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In conventional photon-based heat transfer, one typically assumes that the chemical potential
of photons is zero. On the other hand, when a semiconductor is under external biases, the
photons with energy above the semiconductor bandgap can exhibit a nonzero chemical
potential that is proportional to the applied voltage. The presence of such nonzero chemical
potential points to the abilities to drastically enhance the power density of photon-based
heat flow, to electronically control photon-based heat transfer, and to construct photon-based
heat engines for energy harvesting and solid-state cooling. In this review, we discuss basic
concepts and applications of chemical potential of photons in controlling radiative heat
transfer.
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1. INTRODUCTION

Photons represent one of the most important heat carriers. For two objects with different
temperatures separated by a vacuum, photon-based heat transfer, i.e., radiative heat trans-
fer, is the only mechanism for them to exchange energy. Since photons do not interact with
each other in a vacuum, the thermodynamic state of the emitted photons is determined by
the thermodynamic state of the emitting body.1–3 In the conventional description of radia-
tive heat transfer, the emitting body is assumed to be at thermal equilibrium as character-
ized by a temperature,T . Consequently, the chemical potential of photon is zero.2 The
photon number in a mode at an angular frequencyω can be described by2

n =
1

exp(}ω/kBT )− 1
(1)

whereT is the temperature,kB is the Boltzmann constant, and} is the reduced Planck
constant.

On the other hand, if the emitting body is not at thermal equilibrium, the photon
number distribution may not be described by Eq. (1). As a specific example, consider a
semiconductor photodiode under external bias. Suppose the semiconductor is in quasi-
equilibrium, i.e., the electrons in the conduction and valence bands are separately in equi-
librium themselves, but the chemical potential of these two types of electrons has a nonzero
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NOMENCLATURE

c speed of light in vacuum, m/s
Ec conduction band edge, eV
EFn quasi-Fermi level of the electrons

in the conduction band, eV
EFp quasi-Fermi level of the electrons

in the valance band, eV
Ev valance band edge, eV
F net photon flux, 1/s/m2

Fs electron-hole pair generation rate
due to irradiance, 1/s/m2

Fd radiative recombination rate of the
diode, 1/s/m2

f spectral photon flux, s/rad/m2

G Gibbs free energy, J
} reduced Planck constant, J·s
I current density, A/m2

j fluctuation current density, A/m2

kB Boltzmann constant, J/K
kx wavevector in thex direction, 1/m
ky wavevector in they direction, 1/m
N N -region of a diode or nonradiative

recombination or generation rate, 1/s/m2

Ni particle number of speciesi
n refractive index or photon number

in a mode
P P -region of a diode or pressure, Pa
Q heat flux, W/m2

Qc cooling power, W/m2

q unit electrical charge,C, or
spectral heat flux, W·s/rad/m2

R reflectance or resistance,Ω
S entropy, J/K

T temperature, K
V voltage or volume, V or m3

W electrical power density, W/m2

x position vector, m

Greek symbols
ε0 vacuum permittivity
εe dielectric function
ε spectral directional emissivity
η quantum efficiency
Θ energy in a mode, J
µ chemical potential, eV
ω angular frequency, rad/s

Subscripts
app apparent
c conduction or cooling
d diode
EQE external quantum efficiency
EXT light extraction
e electron
g bandgap
h hole
IQE internal quantum efficiency
i species of particle
LED light-emitting diode
oc open circuit
PV photovoltaic cell
ph photon
rad radiant temperature
s source of incoming photons
t threshold

difference qV , where q is the unit electrical charge. Since the photons are actively
interacting with the electrons in the system, they can acquire a nonzero chemical potential,
and the photon number in a mode can be described by the Bose-Einstein distribution4–8
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n =
1

exp [(}ω− qV )/kBT ]− 1
(2)

The chemical potential differenceqV between the electrons in the conduction and valence
band thus becomes the chemical potential of photons.

A direct consequence of this chemical potential is that the spectral power density of
the radiation can be significantly enhanced (whenV is positive) or suppressed (whenV is
negative) compared to the thermal equilibrium case as described by Eq. (1); therefore, one
could actively apply a bias on a diode to manipulate radiative heat transfer.9 Moreover,
photon gas in the diode can also develop a chemical potential in the presence of external
incident light. The concept of chemical potential of photons is therefore useful to describe
the process of energy harvesting.4

The concept of the chemical potential of photons has a long history. In 1982, Wurfel1

published an influential paper that explicitly introduced the concept of the chemical po-
tential of photons and discussed its various consequences in the light-emitting processes
of semiconductors. This concept has also been separately introduced by Landsberg.6 The
theoretical analysis of solar cells, including the Shockley-Queisser analysis,4,6–8 and the
analysis of light-emitting diodes (LEDs)10 can both be presented using the concept of
the chemical potential of photons. With the recent developments in nanotechnologies and
optoelectronics, especially the advances in near-field heat transfer11–21 and continuously
improving semiconductor devices,10,22–25there are renewed interests in exploring and fur-
ther developing this concept. Motivated by these recent developments, in this chapter we
review the fundamental concept of photon chemical potential and recent advances of uti-
lizing photon chemical potential in semiconductor photodiodes for controlling radiative
heat transfer and for constructing various photon-based heat engines and heat pumps.

The arrangement of the remaining part of this chapter is outlined in the following. In
Section 2, we present the fundamental concept of photon chemical potential. In Sections 3
and 4, we discuss some of the device ideas based on the concept of photon chemical po-
tential. Specifically, in Section 3, we review solid-state coolers based on semiconductor
photodiodes. In Section 4, we review novel power generation techniques, including the
negative-illumination power harvester and thermophotonic power harvester. We summa-
rize and conclude in Section 5.

2. FUNDAMENTALS OF PHOTON CHEMICAL POTENTIAL

2.1 Photon Chemical Potential in Semiconductor Diodes

We consider a semiconductor photodiode under external bias. In Fig. 1, we show a typi-
cal energy diagram for the active region of such a diode under a bias voltageV across the
active region that is positive.Ec andEv are the conduction and valance band edges, respec-
tively. We assume that the active region is in quasi-equilibrium, i.e., the electrons in the
conduction and valence bands are each in equilibrium with themselves in the same band,
but electrons in different bands are not in equilibrium. We can then define the quasi-Fermi
levelsEFn andEFp for the electrons in conduction and valance bands, respectively. The
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FIG. 1: Energy diagram for the active region of a semiconductor under positive bias.Ec

andEv are the conduction and valance band edges, respectively.EFn andEFp are the
quasi-Fermi levels for the electrons in conduction and valance bands, respectively.

presence of the bias results in separation of the quasi-Fermi levels, i.e.,qV = EFn−EFp.
The chemical potentials of the electrons (µe) and holes (µh) areEFn and –EFp, respec-
tively.

In such a semiconductor photodiode, the interaction between the electrons (e), holes
(h), and photons (ph) can be treated as a chemical reaction5

e + h → ph (3)

At steady state, the system is in equilibrium and, therefore, the Gibbs free energy,G,
should be minimized,5 i.e.,

dG = −SdT + V dP +
∑

i

µidNi = 0 (4)

whereS, T , V , P are the entropy, temperature, volume, and pressure of the system, re-
spectively, andµi andNi are the chemical potential and the particle number of speciesi,
wherei = electron (e), hole (h), and photons (ph). Assuming that the system is maintained
at a constantP andT , we have4,8

µedNe + µhdNh + µphdNph = 0 (5)

From Eq. (3), the creation of a single photon comes from annihilation of a conduction-
band electron and addition of a valence-band electron (or annihilation of a hole), i.e.,
−dNe = −dNh = dNph; therefore, from Eq. (5) we obtain8

µph = µe + µh = EFn −EFp = qV (6)

Therefore, photons in this system possess a chemical potential ofµph = qV . The ex-
pected photon number in a mode can be obtained by the Bose-Einstein distribution shown
in Eq. (2). The energy in a mode is
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Θ(ω, T, V ) =
}ω

exp[(}ω− qV )/kBT ]− 1
(7)

The standard thermal radiation thus corresponds to the case whenµph = 0. With
Eq. (7), we can now describe both thermal and nonthermal radiation.

2.2 Fluctuation-Dissipation Theorem

In Section 2.1, we discussed the concept of chemical potential of photon. Here, we use this
concept to describe the emission from a semiconductor diode [Fig. 2(a)] as well as heat
transfer between a diode and another radiative body [Fig. 2(b)]. In describing heat transfer,
we differentiate the near- and far-field regimes, depending on whether the distance between
the two bodies is significantly above the relevant wavelength or not. Typically, one expects
significant enhancement of the power density in the near-field regime.

The scenarios in both Figs. 2(a) and 2(b) can be treated by modifying the standard
fluctuational electrodynamics formalism. In the standard formalism,26 the emission or heat
transfer results from the energy flux generated by fluctuating dipoles. The strength of the
fluctuation is set by the fluctuation-dissipation theorem. In the present case, within the
diode, the autocorrelation function of fluctuation currents becomes27

〈jk(x′, ω)j∗n(x′′, ω′)〉 =





4
π

ωε0Im(εe)Θ(ω, T, 0)δknδ(x′ − x′′)δ(ω−ω′)

ω ≤ ωg

4
π

ωε0Im(εe)Θ(ω, T, V )δknδ(x′ − x′′)δ(ω−ω′)

ω > ωg

(8)

wherek andn denote the directions of polarization,x′ andx′′ are position vectors, Im(εe)
is the imaginary part of the dielectric function,ε0 is the vacuum permittivity, andδ is the
Dirac delta function. With this modification, one can then use the standard fluctuational
electrodynamics formalism to compute the heat transfer between bodies with nonzero
photon chemical potential. In all of Section 2, we consider the ideal case where there
is no sub-bandgap absorption, i.e., Im(εe) = 0 for ω < ωg. The effect of sub-bandgap
absorption will be discussed in Section 3.

We first consider the emission from a diode, as shown in Fig. 2(a). The energy fluxQ
emitted from the diode has the form

FIG. 2: A semiconductor diode (a) emitting to a zero-Kelvin vacuum and (b) going through
radiative exchange with another radiative body
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Q(T, V ) =
∫ ∞

ωg

q(ω, T, V )dω (9)

whereq(ω, T, V ) is the spectral heat flux

q(ω, T, V ) =
1

8π3

∫ ∫
ε(ω, kx, ky)Θ(ω, T, V )dkxdky (10)

In Eq. (10),ε(ω, kx, ky) is the spectral directional emissivity,kx andky are the two
parallel wavevector components. The photon flux is

F (T, V ) =
∫ ∞

ωg

f(ω, T, V )dω (11)

where

f(ω, T, V ) =
q(ω, T, V )
}ω

(12)

is the spectral photon flux.
We then consider the heat transfer case between two emitting bodies, denoted as 1 and

2, as shown in Fig. 2(b). The net radiative heat flux is

Q = Q1(T1, V1)−Q2(T2, V2) (13)

where

Q1(T1, V1) =
∫ ∞

ωg

q1(ω, T1, V1)dω (14)

and

Q2(T2, V2) =
∫ ∞

ωg

q2(ω, T2, V2)dω (15)

with the spectral heat flux given by

q1(ω, T1, V1) =
1

8π3

∫ ∫
ξ(ω, kx, ky)Θ(ω, T1, V1)dkxdky (16)

and

q2(ω, T2, V2) =
1

8π3

∫ ∫
ξ(ω, kx, ky)Θ(ω, T2, V2)dkxdky (17)

whereξ(ω, kx, ky) is the energy transmission coefficient summing over the two polariza-
tions (with a maximum value of 2). Equation (16) describes the heat flux emitted by body
1; whereas, Eq. (17) describes the heat flux absorbed by body 1, which is due to the emis-
sion of body 2 and hence depends on the temperature and the chemical potential of body
2. The photon flux is

F = F1(T1, V1)− F2(T2, V2) (18)

where
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F1(T1, V1) =
∫ ∞

ωg

q1(ω, T1, V1)
}ω

dω (19)

and

F2(T2, V2) =
∫ ∞

ωg

q2(ω, T2, V2)
}ω

dω (20)

with

f1(ω, T1, V1) =
q1(ω, T1, V1)

}ω
(21)

and

f2(ω, T2, V2) =
q2(ω, T2, V2)

}ω
(22)

are the spectral photon fluxes for bodies 1 and 2, respectively.
Equations (10), (16), and (17) contain integration overkx andky. The major difference

between the far-field heat transfer and near-field heat transfer is that, for the far-field case,
kx andky are bounded byk2

x + k2
y ≤ ω2/c2, wherec is the speed of light in vacuum;

whereas for the near-field case,k2
x + k2

y ≤ +∞, i.e., kx andky are unbounded. Since
the integrated wavevector space is much larger in the near-field scenario, the spectral heat
flux q(ω) can be greatly enhanced to significantly exceed the heat flux between far-field
blackbodies. The spectral photon flux can also be enhanced accordingly.

We note that the near-field effect has been applied to enhance radiative heat transfer,
i.e., two bodies with zero photon chemical potentials.28–31The same enhancement persists
when the emitting bodies possess a nonzero photon chemical potential. Such an enhance-
ment effect, in addition to increasing power density, may be also used to overcome some of
the challenges related to light extraction or nonradiative recombination in semiconductors,
as we discuss in Section 2.3.

2.3 Radiant Temperature

In both far- and near-field radiation of the diode, since typically}ωg À kBT , from
Eqs. (10), (16), and (17), we see that the emission from a semiconductor is typically nar-
row banded nearωg and has a bandwidth on the order of a fewkBT . For such a narrow
band heat flux spectrum, the concept of radiant temperature of radiation32 is very useful.
The radiant temperature,Trad, is defined by equating the spectral heat flux at the bandgap
for a diode at a temperatureT to that of a thermal body at a temperatureTrad, which results
in the following:

Trad = T

(
}ωg

}ωg − qV

)
(23)

For a diode under positive bias, the radiant temperature of the above-bandgap radiation
is higher than the temperature of the diode; whereas when the bias is negative, the radiant
temperature is lower than the temperature of the diode. To illustrate the concept of radiant
temperature, we show in Fig. 3 the spectral heat flux for a diode at 6× 102 K with a bandgap
of 0.5 eV under three different biases:+0.25, 0, and –0.25 V. For the 0 V case, the spectral
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FIG. 3: Spectral power density from a semiconductor diode at 6× 102 K under different
bias in (a) logarithmic scale and (b) linear scale. The bandgap of the diode is 0.5 eV. The
solid black, red, and blue lines are for the cases where the bias voltages are 0.25, 0, and
–0.25 V, respectively. The two dashed lines in blue and red are for blackbodies at tempera-
tures of 4× 102 and 12× 102 K, respectively. The emission from the semiconductor has a
bandwidth of a fewkBT , as indicated by the green area in (b).

heat flux above the bandgap is identical to a blackbody at the same temperature. With a
voltage of+0.25 V, the above-bandgap emission is greatly enhanced and it has the same
spectral heat flux as a thermal emitter at the radiant temperature of 12× 102 K (upper
dashed curve in Fig. 3) at the bandgap. In contrast, when the diode is under a negative bias
of –0.25 V, the above-bandgap emission is strongly suppressed and it has the same spectral
flux as a thermal emitter at the radiant temperature of 4× 102 K (lower dashed curve in
Fig. 3). A relatively small change of the applied voltage can thus lead to a large change
in the radiant temperature. The application of bias thus provides a way to manipulate the
direction of radiation heat flow, as is discussed in detail in Section 2.4.

We note that, in the aforementioned discussion, the above-bandgap emissivity is as-
sumed to be 1. For realistic semiconductors with a finite size, the absorptivity should van-
ish at the bandgap; hence, the line shape of the emission would be different from the
idealized model previously used.33,34 In detailed calculations of physical devices, these
effects must be taken into account.

2.4 Detailed Balance of Semiconductor Diodes

In the aforementioned discussions, we considered the emission from a diode to vacuum.
In addition to emission, the diode may absorb from other radiative bodies as sources of
incoming photons, as Eq. (13) shows. Taking into account both the absorption and the
emission processes, as well as the fact that the voltage bias is typically associated with an
injected current, a diode can be described by a detailed balance equation4

Fs(Vs, Ts)− Fd(V, T ) + N(0, T )−N(V, T ) +
I

q
= 0 (24)

whereI/q is the rate at which electrons are injected in the diode,Fs(Vs, Ts) is the rate of
generation of electron-hole pairs due to irradiance form the sources;N(0, T ) is the rate
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of nonradiative generation processes;N(V, T ) is the rate of nonradiative recombination
processes; andFd(V, T ) is the rate of radiative recombination in the diode.Fs andFd are
described by Eqs. (19) or (20).

2.5 Operation State of a Photodiode

The detailed balance equation [Eq. (24)] points to a rich set of effects in heat exchange
between a diode and another emitting body, as shown in Fig. 4(a). On the basis of Eq. (24),
assuming the diode has no nonradiative processes, we obtain

I = q

∞∫

ωg

[fd (ω, T, V )− fs (ω, Ts, 0)] dω (25)

An additional equation ofI andV can be obtained from the circuit law that describes the
load or batteries attached to the diode. In this way, the currentI and the voltageV of the
diode can be obtained.

When the temperature of the emitting body is the same as the diode, i.e.,T = Ts in
Eq. (24), in the absence of a voltage on the diode, the system is in thermal equilibrium
and the current passing through the diode must be zero. TheI–V curve therefore passes

FIG. 4: (a) Four operation states of a photodiode facing a radiative thermal body. The
color of the boundary of an object indicates whether the body is cold (blue boundary) or
hot (red boundary). The thick arrows show the direction of the net radiative heat flux. The
functionalities of the diode in the four quadrants are respectively positive-bias cooler (or
electroluminescent refrigerator), negative-illumination power harvester (or thermoradiative
cell), negative-bias cooler (or negative electroluminescent refrigerator), and photovoltaic
power harvester. (b) The operation points of the four scenarios in (a) on theI–V curves.
The shaded boxes are power consumption or production. (c) Sign convention ofI andV .
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through the origin, as shown by the dashed line in Fig. 4(b). When the temperature of
the emitting body is higher than the diode, in the open circuit situation whereI = 0, the
incoming photon flux from the emitting body has to be balanced by the emitting photons
from the diode. The diode needs to exhibit a positive open-circuit voltage. TheI–V curve
thus shifts to the right in theI–V plane such that the intercept point of the curve with the
I-axis, which defines the short circuit current, moves downward, as shown by the lower
solid curve in Fig. 4(b). With similar arguments, one can show that when the temperature
of the emitting body is lower than the diode, theI–V curve shifts to the left, as shown by
the upper solid curve in Fig. 4(b).

With our convention of the sign for the current and voltage,P = IV describes the
electric power injected to the diode, withP < 0 corresponding to the cases where the diode
generates electric power. Within theI–V plane, the axes ofI = 0 andV = 0 separate the
plane into four quadrants. In the first and third quadrants, electric power is injected into the
diode. In the second and fourth quadrant, the diode generates electric power. In addition,
the heat transferQ between the diode and the emitting body can be evaluated using the
formalism as described in Section 2.2.

Depending on the signs of electric powerP and the heat flowQ, this system can oper-
ate in a wide variety of scenarios. When the diode is facing an emitter with a temperature
higher than the diode, the diode can operate in the fourth quadrant and generate electric
power from the heat flux into the diode. This is the familiar use of a diode in solar and
thermophotovoltaic systems. In this review, we focus on less familiar operation scenarios
of the diode in the remaining three quadrants, where the diode can operate either as a solid-
state cooler by operating in the first and third quadrant (Section 3), or as a power harvester
from outgoing radiation (Section 4).

3. PHOTON-BASED SOLID-STATE COOLING

In the absence of external work input, heat always flows from the hot side to the cold side
as required by the second law of thermodynamics.35 In order to revert the direction of heat
flow, one needs to input work to the system. Thus, we consider two different operating
regimes of the diode in the first and third quadrants in theI–V plane. When operating
in the first quadrant, one places the diode on the cold side and applies a positive voltage
bias on the diode [Fig. 4(a)]. The emission from the diode is enhanced over that of a
thermal body at the same temperature and hence allows heat to flow from the cold to the
hot side.9,10,27,36–43When operating in the third quadrant, one places the diode on the hot
side and applies a negative voltage bias on the diode [Fig. 4(a)].32,44–46The emission from
the diode is suppressed below that of a thermal body at the same temperature and hence
again allows heat to flow from the cold to the hot side.

The concept of cooling based on a LED has a long history. The first theoretical pro-
posal to achieve cooling by a positively biased LED dates back to the 1950s.9 However,
the experimental progress has been far slower. In 2019, Zhu et al.46 provided the first ex-
perimental demonstration of cooling (i.e., a direct observation of temperature reduction)
with a LED operating in the negative bias regime. One of the key advances that led to the
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experimental demonstration is the theoretical realization, by Chen et al.,27,44 that operat-
ing in the near field is highly beneficial for demonstrating such solid-state cooling mech-
anisms. In this section, we provide an overview of the underlying physics of such cooling
mechanisms as well as a discussion of the advantage of operating in the near field in over-
coming some of nonidealities that are detrimental to the cooling effects in these systems.

3.1 Theoretical Analysis: Ideal Case in the Far Field

In this section, we illustrate the physics of the two cooling mechanisms by considering
an ideal diode at a temperatureT , emitting through the far field to a blackbody at a tem-
peratureTs. We assume that the diode has unity emissivity above the bandgap and zero
emissivity below it. The diode has no nonradiative recombination process. The view factor
between the diode and blackbody is assumed to be unity.

We consider the positive-bias case first, where the bias on the diodeV and the current
injected into the diodeI are both positive. The diode is placed on the cold side, i.e.,T <
Ts. Because there is no nonradiative recombination, the current is equal to the net photon
flux F emitted by the diode. Hence, the electrical power consumed in the diode is

W = qV F (26)

whereF is given by Eq. (18) withT1 = T andT2 = Ts. The net cooling power is the
difference between the total heat flux and the input electrical power

Qc = Q−W (27)

whereQ is similarly given by Eq. (13). The coefficient of performance (COP) of the cooler
is

COP=
Qc

W
(28)

Since the emission from the semiconductor is narrow banded, one can estimate the
heat flux by

Q = }ωgF (29)

Therefore, the net cooling power is

Qc = (}ωg − qV )F (30)

Equation (30) can be intuitively understood by noting that each injected electron con-
sumes electrical energy ofqV but can carry heat energy of}ωg away from the diode
through a photon generated from the radiative recombination process. Therefore, the COP
can be obtained as follows:

COP=
}ωg − qV

qV
(31)

In order to achieve cooling, one must apply a positive voltage on the diode such that
Qc > 0. From Eq. (30), this requiresF > 0 orfd(ω, T, V ) > fs(ω, Ts, 0), which yields27
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V >
}ωg

q

(
1− T

Ts

)
, Vt (32)

whereVt is the minimum voltage one must apply in order to achieve cooling. We note that
Eq. (32) is in fact exact and can be derived without the narrow-band emission approxima-
tion. We refer toVt as the threshold voltage. WhenV = Vt, the radiant temperature of the
diode is equal to the temperature of the hot side

T

(
}ωg

}ωg − qVt

)
= Ts (33)

We now consider the voltage dependence of the cooler. As indicated by Eq. (31), COP
reaches the Carnot limitT/(Ts − T ) whenV = Vt, and decreases asV increases when
V > Vt. The cooling power carried by each emitted photon,}ωg − qV , also decreases
asV increases. However, since the radiation from the diode increases exponentially as the
voltage increases, the cooling powerQc would still increase monotonically asV becomes
higher.

When the applied voltage is very close to the bandgap,F is dominated by the emission
from the LED. In this case, the cooling power can be approximated as follows:

Qc,max≈
ω2

g

4π2c2
· C(ωg)kBT

}
· }ωg − qV

exp[(}ωg − qV )/kBT ]− 1

≈ C(ωg) ·
ω2

g

4}π2c2
· (kBT )2 (34)

as can be derived from Eq. (30). Here,C(ωg) is a dimensionless slowly varying function
of ωg that is typically on the order of unity. For}ωg = 1 eV, C(ωg) = 1.77. The maxi-
mum cooling power is reached whenqV → }ωg. Compared to the thermal emission from
the same LED in the absence of external bias

Q(T, V = 0) ≈ ω2
g

4π2c2
· C(ωg)kBT

}
· }ωg

exp(}ωg/kBT )
(35)

We see that the cooling power for the LED is exponentially larger by the factor(kBT/
}ωg) exp(}ωg/kBT ). Thus, the cooling power density for such a positively biased LED
is not limited by the thermal radiation. In addition, the cooling power density increases
quadratically with bandgap. This is in contrast to the thermal emission of an unbiased
semiconductor, which decreases exponentially as a function of bandgap size [Eq. (35)]. In
this ideal case, there is an advantage of using a large-bandgap semiconductor for cooling
applications. We will show that the advantage of using a large-bandgap semiconductor,
in fact, is more pronounced in the nonideal case, due in addition to the reduction of the
nonradiative Auger recombination as bandgap increases.

To illustrate the cooling performance of such a positively biased LED, in Fig. 5(a)
we present an example using an idealized model of a GaAs-based LED with a bandgap
energy of 1.44 eV. We assume that the LED is atT = 3 × 102 K, and undergoes far-field
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FIG. 5: Cooling power and COP of (a) GaAs-based positive-bias cooler and (b) InSb-
based negative-bias cooler in the far field. The temperatures of the hot and cold sides are
respectively 4× 102 and 3× 102 K. On the COP figures, the black dashed lines are the
Carnot limit, and the blue dashed lines are the predictions from Eq. (31) (positive-bias
cooler case) and Eq. (39) (negative-bias cooler case).

radiative exchange with a blackbody at a temperature of 4× 102 K. We achieve a net
cooling effect once the applied voltageV > Vt = 0.36 V. As V increases beyondVt, the
cooling powerQc increases near exponentially as a function ofV . The COP approaches
the Carnot limit of 3 atV = Vt and decreases asV further increases. The calculations
here are direct evaluations of Eqs. (26)–(28) without making the narrowband emission
approximation. Nevertheless, these numerical results agree very well with the analytic
results of Eqs. (29)–(31), indicating that the narrowband emission approximation, in fact,
works well for all values of applied voltage considered here.

In Fig. 6(a), we show the numerically computed maximum cooling power as a function
of bandgap, under the same condition as above where the LED is maintained at the cold
side temperature of 3× 102 K, facing a blackbody emitter atT = 4 × 102 K. The numerical
results agree well with Eq. (34), usingC = 1.77 for all values ofωg.

Next, we analyze the negative-bias case. Here, we assume a diode on the hot side at a
temperatureT , undergoing far-field radiative thermal exchange with a blackbody thermal
emitter on the cold side atTs < T . The diode is negatively biased, i.e.,V < 0, and
operates in the third quadrant, i.e.,I < 0. The cooling power is the net radiative heat
transfer between the cold side and the hot diode, i.e.,
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FIG. 6: Maximum cooling power of (a) the positive-bias cooler and (b) negative-bias cooler
as a function of the bandgap of the cooler in the far field. The other emitting body is as-
sumed to be a blackbody. The temperatures of the hot side and the cold side are respectively
4 × 102 and 3× 102 K. In (a), the dashed line is a quadratic fitting based onQc,max at 1 eV.
In (b), the dashed line is computed based on Eq. (41).

Qc = Q (36)

The power consumed in the diode is

W = qV F (37)

whereF is given by Eq. (18) withT1 = T andT2 = Ts. F is the net above-bandgap photon
flux from the hot to the cold side, and the magnitude is equal to the current extracted from
the diode from the detailed balance relation of Eq. (24).

Applying the narrowband emission approximation, one can estimate the cooling power
as follows:

Qc ≈ −}ωgF (38)

Therefore,

COP= −}ωg

qV
(39)

In order to achieve cooling, we must haveQc > 0, which requiresfd(ω, T, V ) <
fs(ω, Ts, 0) and leads to44

V <
}ωg

q

(
1− T

Ts

)
, Vt (40)

WhenV is at the threshold voltageVt, the radiant temperature of the diode is equal to
the temperature of the cold side. Similar to Eq. (32), here Eq. (40) is also exact, and can
be derived without the narrowband emission approximation.

From Eq. (40), whenV = Vt, COP also approaches the Carnot limitTs/(T − Ts) and
then decreases gradually whenV < Vt. Therefore, the voltage dependence of COP is very
similar to that of the positive-bias case.
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In contrast to the positive-bias case, as the magnitude of the voltage becomes larger,
Qc increases but gradually saturates. When the magnitude of the applied voltage on the
diode is substantial, since the diode is negatively biased, its radiation can be neglected.
The cooling power therefore approaches the above bandgap radiative heat flux from the
cold side

Qc,max≈ Qs(Ts, 0) (41)

Thus, in the negative-bias case, the maximum cooling power density is limited by the
above-bandgap thermal radiation from the cold side and is far lower as compared to that of
the positive-bias case. Moreover, since the power density contained in the above-bandgap
thermal radiation increases as the bandgap decreases, the negative-bias case favors low-
bandgap materials.

To illustrate the discussions above, in Fig. 5(b) we present an example using an ideal-
ized InSb diode, which has a bandgap of 0.17 eV. We assume that the diode is atT = 4
× 102 K, and undergoes far-field radiative exchange with a blackbody atT = 3 × 102 K.
The net cooling effect is achieved when the applied voltageV < Vt = −0.06V. The COP
drops as the magnitude of the voltage becomes larger, and the predictions from Eq. (39)
agree well with the exact calculations.

To illustrate the bandgap dependence of the cooling performance, in Fig. 6(b) we show
the maximum cooling power as a function of bandgap, in the same setup as in Fig. 6(a).
The maximum cooling power increases monotonically as the bandgap becomes narrower.
The predictions of the maximum cooling power from Eq. (41) are plotted in the dashed
line, which agrees well with the exact calculations (dots).

Throughout the section, we assume a far-field thermal exchange between the diode and
a blackbody emitter. The cooling power density can be further enhanced by operating in
the near-field regime.

3.2 Loss Mechanisms in Positive-Bias and Negative-Bias Coolers

In Section 3.1, we focused on the ideal coolers. In practice, the cooling effect is diminished
by various loss mechanisms. In general, any heat flows into the object to be cooled, beyond
what is required from fundamental thermodynamic considerations, constitutes a loss mech-
anism. In practice, there are large number of possible loss mechanisms. Here, we review
some of the loss mechanisms, including the sub-bandgap absorption of the diode, nonra-
diative recombination of the diode, and imperfect light extraction from the diode, since
these mechanisms are more closely related to underlying optical physics of the diode.

In Section 3.1, we assumed the diode had zero emissivity below the bandgap, and
hence there was no sub-bandgap heat transfer. In practice, the diode can have substantial
thermal emissivity below bandgap, arising from either free carrier absorption or from the
contributions of phonon polaritons, which have been noted to be particularly prominent
in near-field configurations.27 Since the sub-bandgap heat transfer is not regulated by the
chemical potential, the direction of the heat flow is always from the hot object to the
cold object and, hence, such heat flow represents a parasitic process. Therefore, photon
management in the sub-bandgap wavelength region is critical.27,44,47
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In Section 3.1, we also assumed that the diode had 100% internal quantum efficiency.
In other words, every injected electron-photon pair is converted to a photon. In addition to
the radiative recombination process, semiconductors also have nonradiative recombination
processes, such as the Shockley-Read-Hall (SRH) process or the Auger process. Next,
we discuss the impacts of such a nonradiative recombination process for the positive and
negative bias coolers separately.

For positive-bias coolers, there is a minimum required value for the external quantum
efficiency, defined as the ratio between the outgoing photon flux and the injected electrical
current

ηEQE =
Fd

I/q
(42)

Each injected electron has a probability ofηEQE to produce an outgoing photon. From
Eq. (30), we see that each outgoing photon results a cooling energy of}ωg − qV . On the
other hand, each electron has a probability of1−ηEQE for which it fails to generate an out-
going photon, and instead, it produces a heating energy ofqV . A net cooling effect requires
the cooling energy exceeds the heating energy, i.e.,ηEQE(}ωg − qV ) > (1− ηEQE)qV ,
which results in the following:10

ηEQE >
qV

}ωg
(43)

The above analysis indicates that the requirement for the external quantum efficiency is
less stringent when the bias voltage is small. The experiment of Santhanam et al.38 applied
a 70µV positive bias on a In0.15Ga0.85As0.13Sb0.87 infrared LED diode (Eg = 0.58 eV).
Despite the low external quantum efficiency of the diode (ηEQE≈ 3 × 10−4), they observed
a 69 pW optical power from a 29.9 pW of input electrical power, which translates to a net
cooling power of∼ 39 pW. Taking into account the emitting area of the diode of∼ 8 mm2,
the net cooling power translates to a cooling power density of∼ 4.8 µW/m2. At such a
low cooling power density, they were not able to observe a temperature reduction of the
diode.

At low bias, the nonradiative SRH recombination mechanism typically dominates over
the radiative recombination. Thus, the internal quantum efficiency at low bias is low. There
have been recent efforts seeking to improve the internal quantum efficiency of a diode,48

which is potentially important for cooling applications. Moreover, as we see in the analysis
of the ideal case, to improve power density it is always beneficial to be able to use large
bandgap materials such as GaAs and operate at a larger bias voltage.

For a GaAs LED, its internal quantum efficiency increases as a function of voltage
until the quasi-Fermi level separation in the diode is approximatelyV0 = 1.14 V, or about
3 × 102 meV of the bandgap of 1.44 eV.10 Further increase of voltage beyondV0 leads
to a decrease of the internal quantum efficiency, since the Auger recombination becomes
the dominant nonradiative recombination mechanism.10 On the basis of Eq. (43), atV0, to
achieve cooling requiresηEQE of ∼ 80%.

The external quantum efficiency can be written as follows:

ηEQE = ηIQE × ηEXT (44)
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whereηIQE andηEXT are the internal quantum efficiency and light extraction efficiency, re-
spectively. The cooling effect therefore requires bothηIQE andηEXT to at least exceed 80%.
ηIQE describes the effect of the nonradiative surface recombination processes and Auger
and SRH nonradiative recombination processes.49 There has been tremendous progress
made to improveηIQE,22–24,50–52andηIQE as high as 99.7% was demonstrated experimen-
tally in a photoluminescent experiment.22,49 However, the light-extraction efficiency is
usually far from the required number because of the index mismatching between the emit-
ting material (refractive indexn = 2.5–3.5) and air (refractive indexn = 1). For planner
emitting surfaces without textures, because of the total internal reflection, only the light
within the escape cone can be extracted.53,54This puts an upper bound that is about1/4n2

< 10% for ηEXT. Therefore, improvingηEXT is critical for positive-bias coolers. There
have been many proposals to improve light extraction efficiency using nanophotonics ap-
proaches.54 Here, we focus on utilizing the near-field enhancement effect for this purpose.

When two objects are placed within a distance that is smaller than the characteristic
wavelength of the radiation in the system, the evanescent waves (the waves outside the
light cone) can be efficiently extracted by the photon tunneling effect.3,27,40,55Chen et
al.27 first proposed a near-field positive-bias cooler based on InAs diodes. The hot side is a
similar polar dielectric (InAs or InSb). The authors showed that even with the nonidealities
such as nonradiative recombination process and sub-bandgap heat transfer from phonon
polaritons, the system could still achieve net cooling power of∼ 150 W/m2 with the near-
field enhancement effect at a gap spacing of∼ 15 nm, when the hot and cold sides were
3 × 102 and 290 K, respectively. The sub-bandgap parasitic phonon polaritons induced an
efficient pathway for heat leakage and therefore substantially reduced the cooling power.

To overcome this, Chen et al.41 proposed a system based on a GaAs diode. The hot side
is Si, which is nonpolar and hence does not support optically active phonon-polaritons.
This design strongly suppresses sub-bandgap heat transfer and results in significant im-
provement in the cooling power and the COP of the system. With a 10 nm gap spacing,
the system could achieve a cooling power about 6.96× 105 W/m2 when the hot and cold
sides are 330 and 280 K, respectively. With the near-field effect, the maximum cooling
power can exceed standard thermoelectric coolers even when the nonidealities in the semi-
conductors and the loss in photon management are considered.41 Despite these theoretical
proposals, experimental demonstrations are still lacking because of the difficulties in main-
taining the hot and cold sides in the near field. However, with the advances of the near-field
experiment techniques, we expect the positive-bias coolers can be demonstrated in the near
future.

We now consider negative-bias coolers. As has been noted in Section 3.1, in contrast
to the positive-bias cooler, the negative-bias cooler has a far lower cooling power density.
On the other hand, in the negative-bias cooler, the object to be cooled is a passive thermal
emitter and is not directly affected by the injection of current to the diode except through
radiative heat exchange. Therefore, the requirement for internal quantum efficiency and
light extraction for the diode is much less stringent. In practice, a high-efficiency diode
is still preferred since the nonidealities can produce a heating power that raises the diode
temperature and reduce the cooling power or even cause a net heating effect. Similar to the
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positive-bias cooler case, one can also use the near-field enhancement to enhance cooling
power.44 Zhu et al.46 demonstrated such a near-field enhanced negative-bias cooler. The
experimental setup, shown in Fig. 7, consists of an InAs0.7Sb0.3 diode with a bandgap of
0.176 eV, separated by a vacuum gap from a calorimeter. The temperature change of the
calorimeter can be related to its resistance change. Before the negative bias is applied on
the diode, the temperatures of the calorimeter and the diode were ensured to be the same.
When a negative bias was applied, by monitoring the resistance change of the calorimeter,
the temperature changes of the calorimeter due to cooling (or heating) from the diode
could be measured. The measured results are shown in Fig. 8. A cooling effect on the
calorimeter is observed when a negative bias is applied on the diode. When the diode is
under a negative bias about –0.2 V, the cooling power reaches the maximum value. Further
increase of the bias leads to a reduction of the cooling effect due to the temperature increase
of the diode caused by the joule heating from the current. Significant enhancement of

FIG. 7: (a) Schematic of the setup in the experiment by Zhu et al.,46 consisting of the
Doped Si region as the calorimeter, separated from the InAsSb diode by a vacuum gap.
The gap size between the calorimeter and photodiode was controlled using a piezoelectric
actuator. A position-sensitive detector (PSD) was used to detect contact by monitoring the
laser beam reflected from the back of the calorimeter. The thermal resistance network of
the calorimeter is also shown. (b) and (c) are the scanning electron microscope images
of the custom-designed calorimeter and the photodiode, respectively.46 (Reprinted with
permission from Springer Nature, Copyright 2019)
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FIG. 8: Measured heat flux to the calorimeter as a function of the voltage bias on the photo-
diode for various gap sizes by Zhu et al.46 Solid curves denote quadratic fits.46 (Reprinted
with permission from Springer Nature, Copyright 2019)

the cooling power can be seen in the near-field regime, where the cooling power reaches
6 W/m2 at gap spacing of 80 nm.

4. POWER GENERATION WITH NONZERO PHOTON CHEMICAL
POTENTIAL

In this section, we discuss the power generation based on semiconductor diodes. For power
generation purposes, the diode can operate either in the second or the fourth quadrants in
theI–V plane (Fig. 4). Photovoltaic power harvesters, such as solar cells and thermopho-
tovoltaic systems, operate in the fourth quadrant. Since photovoltaic power harvesters are
well-known, here we focus on negative-illumination power harvester, which operates in
the second quadrant. We also discuss the concept of thermophotonics, which combines a
positive-bias cooler with a photovoltaic power harvester for power generation.

4.1 Negative-Illumination Power Harvester

Negative-illumination power harvesters are sometimes referred to as thermoradiative cells
in the literature.56–60 In such a power harvester, the diode faces an emitting body with a
temperature that is lower than the diode’s. As was discussed in Section 2.5, at the open
circuit, by detailed balance the diode develops a negative bias. With appropriate load, the
diode can operate in the second quadrant for power generation purposes. In contrast to
the photovoltaic power harvester, which harvests incoming thermal radiation, a negative-
illumination power generates power from outgoing thermal radiation.
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In the negative-illumination scenario, the electrical power density produced in the
diode is

W = −qV F (45)

whereF , as computed with Eq. (18) withT1 = T andT2 = Ts, is the net above-bandgap
photon flux from the hot diode to the cold surface. The efficiency of the power harvester is

η =
W

Q + W
(46)

whereQ, as computed with Eq. (13), is the net heat flux. For an ideal diode, the highest
efficiency occurs near the open circuit situation, where due to the large negative bias,
the emission from the diode itself can be neglected. We can thus estimate the maximum
efficiency from the following argument. Each electron charge flows through the diode
would extract an electric power of−qV . Also, the generation of each of such electron
corresponds to the emission of a photon from the diode, which carries heat energy of}ω
away from the diode. Therefore, the conversion efficiency can be expressed as follows:61

η =
−qV

−qV + }ω
(47)

We can obtain the open-circuit voltage by matching the radiant temperature of the
diode to that of the colder emitter. As a result

Voc =
}ωg

q

(
1− T

Ts

)
(48)

Therefore, near the open-circuit voltage, the conversion efficiency in Eq. (47) ap-
proaches the Carnot efficiency

ηmax =
−qVoc

−qVoc + }ωg
= 1− Ts

T
(49)

Similar to a photovoltaic power harvester, the electric power density and the conversion
efficiency of a negative-illumination power harvester also depend on the operation point
on theI–V curve. In practice, one needs to optimize the load to maximize electrical power
density or efficiency.

The maximum power density of a negative illumination power harvester is bandgap-
dependent. Since only the above-bandgap photons produce electricity, the power density
increases if the diode emits more above-bandgap photons. Therefore, negative illumination
power harvesters favor low bandgap diodes. In Fig. 9, we show the maximum power den-
sity of a negative-illumination power harvester at 3× 102 K as a function of the bandgap
of the diode. We assume that the diode undergoes a far-field radiative exchange with a
0 K body. The diode has unity emissivity above the bandgap and zero emissivity below
the bandgap. The diodes are assumed to be ideal with no nonradiative recombination. The
power density increases as the bandgap decreases, reaching the maximum of 54.8 W/m2
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FIG. 9: Maximum power density of a negative-illumination power harvester at 3× 102 K
as a function of the bandgap of the diode in the far field. The emission from the cold surface
is neglected.

at the zero-bandgap limit. Therefore, low-bandgap semiconductors are required for this
power generation mechanism. The power density can be enhanced beyond the values
shown in Fig. 9 by operating in the near field.

In practice, various loss mechanisms, including those mentioned Section 3.2 when
discussing the positive- and negative-bias coolers, will also impact the performance of the
negative-illumination power harvester. The below-bandgap parasitic heat transfer does not
impact the electric power density but does reduce the overall efficiency. The nonradiative
recombination loss and light extraction loss reduces both the electric power density and
conversion efficiency.

Santhanam and Fan61 experimentally demonstrated this power generation mechanism.
The setup, shown in Fig. 10(a), consists of a HgCdZnTe photodiode facing an infrared-
emissive surface, with an optical chopper placed in between to perform lock-in measure-
ment. Both the photodiode and the chopper blade are maintained at a room temperature of
295 K. Figure 10(b) shows the measured photocurrents in two sets of experiments, where
the emissive surface was at 305 or 285 K, i.e., either above or below the temperature of
the diode. In both experiments, as the chopper rotates, its blade periodically blocks the
view of the diode to the emissive surface; thus, the currents vary periodically as a func-
tion of time. When the chopper is open, i.e., when the diode can see the emissive surface,
from Fig. 4(b) we expect that the direction of the photocurrents is different depending on
whether the emissive surface is either hotter or colder than the diode. In the experiment,
they indeed observed a 180 deg phase difference in the time variation between the two
cases, consistent with the theory for power generation in the negative illumination situa-
tion. Figure 10(c) shows the measured power density as a function of the temperature of
the emissive surface. The measurement agrees well with the prediction (solid line) based
on the above discussions with nonidealities of the diode included.

Ono et al.62 applied the same principle to directly harvest energy from the cold uni-
verse by having a diode facing the sky. An image of the experimental setup is shown in
Fig. 11(a). The atmosphere is transparent in the wavelength range of 8–13µm. Ono et
al. chose a diode with a cutoff wavelength of 8.27µm at room temperature so that part
of the above-bandgap emission of the diode passes through the atmosphere. The radiation
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FIG. 10: (a) Schematic of the experimental setup used by Santhanam and Fan.61 An emis-
sive surface faces an MCT optical diode, with an optical chopper placed in the middle of
the radiation pathway for lock-in measurement. (b) Photocurrents as a function of time, red
and blue correspond to the cases with either high (305 K) or low (285 K) emissive sur-
face temperatures, respectively. (c) Extractable power versus temperature of the emissive
surface facing the diode; the discrete points are the experiment results. The solid line repre-
sents a model, including nonidealities of the diode.61 (Reprinted with permission from the
American Physical Society, Copyright 2016)

from the diode is redirected by a parabolic mirror to the sky. A similar lock-in technique
to Santhanam and Fan61 was used to obtain the photocurrent. When the diode is at room
temperature (297 K), the measured electrical power is 6.39× 10−2 µW/m2, as shown in
Fig. 11(b). There is significant potential to further improve the power density by using
diodes with lower nonradiative recombination and by improving the spectral overlap of
the diode emission with the transparency window of the atmosphere.

4.2 Thermophotonic System for Power Generation

In Sections 3.1–4.1, we consider systems with only one diode. It is in fact possible to con-
sider systems with multiple diodes operating in different quadrants, undergoing radiative
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FIG. 11: (a) Experimental setup used by Ono et al.62 The image shows the diode, the
chopper blade, and the parabolic mirror to redirect the radiation from the diode to the
sky. The pathway of radiation is illustrated with the dashed lines. (b) Calculated power
density as a function of the diode temperature with the experimental condition (black-
dotted curve); the upper limit of the power densities calculated by the detailed-balance
model is shown by the red curve (assuming perfect external quantum efficiency but taking
into account the emissivity of the atmosphere).62 (Reprinted with permission from AIP
Publishing, Copyright 2019)

exchange among them. Such systems could yield higher power density for power har-
vesters or better coefficient of performance for coolers. Here we focus on thermophotonic
system, which consists of a positive-bias cooler and a photovoltaic power harvester. We
discuss the working principle of the system and present a circuit that makes the system
self-sustaining.

4.2.1 Thermophotonic System

The concept of a thermophotonic system was introduced by Green over 20 years ago.63

This system,8 as shown in Fig. 12, consists of a LED on the hot side and a photovoltaic
(PV) cell on the cold side. The LED operates as a positive-bias cooler, and the PV cell
as a photovoltaic energy harvester. The LED converts input heat to a photon. The emitted
photon from the LED is absorbed by the PV cell to produce electricity [Fig. 12(a)]. Com-
pared to the standard thermophotovoltaic system [Fig. 12(b)],64–76 which uses a passive
thermal emitter on the hot side, a thermophotonic system can achieve much higher power
density because of the power density enhancement in the positive-bias cooler, as discussed
in Section 3.1.77–80

Next we conduct an analysis in order to highlight the underlying physics of the ther-
mophotonic system. We assume both the LED and the PV cell are ideal with no nonradia-
tive recombination. The view factor between them is unity. They have the same bandgap
energy. Both the LED and the PV cell have unity emissivity above the bandgap and zero
emissivity below. On the basis of the detailed balance relation in Eq. (24), we can obtain
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FIG. 12: (a) Schematic of a thermophotonic system using batteries. The battery connected
to the LED is used to drive the LED. (b) Schematic of a thermophotovoltaic system.

equations for the currentsILED andIPV and the voltagesVLED andVPV, for the LED and
the PV cell, as follows:

FPV-LED − FLED-PV +
ILED

q
= 0 (50)

and

FLED-PV − FPV-LED +
IPV

q
= 0 (51)

In Eqs. (50) and (51),Fa-b is the photon flux emitted by objecta and received by object
b, wherea, b = PV and LED. From these equations, we see thatILED = −IPV ≡ I. To
apply positive bias on the LED, in principle one can assume that the LED is driven by an
external battery, as shown in Fig. 12. In most theoretical analyses of thermophotonic sys-
tems, one further assumes that the battery can somehow be recharged using the electricity
produced in the PV cell.8,78,81The net output power of a thermophotonic system is then79

W = I(VPV − VLED) (52)

The heat flow extracted from the heat source is

Q = QLED(TLED, VLED)−QPV(TPV, VPV)− ILEDVLED (53)

Therefore, the efficiency of the system is

η =
W

Q
(54)
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Equation (52) indicates that the power density of the thermophonic system is depen-
dent on the voltages on the LED (VLED) and the PV cell (VPV). VLED can be controlled
externally.VPV can be controlled through the choice of the external load. The maximum
power point and the maximum efficiency point of the system can be identified by search-
ing the parameter space ofVLED and the external load. In Fig. 13, we plot as circles the
maximum power density (Wmax) as a function of the bandgap, as obtained from such a
search. We assume the temperaturesTPV = 3 × 102 andTLED = 6 × 102 K. We note that
the power density of heat transfer between two planar blackbodies at temperatures 6× 102

and 3× 102 K is approximately 6.9× 103 W/m2. The extracted electric power in the ther-
mophotonic system can far exceed such a blackbody limit even in the far-field regime, and
further enhancement of power density can be achieved by operating in the near field.

In obtaining the results of Fig. 13, we observe that the maximum power density occurs
when bothVLED andVPV are close to the bandgap voltageVg ≡ }ωg/q. And moreover,
the maximum power density shows a quadratic dependence onωg, as shown by the solid
line in Fig. 13. These observations can be understood as follows. The LED has a high
power density when the biasVLED is close to the bandgap voltageVg ≡ }ωg/q. Thus, it is
reasonable to expect that the thermophotonics system also has a high power density when
VLED ≈ Vg. Moreover, in order to ensure the system has a net positive power generation,
from Eq. (52) we need to haveVPV > VLED. Therefore, at the maximum power point, we
should haveVPV ≈ Vg as well. In this case, we can apply the same analysis leading to
Eq. (34) and obtain

FLED-PV ≈
ω2

g

4π2c2

C(ωg)kBTLED

}
1

exp[(}ωg − qVLED)/kBTLED]− 1
(55)

and

FPV-LED ≈
ω2

g

4π2c2

C(ωg)kBTPV

}
1

exp[(}ωg − qVPV)/kBTPV]− 1
(56)

Therefore, near the maximum power point, we can approximate the power density as
follows:

FIG. 13: Maximum power density of the thermophonic system in the far field when the
temperatures of the hot and cold sides are respectively 6× 102 and 3× 102 K. The solid
line is a fit with a quadratic function.



422 ANNUAL REVIEW OF HEAT TRANSFER

W ≈ C(ωg)
qkBω2

g

4}π2c2

×
{

TLED(VPV − VLED)
exp [(}ωg − qVLED)/kBTLED]− 1

− TPV(VPV − VLED)
exp [(}ωg − qVPV)/kBTPV]− 1

}
(57)

SinceVLED andVPV are both close toVg near the maximum power point, the PV cell
operating status is quite close to the open circuit condition, i.e., the load in Fig. 12(a) is
quite large. In this scenario, the radiant temperatures of the LED and the PV are quite
close. On the basis of Eq. (23), we have

TLED

}ωg − qVLED
≈ TPV

}ωg − qVPV
(58)

Using Eq. (58), Eq. (57) can be written as follows:

W ≈ C (ωg) ω2
g

4}π2c2
kB (TLED − TPV)

×
{

}ωg − qVLED

exp [(}ωg − qVLED)/kBTLED]− 1
− }ωg − qVPV

exp [(}ωg − qVPV)/kBTPV]− 1

}

≈ C (ωg) ω2
g

4}π2c2
[kB (TLED − TPV)]2 (59)

which is quite similar to the formula for the maximum cooling power shown as Eq. (34).
Since the term in the bracket is independent on the bandgap, the maximum power density
therefore scales asω2

g (Fig. 13).
Since in the thermophotonic system the LED operates as a positive-bias cooler, ther-

mophonic systems have the same set of requirements regarding the need to suppress var-
ious loss mechanisms as the positive-bias cooler, as discussed in Section 3.2. Similar to
the positive-bias cooler, operating in the near-field can be beneficial not only for power
density enhancement but also for reducing the impacts of various loss mechanisms. Zhao
et al.79 proposed a near-field thermophotonic system that can operate despite the existence
of the loss mechanisms (Fig. 14). The temperatures of the PV cell and the LED are cho-
sen 3× 102 and 6× 102 K, respectively, in order to demonstrate the potential application
of thermophotonic systems for the recovery of low-grade waste heat. The proposed ther-
mophotonic system was based on the AlxGa1−xAs material system, as shown in Fig. 14(a).
The LED hasx = 0.32, and the PV cell hasx = 0.155. These material choices ensure that
the bandgaps of the LED and the PV cell align even though their temperatures differ. The
performance of the system as a function of the voltage on the LEDVLED is shown in
Fig. 14(b). For each fixedVLED, the curves show the optimized efficiency or power density
as one varies the output voltageVPV from the PV cell. In the far-field case whered = 1
µm, whenVLED is zero, the LED is a passive thermal emitter and the system operates as a
thermophotovoltaic system. In this case, the thermal radiation from the LED that is above
the bandgap of the PV cell (1.64 eV) is 0.006 pW/m2. Thus, the output power density is
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FIG. 14: (a) Schematic of a proposed thermophotonic system for waste heat recovery. The
thicknesses of the cell and the LED aretPV and tLED, respectively, and the gap spacing
between the LED and the PV cell is denoted byd. The forward biases on the cell and LED
areVPV andVLED, respectively, while the current densities areIPV andILED, respectively.
Both the LED and cell have Ag back mirrors (thick silvery lines) of photon recycling. These
back mirrors also serve as metal contacts. The active regions of the LED and PV cell are
separated from the metal contacts by Al.8Ga.2As carrier confinement layers (5× 102 nm
thick). (b) The net power and conversion efficiency of the proposed system as a function of
the bias on the LED. The curves are computed withd = 10 nm. The power and efficiency
curves are calculated with all the realistic nonidealities of the system.tPV and tLED are
set to be 9× 102 nm. In obtaining the power curve for the ideal case, it is assumed that
the LED and the PV cell are infinitely thick, the photons are perfectly recycled, and the
nonradiative recombination rate is zero.79 (Reprinted with permission from the American
Chemical Society, Copyright 2018)

negligibly small. The output power density can be significantly improved to 0.027 nW/m2

atVLED = 0.63 V, which is about five orders of magnitude larger compared to the scenario
when the LED is not biased. We note that theoretically the maximum power density can
reach 1.48× 105 W/m2, based on Fig. 13, if the diodes are free of nonidealities, such as
nonradiative loss and light extraction loss. This highlights the importance of high-quality
optoelectronic devices in thermophotonic systems, especially for far-field thermophotonic
systems.

Whend is decreased to 10 nm, the system operates in the near-field regime. At a higher
bias voltage,VLED = 1.43 V, the maximum power density increases to 9.58× 104 W/m2,
as shown in the solid curve. At this maximum power point, the voltage of the PV cell is
VPV = 1.52 V. At the maximum power point, the corresponding efficiencyη is 8.47%.
The efficiency of the system, which is obtained for a fixedVLED by maximizing the effi-
ciency with respect toVPV, also follows a similar trend as shown in the solid curve. The
maximum efficiency,η is 9.76%, is reached at a lower voltage whenVLED = 1.41 V. We
note that with the near-field enhancement effect, even after considering all the nonideal-
ities in the thermophotonic system, the maximum power density and the efficiency can
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outperform state-of-the-art thermoelectric generators.82 This highlights the importance of
the near-field enhancement to thermophotonic systems. In the ideal case, assuming zero
nonradiative recombination rates and perfect back mirrors, the system can yield a power
density of 9.7× 105 W/m2, indicating that further improvements are possible.

We note that for a thermophotonic system, one need not choose a narrowband semicon-
ductor even when the purpose is to recover low-grade heat. This is in contrast to the pho-
tovoltaic power harvesters, where a PV cell using a narrowband semiconductor is required
when the temperature of the heat source is low. Using a larger bandgap semiconductor for
these energy applications is a significant advantage since nonradiative recombination, es-
pecially, the Auger recombination, is significantly weaker in larger bandgap semiconduc-
tors. Here, the AlGaAs system is chosen for its relatively low nonradiative recombination
rate. Alternatively, one may consider using nonpolar semiconductors such as Si and Ge
for the PV cell, to eliminate the phonon-polariton effects that contribute to sub-bandgap
heat transfer,47 or using GaN-based material system if a higher operating temperature is
desired.

The thermophotonic concept can also be used in positive-bias cooling systems to fur-
ther improve their performance. Chen et al.41 consider a system with a GaAs LED on the
cold side. The LED is subject to a positive bias to achieve cooling. Unlike the system con-
sidered Section 3, here the hot side a Si PV cell. The PV cell converts part of the emission
from the LED into electric power. The overall system therefore has lower net power con-
sumption and a higher COP, as compared to a system where the hot side is a conventional
thermal emitter.10

4.2.2 Self-Sustaining Thermophotonic Circuit

As discussed in Section 4.2.1, in thermophotonic system the LED on the hot side needs
to be biased. To apply this positive bias on the LED, at least in principle, one can assume
that the LED is driven by an external battery as shown in Fig. 12. In most theoretical
analyses of thermophotonic systems, including the discussion in Section 4.2.1, one fur-
ther assumes that the battery can somehow be recharged using the electricity produced in
the PV cell.8,78,81The net output of a thermophotonic system is then computed by taking
the output power of the PV cell minus the power that is required to charge the battery,
as we have done in Section 4.2.1.79 It would be far more attractive if one can design a
circuit such that part of the electricity produced by the PV cell can be used to directly
provide the positive bias on the LED, i.e., to make the system self-sustaining. In this sec-
tion, we review the recent work of Zhao et al.,83 which introduced such a self-sustaining
circuit.

To understand some of the difficulties associated with constructing such a self-susta-
ining circuit, we first consider a simple thermophotonic circuit with one LED and one PV
cell as shown in Fig. 15(a), where a resistorR is used in the circuit as a load. This geometry
is the same as in Fig. 12, except we now directly connect the LED and the PV cell. We
again assume ideal LED and PV cell. In order to operate this system as a thermophotonic
circuit for the purpose of thermal energy harvesting, we assumeTLED > TPV.
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FIG. 15: (a)Circuit where a resistor is connected in parallel with the PV cell and the LED.
The load is represented by a resistor with a resistanceR. (b) Proposed thermophotonic
circuit that uses multiple LEDs (N in total) and multiple PV cells (M in total) by Zhao et
al.83 It is assumed thatN > M . The load is a resistor with a resistanceR. (c) Schematic
of the physical connections of the LEDs, PV cells, and the load, with the LEDs and the
PV cells arranged in the symmetric configuration. The areas of each PV cell and LED are
APV,i, andALED,j , respectively, withi = 1,2, ..., M, andj = 1,2, ..., N.83 (Adapted from
Zhao et al.)

For the circuit as shown in Fig. 15(a), Eqs. (50) and (51) show that the magnitudes
of the currents in the PV cell and the LED are the same. Therefore, the current passing
through the load must be zero and the voltages on the PV cell and the LED are both zero.
In fact, the voltages are zero in the circuit even when the PV cells and the LEDs possess the
nonradiative processes.83 One can intuitively understand this since each electron produced
by the PV cell must at least consume one photon emitted by the LED. And, each injected
electron into the LED at most can produce one photon. Therefore, no excess electrons can
be produced to drive the load.

On the basis of the analysis of the simple circuit above, then the key intuition toward
creating a self-sustaining circuit is to decouple the number of injected electrons to the LED
and the number of photons generated. From this intuition, Zhao et al.83 proposed a circuit
as shown in Fig. 15(b). Compare to the geometry in Fig. 15(a), in this system the hot side
hasN > 1 number of LEDs connected in series, and the cold side hasM ≥ 1 number
of PV cells connected in series. Each electron passing through the LEDs can produce
multiple photons and therefore allows a nonzero current to drive the load. Figure 15(c)
shows a more detailed physical configuration for this kind of circuit. Here, all LEDs are
the same and so are all PV cells. The LEDs and the PV cells are assumed to have the same
bandgap at their respective temperatures. The LEDs and the PV cells are arranged in a
symmetric configuration. By symmetry then, one can show that whenN > M , the photon
flux injected into a PV cell,APV[FLED(TLED, VLED)−FPV(TPV, VPV)], exceeds the electron
flux injected into the LEDs,M/NAPV[FLED(TLED, VLED)−FPV(TPV, VPV)], whereAPV is
the area of a PV cell. Thus, part of the current generated by the PV cell can be used to drive
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the external load and make the system self-sustaining. The self-sustaining thermophotonic
circuit proposed by Zhao et al.83 can be important for a number of applications, such
as solar energy harvesting77 and waste heat recovery.79 The realization that the electron
and photon flux need not be strictly equal even in ideal systems in this design may also
point to previously unexplored flexibilities in designing optoelectronic devices for energy
applications.

5. CONCLUSIONS

In this chapter, we review the use of the concepts of the chemical potential of photons, as
exhibited in semiconductor photodiode under external bias, for radiative heat transfer con-
trol and power generation. We show that the understanding of this concept leads to novel
opportunities beyond the traditional solar cells and thermophotovoltaic systems. These
opportunities include electroluminescent cooling, power generation from negative illumi-
nation, and thermophotonic circuits for power generation where the performance can far
exceed traditional thermophotovoltaic systems. The near-field enhancement effect can be
applied to all of the abovementioned scenarios and enhance the performance of the sys-
tem. We believe that, with the advance of the near-field technologies and the continuous
improvement of the semiconductors, the concept of photon chemical potential can enable
even more exciting opportunities in heat transfer and energy applications.
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