to improve the electrolumi-
nescent cooling performance [26—28]. More details on the
effect of the energy filters can be found in Appendix A. In
addition, there exists a photon flux that originates from the
hot side and is absorbed by the cold-side layer [the small
straight arrow in Fig. 1(b)]. Net cooling occurs when the
emission rate exceeds the absorption rate.

To determine the theoretical performance limit of the
electroluminescent cooling system, we consider the ideal
scenario and follow assumptions similar to those of
Ref. [23]. For a semiconductor layer, we assume unity
emissivity and absorptivity in all directions for photons
with energy higher than the band gap and zero emissivity
and absorptivity for photons with energy below the band
gap. Each emitted or absorbed photon corresponds to a
single electron-hole pair recombination or generation and
nonradiative processes are ignored for now. Throughout
the semiconductor layer, the quasi-Fermi levels for elec-
trons and holes are independent of spatial locations and its
emitted photon flux has the following spectrum per unit
energy interval:

&) = = £ (1)
n = ,
7 ()

where E represents the energy. gV plays the role of chemi-
cal potential of the photons [25,29,30], and ¢, k, and T are
the speed of light in vacuum, the Boltzmann constant, and
the temperature of the emission source, respectively.

Under these assumptions, the input power density,
which corresponds to the external work W provided to
the system, can be calculated from the product of the cur-
rent density J and the operating voltage V across the p-n
junction of the semiconductor layer:

2mqV (Ec E?
W=JV=— _
hct Jg, exp <E—,;TZV) -1

E2
X —— |dE. ()

exp (%) —1

We adopt the following sign convention in this work: a
positive voltage corresponds to a forward bias in the p-n
junction and a positive current corresponds to a flow of cur-
rent from the p to the » region through the semiconductor
layer. For electroluminescent cooling, we consider J > 0
and V' > 0. In the bracket of Eq. (2), the first term repre-
sents the photon flux that the semiconductor layer emits
toward the hot side, as highlighted by the large arrow in
Fig. 1(b). The second term is the photon flux that the layer
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absorbs, which originates from the black body on the hot
side [the small straight arrow in Fig. 1(b)]. Unlike the first
term, the chemical potential associated with this photon
flux is zero because the emission source is a black body.
The upper bound of the integration range E¢ arises from
the use of the low-pass filter as discussed above. Since
we neglect nonradiative processes, J /¢ is equal to the net
emitted photon flux.

QOp, which is the heat flux delivered to the hot side
from the cold side, can be derived from the energy of the
associated photons:

0 2 /Ec E? E3 JE
H = — - .
We? Jeg exp (E,:TZV) —1 exp (%) -1

(3)

The corresponding cooling power density Oy is

2 [Fe E?
Or=0y—W= /
mc Jg, exp (E]:T’ZV> -1
E2
(E—qV)dE. (4)

exp (%) -1

To observe the variation in performance of the single-
junction electroluminescent cooling system with respect to
the operating voltage V, we plot the COP = (Q./W) and
the cooling power density O; of the system against V in
Fig. 2. For Fig. 2, we fix the band gap Es of the semi-
conductor at 1 eV and use the following E¢ as the filter
threshold [26]:

qV

T °
1 T

Ec = )

This threshold is set to ensure that the system operates
within the frequency range that facilitates cooling. As can
be seen from the square bracket of Eq. (4), at frequencies
above this level, the absorption rate exceeds the emis-
sion rate, resulting in heating effect rather than cooling.
At the lower end of the operating voltage in Fig. 2, as the
operating voltage approaches the threshold voltage

1 T
Vth=5 l—— EG: (6)

which is the minimum operating voltage required for
electroluminescent cooling to occur [25,26], the COP of
the system approaches the Carnot limit of 7 /(Ty — T7).
Meanwhile, the cooling power density in this case
approaches zero. Under this condition, the system oper-
ates with monochromatic light, consistent with the general

Coefficient of performance
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FIG. 2. The COP and cooling power density plotted against
the operating voltage, for the single-junction electroluminescent
cooling system in Fig. 1(b). 7y = 313K and 7, = 263 K. The
semiconductor band gap Eg is set to 1 eV. Vy, is the mini-
mum threshold voltage required for electroluminescent cooling
to occur.

thermodynamics requirement that for a refrigerator, the
Carnot-efficiency limit can only be achieved with zero net
cooling power [3,31].

In Fig. 2, we also show that the cooling power density
rises as the operating voltage increases. However, this is
accompanied by a decrease in the COP [26]. The tendency
of the COP to change with respect to the operating voltage
agrees with the discussion at the beginning of the section,
where we have argued that a lower operating voltage
is preferred for higher efficiency. Therefore, the perfor-
mance of the single-junction electroluminescent cooling
system is limited by the trade-off between efficiency and
power.

The trade-off between efficiency and power in fact uni-
versally limits the performance of any heat engine and,
fundamentally, this trade-off cannot be eliminated [32—34].
For electroluminescent cooling, however, the analysis here
in fact indicates that improvement may be possible within
the constraint of this trade-off. If one considers a multijunc-
tion configuration such as the one shown in Fig. 4, which
will be discussed in detail in Sec. III, one may operate
each semiconductor layer near Vy,. With a low operat-
ing voltage, the efficiency should remain high, but the use
of multiple layers can lead to improvement of the cool-
ing power density. In Sec. III, we will provide a detailed
analysis to confirm this intuitive argument.

We now examine the scenario in which nonradiative
recombination is present. We use the same configuration
as in Fig. 1(b) but this time we introduce a new parame-
ter 0 < f. < 1 that represents the total quantum efficiency.
When f. = 1, the recombination process is purely radiative
and nonradiative processes are ignored. Up to this point,
our analysis has focused on this particular condition. To
account for nonradiative processes, we now consider the
case in which f. < 1. For simplicity, in this section, we
assume that f;. is independent of the applied voltage V.
This assumption does not apply in typical semiconductors.
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However, due to its simplicity, it is useful when the aim is
to illustrate fundamental physics. For example, the same

J

assumption of a voltage-independent f. has been used in
the seminal Shockley-Queisser analysis of solar cells [35].

Taking f. into account, we can rewrite Eqgs. (2)—(4) as follows:

21 /Ec 1 E? E? ViE (7a)
= — —_ _ q . a
e Jg, | fe exp <Ek}‘i'/> —1 exp <%> -1
2 re| E3 E3
Oy = h3”2 / — - dE, (7b)
Ec |exp | == - expl7—) —
¢ kT(l{ 1 k?H 1
2 1
o P | E\E—7dV) B2 (E-qp)
QL=QH—W=W/E ( ) dE. (7¢)

Equation (7) shows that nonradiative recombination
introduced by f; leads to an increase in the required input
power density W to produce the same heat flux delivered to
the hot side Oy, leading to a negative impact on the cooling
power density Q.

Using Eq. (7¢), we can derive the threshold quantum
efficiency required to achieve electroluminescent cooling,
for different operating voltages. Again, we fix the band gap
Eg at 1 eV and for each operating voltage we determine the
minimum f; that results in Q; > 0. This process involves
simultaneously adjusting E¢ so that the expression within
the bracket of Eq. (7c) is positive when £ < E¢. As above,
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E
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€
@© ]
3 0.4 i
o i
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ﬁ 0.2 1 : —— From Eq. (7c)
= i — Eq. (8)
~ 0.0 —— : :
0.00 Vin 0.2 0.50 0.75 1.00
Operating voltage (V)
FIG. 3. The threshold quantum efficiency plotted against the

operating voltage. The single-junction electroluminescent cool-
ing system in Fig. 1(b) when nonradiative recombination is
present is shown in blue. Ty = 313K, 7;, = 263K, and Eg =
1 eV. Equation (8), based on the simple model from Ref. [25], is
shown in red.

G | exp (%) —1 exp (%) -1

(

this ensures that photon exchange between the hot and the
cold bodies occurs only at frequencies at which cooling
occurs. The determined threshold quantum efficiency with
respect to the operating voltage is displayed as the blue
curve in Fig. 3.

At most operating voltages, the threshold quantum
efficiency decreases as the operating voltage decreases.
This trend can be captured with a simple model [25].
Each injected electron-hole pair, when radiatively recom-
bined, contributes a cooling energy of Es — ¢V. On the
other hand, when the pair nonradiatively recombines, it

Ty
e |
<« ik
Ey
=
« |€ bk
Ty
Em
€ € € € €
1
M - m+1 m m—1 -1

FIG. 4. Anillustration of our multijunction electroluminescent
cooling system, which consists of multiple semiconductor lay-
ers with different band gaps. The semiconductor layers, low-pass
energy filters, and photon fluxes follow the same description as
provided for Fig. 1(b).
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FIG. 5. The performance of the ideal multijunction electrolu-

minescent cooling systems shown in Fig. 4, for varying numbers
oflayers. Ty = 313K and 7; = 263 K. The COP and the cooling
power density are used as metrics to evaluate the performance.

contributes to a heating energy of gV. The net cool-
ing energy is then f.(Eg — qV) — (1 — fo)qV = f.Eg — qV.
Setting the net cooling energy to be positive then results in
a threshold quantum efficiency of

L= (8)

As depicted by the red line in Fig. 3, this simple model
agrees well with the detailed calculation from Eq. (7c)
across most voltage ranges. The detailed calculation devi-
ates from Eq. (8) only at voltages near Vy,. At low voltages
near Vy, the high fcth comes from the fact that the num-
ber of emitted photons diminishes exponentially with a
decrease in the operating voltage [Eq. (1)]. This results in
near-zero cooling power density even with perfect quan-
tum efficiency [Eq. (7¢)]. Thus, at low voltages, any non-
radiative recombination leads to net heating. A similar

effect has been observed in Refs. [36,37]. Nevertheless, for
most ranges of operating voltages, reducing the operating
voltage alleviates the demand for high quantum efficiency.

III. MULTIJUNCTION ELECTROLUMINESCENT
COOLING SYSTEM

As we see in the analysis of Sec. II, in general,
for a single-junction electroluminescent system, reduc-
ing the operating voltage improves the COP and relaxes
the requirement on quantum efficiency, both of which
are advantageous. Reducing the operating voltage, how-
ever, leads to a decrease in cooling power density. In this
section, we show that for a given COP, the cooling power
density can be improved with the use of a multijunction
configuration.

In Fig. 4, we show an illustration of our multijunction
system. The hot side of the system remains the same as
in Fig. 1(b). The cold side of the system consists of mul-
tiple semiconductor layers with different band gaps. We
note that, except for their band gaps, all the semiconductor
layers share the same characteristics as the semiconductor
layer of Fig. 1(b), i.e., these layers have unity absorptiv-
ity for energy above the band gap and zero absorptivity
below. Each layer is labeled as m, where m = 1,2,..., M.
The band gap of each layer is £, and we assume that
E| < E, <--- < Ey. Every semiconductor layer is con-
nected to the cold reservoir at temperature 7. For each
semiconductor layer, on the side facing the hot reservoir, a
low-pass energy filter is placed, with a threshold energy of
Ec . At the far right is a perfect reflector. For the photon-
flux arrows in Fig. 4, the same description as provided for
Fig. 1(b) holds. Note that this multijunction configuration
for electroluminescent cooling highly resembles the multi-
junction photovoltaic system discussed in Ref. [23] but that
in this work, we consider the process that is the reverse of
photovoltaics.

(@) 0.050 ( )0.050 (c) 0.050
One layer
0.0454 -O- Two layers 0.045 0.045 0
Py -0~ Three layers ’
S 0.0409 -o- Fourlayers 0.040 - 0.040 -
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()] a d 4
g 003 = layers 0.035 0.035
o Vin from Eq. (6
> 0.030  from Eq. (6) 0.030 0.030
(=2}
=
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FIG. 6. The optimal operating voltage plotted against the optimal band-gap energy of the corresponding layer for three values of the
cooling power density O; from Fig. 5: (a) O; = 10 W/m?, (b) O; = 31.6 W/m?, and (c) O; = 100 W/m>.
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FIG. 7. The performance of the multijunction electrolumines-

cent cooling systems shown in Fig. 4 when nonradiative recom-
bination is considered. Three different f.. cases (f, = 1.0,0.9,0.4)
are plotted.

First, we analyze the case in which nonradiative recom-
bination is not present. For the mth semiconductor layer of
Fig. 4, the input power density W,,, the heat flux delivered
to the hot side O, and the cooling power density Oy, can
be calculated as follows:

W — % /Ec,m I E2 ) = -

hc* Jg, exp (E%LV’"> —1 exp (%) — l_

x qVndE, (9a)

2 [Eem i E3 E3 |

Orn = 352 /E exp (Ege) — 1 exp (&)-1
x dE, (9b)

2 [Eem i E? E? |

Oun = 155 /E exp (E58e) — 1 exp (&)-1
x (E — qVy) dE, (9¢)

where V,, is the operating voltage of the mth layer. Then,

M
w=3"W, (102
m=1
M
QH = Z QHma (10b)
m=1
M
0= Oun (10¢)
m=1

We emphasize that the semiconductor layers in Fig. 4 do
not couple to each other radiatively, since each layer oper-
ates with photons in a different energy-spectrum region,
due to the low-pass energy filters.

The variables Ec,, E,, and V,, for m=1,2,... .M
can be optimized to maximize the overall performance of
our electroluminescent cooling system. Either the cooling
power density Q; or the COP = (Q; /W) can serve as a
metric for performance evaluation but the optimal param-
eters that maximize these two quantities are in general
different. Here, we seek to maximize the COP for a given
Q. In other words, we minimize the input power density
W under the constraint of fixed Q;. We plot the maxi-
mum COP thus obtained as a function of Q; to illustrate
and compare the performance of systems with a varying
number of layers. The result is shown in Fig. 5.

In Fig. 5, the COP values of all the multijunction con-
figurations are below the Carnot limit of 7 /(Ty — Ty).
Furthermore, all systems exhibit the trade-off between
the COP and the cooling power density. As the COP
approaches the Carnot limit, the cooling power density
approaches zero. However, at each cooling power density,
the COP improves as the number of layers increases. This
result clearly indicates that one can improve the situation
of power-efficiency trade-off with the use of multijunction
systems.

The optimization process for the case with an infinite
number of layers is slightly different from the cases with
a finite number of layers. For this case, we consider the
band-gap energy Eg continuously increasing from zero to
infinity and the operating voltage V(Eg) of the correspond-
ing layer is a function of Eg. Then, the total input power
density W, the total heat flux delivered to the hot side Oy,
and the total cooling power density O; can be calculated
as follows:

W 27 /00 EZ EZ
T OB3e2 Ec—qV(E, N E
h C 0 _eXp ( G /?TL( G)) _ 1 eXp (ﬁ) _ 1_
x qV(Eg)dEg, (11a)
0 27 /00 E}, E}.
H =932 Eg—qV(E, N E
h C 0 _eXp ( G /?TL( G)) _ 1 eXp (ﬁ) _ 1_
x dEg, (11b)
0 2 [ EZ EZ
L= 725 -
h3c2 Eg—qV(EG) E
¢ Jo exp (—G /?TL G ) -1 exp (ﬁ) — 1_

X (EG — qV(EG)) dEG. (1 IC)
This time, the optimization problem is to determine
qV(Eg) as a function of Eg to minimize W while concur-
rently ensuring that Q; is fixed at a certain value. This can
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be solved by using variation techniques and the Lagrange
multiplier method [38]. More details can be found in
Appendix B.

We now illustrate the physical reason underlying the
advantage of the multijunction configuration. In Fig. 6,
we show the optimal operating voltage plotted against the
optimal band-gap energy of the corresponding layer for
three different values of cooling power density Q; from
Fig. 5. The red dotted line shows V', determined by Eq. (6).
In general, V,, is greater than the corresponding Vy, since
0O; > 0 and the difference between V,, and Vy, increases
as Oy increases. This observation is similar to that in the
single-junction case. Moreover, for each Oy, V,, gets closer
to Vi, as the number of layers increases. In our setup, all

J

layers operate independently from each other. Thus, the
reduction of the applied voltage on each layer translates
into an overall efficiency improvement as the number of
layer increases for a given Q.

The advantage of the multijunction configuration per-
sists even in the presence of nonradiative recombination.
This is related to the observation in the single-junction case
that assuming a voltage-independent nonradiative recom-
bination rate, the system is more likely to reach the cooling
regime at a lower bias voltage. Here, we still focus on
the case in which f; is independent of the applied voltage.
In Sec. IV, we will provide an analysis of a more realis-
tic structure, using a phenomenological model considering
voltage-dependent nonradiative recombination.

With £, taken into account, we can rewrite Egs. (9) and (10) as follows:

M M g 2 2
2w Cm | ] E E
W= Wpn=-—= — — VndE, 12a
Z e /E Je E=gVm) _ 1 E ) _q 4%m (122)
m=1 m=1""=m €Xp kT, eXp kTy .
M M .E 3 3 ]
2 Com E E
On=7) Om=153 - dE, (12b)
hc E E—qVm\ _ 1 E ) 1
m=1 =17 Em 28 exp | i }
2 1
M 2 o [Eem | B <E B .KqV’”) E*(E —qVn)
0= Om=1552. - dE. (12¢)
h C E, E—qVm -1 E _ 1
- — exp (=77, exp ( 77
TABLE I. The material properties used for GaAs and InP.
Parameter Description GaAs InP
d Layer thickness 200 nm 200 nm
Ny Refractive index 3.62 3.4°
Np Doping density 2 x 107 cm™32 3x 107 em™3
E, Band gap 1.44eV? 1.36eV°©
N, Effective density of states in valence band 6.64 x 108 cm™32 9.38 x 108 cm—3°¢
N. Effective density of states in conduction band 3.57 x 107 cm ™32 4.69 x 1017 cm™3¢
n; Intrinsic carrier concentration 2.50 x 10* cm ™32 1.81 x 10° cm™3°¢
S Surface recombination velocity 1.36 cm/s*® 46.7 cm/s ¢
TSRH SRH lifetime 23.2s? 0.643 s¢
Cy, Cp Auger coefficient 2.55 x 10739 cm®/s? 9 x 1073 cm®/s®
Jo Saturation current density of parasitic current 196 fA/cm?f 466 fA/cm?
ay(E) Absorption coefficient piece-wise fit? piece-wise fit ¢

2From Ref. [14].
YFrom Ref. [40].
°At 263 K.

9Based on data from Fig. 8 of Ref. [41]. Activation-energy data from Ref. [42] are used to consider the temperature at 263 K.

°From Ref. [43].

fFor GaAs, we convert Jy; = 18.1 pA/cm? at 300 K, which is obtained by fitting the data from Ref. [44] to Jy, at 263 K. Similarly, for
InP, Jy; = 71.8 pA/cm? at 300 K is obtained by fitting the data from Ref. [43] and then it is converted to Jy, at 263 K.
£Using a piece-wise fitting methodology from Ref. [45] and data from Ref. [46].
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Similar to the approach taken for Fig. 5, the variables
Ecm, En, and V,,, for m =1,2,..., M can be optimized
to minimize the total input power density W while keep-
ing the total cooling power density Q; fixed. The resulting
plot for f. =1.0,0.9,0.4 is depicted in Fig. 7. We note
that these examples of f; are selected to ensure that the
effect of /. is clearly visualized in Fig. 7. Experimentally, £,
exceeding 0.9 has been observed in I1I-V semiconductors
[39].

In Fig. 7, it is evident that stronger nonradiative recom-
bination (a lower f;) leads to a degradation in the electro-
luminescent cooling performance. Nevertheless, for each
choice of f, an increase in the number of layers leads to
an improved performance. Moreover, the improvement is
more visible when the cooling power density is high due
to a sufficiently high operating voltage. This agrees with
the earlier discussion on the threshold quantum efficiency
of the single-junction system (Fig. 3), where lowering
the operating voltage was beneficial for electrolumines-
cent cooling but only when the operating voltage was
sufficiently higher than the threshold voltage Vi,. The
results here indicate the enhancement in electrolumines-
cent cooling performance conferred by the multijunction
configuration, even when nonradiative recombination is
considered.

IV. DOUBLE-JUNCTION EXAMPLE

In this section, we present a case study of a double-
junction structure, employing GaAs and InP as the semi-
conductor materials, to provide insights into potential
applications. The calculations are conducted based on Ref.
[14] and the chosen material properties of GaAs and InP
are summarized in Table I. We attempt to use values at
263 K whenever possible, although in instances where
data are unavailable, we resort to 300-K values. We note
that here, unlike Sec. III, for nonradiative recombination,
we consider both Shockley-Read-Hall (SRH) and Auger
recombination processes. Hence, the quantum efficiency f.
is no longer independent of the voltage. For simplicity, the
leftmost filter in Fig. 4 is omitted in this example. Fur-
thermore, we assume that the light-extraction efficiency
is unity. Additionally, we assume T (the front transmis-
sion coefficient averaged over the escape cone) to be unity
and we disregard parasitic absorption and parasitic heat
flux. Following the methodology outlined in Ref. [14], the
resulting electroluminescent cooling performance curves
for GaAs and InP semiconductor layers are illustrated as
solid curves in Fig. 8, where each point on a curve cor-
responds to a different operating voltage. In general, the
COP is high at an intermediate cooling power density.
Below such a cooling power density, the COP decreases
due to the dominance of SRH recombination. Above
it, the COP decreases due to the dominance of Auger

—— GaAs only
0.06 1 — InP only
--- GaAs + InP
0.05 A1
o 0.04
(@)
© 0.03
0.02 A
0.01 A
0.00 T T T T T e
1071 10° 10! 102 103 10* 10°
Cooling power density (W/m?)
FIG. 8. The performance of electroluminescent cooling sys-

tems based on GaAs and InP semiconductor layers. The blue and
green solid curves represent the single-layered case with GaAs
and InP, respectively. The red dashed curve and the filled region
inside show the performance achievable by the double-junction
structure combining the two.

recombination. This trend is consistent with the observa-
tion made in Ref. [14].

Next, we examine the combination of GaAs and InP lay-
ers. In Fig. 8, the red dashed curve and the filled region
inside depict the possible operating points when the two
layers operate in combination in a multijunction config-
uration. The performance improvement resulting from the
combination of the layers is clearly observable on the right-
hand side, where regimes that are not reachable by single-
junction cases become achievable by the double-junction
configuration. As an illustration of the mechanism for the
performance improvement, we observe the cases with a
cooling power density of 47 kW/m? (dotted black line in
Fig. 8). For this cooling power density, the single-GaAs-
layer case operates at 1.381 V and the single-InP-layer
case at 1.315 V. In contrast, the double-junction case fea-
tures operating voltages of 1.364 V for the GaAs layer
and 1.281 V for the InP layer. Thus, for the same cool-
ing power density, the double-junction configuration can
operate at lower voltages compared to the single-junction
setups, resulting in the improved COP.

V. CONCLUSIONS

In conclusion, we show that the use of a multijunction
configuration enhances the performance of electrolumines-
cent cooling. In an ideal scenario without nonradiative pro-
cesses, by observing the cooling power density and COP,
we prove that an increase in the number of semiconductor
layers leads to an improvement in the theoretical perfor-
mance limits of electroluminescent cooling. We identify
the reduction of the operating voltage as a pivotal factor
for the improvement. We also show that the improvement
from the use of the multijunction configuration persists
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even in the presence of nonradiative recombination. Fur-
thermore, from our case study featuring a double-junction
structure with GaAs and InP semiconductor materials, we
show that the combination of these layers results in per-
formance levels that are unattainable by using each layer
individually. Our findings highlight the significant poten-
tial of multijunction configurations in advancing the capa-
bilities of electroluminescent cooling systems. While here,
for illustration purposes, we only consider devices operat-
ing in the far-field regime, the same principles should be
applicable to near-field devices as well, with the potential
for further enhancement of the cooling power density and
COP [10,12,47-50]. In addition, in our analysis, we have
focused only on reciprocal devices. The use of nonrecip-
rocal devices in multijunction configurations, which has
previously been explored in the context of photovoltaics
and thermophotovoltaics, may lead to new possibilities
[23,24,51-55].
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APPENDIX A: EFFECT OF ENERGY FILTERS

In this appendix, we discuss the effect of the energy fil-
ters in Figs. 1(b) and 4 and determine their optimal thresh-
old energy for the effective operation of electroluminescent
cooling.

The leftmost filter, with threshold E¢ 5/, blocks the high-
energy range in which heating occurs rather than cooling.
This selective filtering enables the system to operate exclu-
sively within the cooling spectrum range, thereby improv-
ing the operation of electroluminescent cooling. For this
purpose, we choose E¢ s according to Eq. (5) with V' = V),
when nonradiative recombination is not considered. When
nonradiative recombination is taken into account through
the quantum efficiency of f., Ecy, is treated as a variable
in the optimization process.

Now, consider the filters located between the semi-
conductor layers, specifically the one between layers m
and m + 1. We choose the threshold energy of this fil-
ter as Ec,, = E,+1. This ensures that there is no radiative
exchange between the semiconductor layers.

A plot illustrating the effect of filters is shown in Fig. 9.
The solid lines represent curves identical to those observed
in the single- and double-layered systems of Fig. 5. The
dashed lines portray results from a comparable process
conducted for Fig. 5 but optimization is performed for
systems without filters. It is evident that the use of fil-
ters improves the system performance. Consequently, in

5 4
4 4
o 34
o
O
2 4
1 layer with filters
—o— 2 layers with filters
1 1 layer without filters
-0- 2 layers without filters
0 4 . . . . :
107! 10° 10t 107 103 104
Cooling power density (W/m?)
FIG. 9. The performance of electroluminescent cooling sys-

tems with and without the low-pass energy filters.

this study, we focus on electroluminescent cooling systems
incorporating energy filters.

APPENDIX B: OPTIMIZATION OF
INFINITE-JUNCTION ELECTROLUMINESCENT
COOLING SYSTEM

In this appendix, we analyze the optimization of the
case with an infinite number of layers. We reformulate
the problem so that the objective is to minimize Oy =
W + Q;. This is equivalent to the original problem, given
that Q; is constant, and this simplifies the calculation
when we apply the variation technique below. We define
function F(Eg, qV,qV’) as the integrand in Eq. (11b) and
G(Eg,qV,qV") as the integrand in Eq. (11c). We note that
qV' = (d(qV)/dEg) does not appear in Eq. (11) but this
is kept as a variable in F' and G to apply the calculus-
of-variations technique. Then, we can rewrite the problem
as determining the function ¢V(Eg) between Eg = 0 and
Eg = oo that minimizes [;~ F(Eg,qV,qV")dEg, while sat-
isfying the constraint fooo G(Eg,qV,qV)dEs = L for a
fixed given L. Applying the calculus of variations, the
problem can be transformed into finding the value of
qV(E¢) that abides by the following conditions:

8F_A3G_i(8F _)LaG)_
san oy ks \awm e ) =

(Bla)
/ " GEe gV, qV)dEG = L, (BIb)
0

where A is the Lagrange multiplier. In Eq. (Bla), 0F/
d(gV") and G/d(qV’) are zero and, after rearrangements,
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we can rewrite Eq. (B1) as

1 Eg—qV(Eg)
kTr €Xp ( kTp, )

oo ()

1 1
+ - =0,

exp <E—G_13Ti(EG)> —1 exp (kETz) —1

5 [Ec — MEc — qV(Eg))]

27 /00 EZ EZ
B Jo | exp (Ea=7ED _ 1 exp(£a) — 1
p kT, p kTH

X (Eg —qV(Eg)) dEg = OF. (B2b)

In Eq. (B2b), O is the given value at which Oy is fixed.
We solve the optimization problem as described by
Eq. (B2) numerically by dividing Eg, ranging from 0 eV
to 2 eV, into 50 equal intervals and solving simultaneous
equations. Here, 2 eV serves as a sufficiently large energy
value, substituting infinity for the purpose of numerical
computation. The resulting discretized equations are

1 EGn—qVn
Ty, SXP ( KTy,

oo ()1

P [EGn - )V(EGn - an)]

1 1
A Egn—qV, N E =0,
exp <—G';(;L" ") -1 exp (k%) -1
(B3a)
2 & E%, E%,
D a5 1 ()
x (EGn — qVy) AEG = O, (B3b)

forn=1,2,...,50. In Eq. (B3), AEg =2eV/50 and V,
is the operating voltage that corresponds to the band-gap
energy Eg, = nAEg. The variables Vi, V>, ..., Vs and A
can be determined by numerically solving Eq. (B3). Using
this solution, we can obtain the curve representing the
scenario with an infinite number of layers in Fig. 5.

The Lagrange multiplier can be interpreted as the rate
at which the minimum value of the objective function
changes in response to variations in the constraint value
[38]. In our study, the Lagrange multiplier A is intro-
duced in the optimization problem aimed at determining
the minimum of Q5 = W+ Q; under a constraint on Q.
Consequently, we deduce that A — 1 = (0W/dQ;) can be
interpreted as the marginal COP.
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