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Abstract: Electroluminescent (EL) and negative electroluminescent (NEL) devices are radiative 
thermoelectric energy converters that use electric power for refrigeration. For the EL system, we 
apply a forward bias to the emitter that we want to cool, whereas a reverse bias voltage is applied to 
the hot absorber for the NEL system. In this work, we derive the thermodynamic limits of the cooling 
power density and coefficient of performance (COP) of near-field EL and NEL refrigeration systems 
based on entropy analysis that considers near-field effects. We show numerically that operating the 
EL and NEL systems in the near-field regime could increase the cooling power density and the COP 
bounds to a certain extent. As the vacuum gap decrease from 1000 to 10 nm, the near-field effects 
improve the performance of the NEL system all the time, but the performance of the EL system 
increases to the optimal value and then decreases. In addition, the increase in temperature difference 
weakens the performance of both refrigeration systems greatly. Moreover, we also investigate the 
effects of the absence of sub-bandgap thermal radiation on the performance of the EL and NEL 
systems. Our work indicates significant opportunities for evaluating the performance of near-field 
radiative thermoelectric energy converters from the perspective of thermodynamic limits. Meanwhile, 
these results establish the targets for cooling power density and COP of the near-field EL and NEL 
systems. 
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1. Introduction 

In the near-field, the radiative heat transfer could be enhanced by several orders of magnitude as 
compared to the Planck’s blackbody limit due to the presence of evanescent waves [1–9]. In recent 
years, this enhancement has been experimentally demonstrated [8–14]. Such enhancement has been 
widely studied in many applications like energy conversion systems [15–22]. Moreover, there has been 
growing interest in active control of near-field heat transfer like electroluminescent (EL) [23–25] and 
negative electroluminescent (NEL) refrigeration [26–28]. 

In most of the previous work on the near-field radiative heat transfer, it is assumed that the 
chemical potential of the object involved is zero. However, when photons are in quasiequilibrium 
with semiconductors under external bias, they can have a chemical potential [29]. One approach to 
operating a semiconductor p-n junction as an EL refrigeration device is to apply a forward bias to 
make the body emit excess photons and cool down below ambient temperature [30].  

The first prediction of EL refrigeration was made by Tuac in 1957 [31], then this evidence was 
achievable by Dousmanis et al. in 1963 [32]. Compared with traditional solid-state thermoelectric 
refrigerators, this refrigeration approach has many special superiorities, such as higher efficiency, 
easier integration with other optoelectronic devices, and wider operating temperatures [24]. In 
the past few decades, there have been some studies expounding on the potential of EL 
refrigeration [33–38]. Recently, the electroluminescence refrigeration effect was experimentally 
demonstrated for narrow bandgap emitters under an ultralow applied bias [39]. 

Due to the quite low cooling power density of far-field EL cooling devices, the concept of 
near-field electromagnetic heat transfer can be used to enhance the performance of EL refrigeration. 
In 2012, Guha et al. [40] experimentally demonstrated the efficient EL refrigeration and theoretically 
proved that it is feasible to realize very strong cooling in the near-field regime. Chen et al. [23] first 
theoretically investigated the near-field EL refrigeration considering contributions of evanescent 
waves and phonon modes in 2015. They predicted that refrigeration effects can occur between two 
semiconductor bodies when the gap spacing ranges from tens to hundreds of nanometers. Liu and 
Zhang [24] developed a multilayer model to consider the nonuniform distribution of the chemical 
potential of photons and nanoscale radiative transfer. 

In addition to the EL effect of the forward-biased p-n junction, the reverse-biased junction can 
also achieve refrigeration through the NEL effect [41–44]. This effect was demonstrated 
experimentally by Ashley et al. [45] for reverse-biased InSb and mercury cadmium telluride (MCT) 
diodes. Chen et al. [26] analyzed the near-field enhanced NEL, for an ideal narrow-band-gap 
semiconductor, they show that power density can be increased significantly and the efficiency can be 
close to the Carnot limit in the near-field regime. Then Zhu et al. [46] firstly reported an 
experimental demonstration of near-field NEL refrigeration using a nanocalorimetric device and a 
photodiode. Very recently, Zhou et al. [28] theoretically analyze the performance of a near-field NEL 
refrigeration system consisting of a Mie-metamaterial emitter. 

With the consideration of the near-field effect, the influence on the maximum active work and 
energy conversion efficiency of the EL and NEL systems should be concerned. Moreover, entropy 
plays a key role in the determination of the thermodynamic limit of the maximum work and the 
energy conversion efficiency [47–52]. In the near-field regime, Dorofeyev first studied the energy 
and entropy density due to near-field effects in equilibrium at the interface [53]. The maximum work and 
the upper bound for the efficiency of thermal radiation have been obtained by Perez-Madrid et al. [54–56]. 
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Moreover, in consideration of both near-field effects and the condition of thermal nonequilibrium, 
Narayanaswamy and Zheng [57] derived a method to obtain the maximum work and the energy 
conversion efficiency limit in near-field thermal radiation. Recently, this method was applied to the 
performance evaluation of near-field thermophotovoltaic systems [58]. 

In the present work, we derive thermodynamic bounds for the cooling power densities and the 
coefficient of performance (COP) of the near-field EL and NEL systems by calculating the radiative 
heat flux and entropy flux that considers near-field effects. Then we present the performance of the 
near-field EL and NEL systems at different vacuum gaps. Furthermore, the effects of the temperature 
difference and sub-bandgap thermal radiation on the thermodynamic performance are thoroughly 
investigated. 

2. The configuration and formalism 

2.1. Geometry and materials 

 

Figure 1. Schematic and energy flow diagram of a near-field (a) EL and (b) NEL system. 
The EL system consists of three bodies, i.e., heat source, EL device (emitter), and absorber. 
The NEL system consists of an emitter, NEL device (absorber), and heat sink. The emitter 
and absorber are enclosed within two Au substrates. 

The considered configurations of the near-field EL and NEL systems to be investigated in this 
study are schematically shown in Figure 1. A near-field EL energy conversion system consists of a 
heat source (cooling target), an EL p-n device as an emitter, and an absorber. Where the vacuum gap 
spacing between the emitter and absorber is denoted by d. The emitter and absorber are enclosed 
within Au substrates acting as perfect mirrors at the top and bottom boundaries respectively, as 
shown by the yellow layers. The structure of a NEL system is similar to that of an EL system, as 
shown in Figure 1(b). The difference is that the NEL device acts as an absorber. This work focuses 
on the near-field radiative transfer so that we assume ideal thermal contact between the different 
layers. 

Then we briefly review the concept of EL and NEL refrigeration. In the case where the EL 
device is colder than the absorber. By supplying with electrical work as delivered by an external 
forward voltage VEL, a near-field EL device emits an increased number of photons as compared to the 
same material under equilibrium conditions, and some of this photon energy is derived from the 
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thermal energy of the lattice. Under an adequate high operating voltage, such an increased photon 
emission can result in a net heat flux pumped from a cold EL device to a hot absorber in spite of 
the fact that the EL device has a lower temperature. As for a NEL device under a reverse bias 
voltage (i.e., VNEL  0), the photon emission decreases, it can extract a net radiative heat flux from an 
emitter (cooling target) with a lower temperature. Hence the resulting structures shown in Figure 1 
can be used for refrigeration purposes. 

In the calculation, the thicknesses of emitter and absorber denoted as d1 and d2 are chosen to 
be 5 μm to ensure significant emission and absorption. For a fair comparison between the EL and NEL 
systems, the temperatures of the two heat reservoirs are fixed. The cooling target temperatures (that is, 
the temperatures of the heat source of the EL system and the emitter of the NEL system) are 
maintained at a low-temperature T1, whereas the absorber of the EL system and the heat sink of the 
NEL system are maintained at a high-temperature T2  300 K. In the near-field EL system, we choose 
InAs as the semiconductor for both the absorber and EL device, whose bandgap energy Eg is 0.354 eV 
at room temperature [59]. For the near-field NEL system, we use a narrow band-gap semiconductor 
MCT as the NEL device and emitter. It has a bandgap of Eg  0.169 eV [26]. The optical constants of 
InAs and MCT are taken from Ref. [60]. Moreover, the dielectric function of Au as a function of 
angular frequency , is approximated by the Drude model [61]:   2

p
2

Au   1 / ( )i        with 

a plasma frequency ωp  1.37  1016 rad/s and damping rate γ = 7.31  1013 rad/s. 

2.2. Calculation of near-field radiative transfer 

The energy flows (solid arrows) and entropy flows (dashed arrows) of the near-field EL and 
NEL systems are shown in Figure 1. An EL device absorbs net outflux of heat QC and entropy SC 
from the cold heat source in the form of heat conduction. Then by the injected electric power W, the 
EL device pumps heat flux (E1  E2) and entropy flux (S1  S2) to the hot absorber via near-field 
radiation. As for a NEL system, the biased NEL device absorbs heat flux (E1  E2) and entropy 
flux (S1  S2) from the cold emitter and rejects heat flux QC and entropy flux SC to the hot heat sink. 

The polarized radiative heat flux (E1  E2) between two bodies has contributions both from 
sub-bandgap frequency components ( 1,s 2,sE E ) due to phonon-polariton excitations, and from 

above-bandgap frequency components ( 1,a 2,aE E ) due to electronic excitations. Using the 

fluctuation-dissipation theorem [62–64], the radiative heat flux can be expressed as 
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Here, j  s, p accounts for the polarization states, ωg is the band-gap frequency of the 
semiconductor defined as g g /E   ,   is the reduced Planck constant, V denotes the applied 

voltage. For the EL system, 1 0V   and 2 0V  ; For the NEL system, 1 0V   and 2 0V  . We note 

that Eq (1a) and (1b) contain triple integrations over the azimuthal angle , the component of the 
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wavevector on the x-y plane kρ, and the free-space wavevector k0  ω/c with c being the speed of light 
in vacuum. The wavevectors component in the z-direction for propagating waves (PW) and evanescent 

waves (EW) are expressed as 2 2
0 0zk k k   and 2 2

0 0z k k   , respectively. Moreover, ( ) ( )j
hn V  

is the number of emitted photons with h  1, 2, and ( )j
h  is the z component of the local velocity of the 

energy transmission. Further, ( ) ( )j
hn V  and ( )j

h  are respectively defined as 
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where   h hd z z  ,   2h   if   1h  , and vice versa. B( ) / 1( )  [ 1]hqV k T
hf V e     is the photon 

distribution function, kB is the Boltzmann constant and q is the magnitude of the electron’s charge. 
We define ( )j

hR  as the reflection coefficients from vacuum to body h for j polarization with Au 

substrates [65,66]. 
The entropy flux carried by the related energy flux [Eq (1)] takes the form 
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with the near-field entropy density sh given by [57] 
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Here, ρa expresses the local density of the accessible microscopic states, which is determined by 
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2.3. Thermodynamic bounds of the cooling power densities and efficiency 

To evaluate the performance of the near-field EL and NEL systems, we assume that the EL 
device and the heat source have the same temperature (TEL  T1) since the flux of heat conduction is 
usually much larger than that of thermal radiation, especially when the temperature is below 300 K. 
Similarly, the temperature of the NEL device is the same as the temperature of the heat sink (TNEL  T2). 
Then we get the thermodynamic bounds of the cooling power densities P and the COP of the EL and 
NEL systems when the systems are assumed to be operating in the ultimate case and there is no entropy 
generated in the EL or NEL devices (Sgen  0), therefore SC  S1  S2. 

For the EL system, PEL and COP bound can be expressed as 
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For the NEL system, PNEL and COP bound are determined by 
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It is worth to note that for the EL device, the main part of the input entropy is carried by the 
thermal conduction, but the output entropy is purely carried by the thermal radiation, as shown in 
Figure 1. And for the NEL device, the entropy is input by the thermal radiation and output by the 
thermal conduction. However, the entropy to energy ratio of thermal conduction (1/T) is different 
from that of thermal radiation [67]. Thus, our results do show the deviation from the Carnot limit. 
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3. Results and discussion 

3.1. Near-field enhancement on the EL and NEL systems 

 

Figure 2. (a) Spectral radiative heat flux for an applied voltage of 0.2 V in the EL system. 
(b) Spectral radiative heat flux for an applied voltage of  0.2 V in the NEL system. The 
cooling target temperature T1  290 K and the red, green, and blue curves are for d  10, 
100, and 1000 nm, respectively. 

We first focus on the performance of the near-field EL and NEL systems at different vacuum 
gaps for the heat source of the EL system and the emitter of the NEL system at a cooling target 
temperature T1  290 K. In Figure 2, we plot the spectral radiative energy flux for an applied voltage 
of 0.2 V in the EL system and  0.2 V in the NEL system, respectively. For both systems, it can be seen 
that in the region where the frequency is below ωg, the radiative heat transfer is negative due to the 
temperature difference when the chemical potential of photons below the bandgap is zero. In the 
high-frequency region, the non-zero chemical potential provided by the applied voltage of the EL and 
NEL devices produces a positive heat transfer, thus resulting in a refrigeration effect, as shown in 
Figure 2. Moreover, the absolute heat flux increases greatly as the vacuum gap reduces in the entire 
frequency region for both EL and NEL systems. This effect is typical for near-field radiative heat 
transfer where the transferred heat flux can be significantly enhanced as the gap distance between the 
two bodies decreases. The corresponding spectral entropy flux curves show a similar trend with the 
spectral heat flux curves, but they are more than two orders of magnitude lower, as shown in Figure 3. 
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Figure 3. (a) Spectral radiative entropy flux for an applied voltage of 0.2 V in the EL 
system. (b) Spectral radiative energy flux for an applied voltage of 0.2 V in the NEL 
system. The cooling target temperature T1  290 K and the red, green, and blue curves are 
for d  10, 100, and 1000 nm, respectively. 

The physical origins of the spectral radiative energy flux can be better illustrated by examining 
the energy transmission coefficient as a function of ω and β. Figure 4(a) displays the contour plot of 
the transmission coefficient of the EL system for d  10 nm. Note that due to the sum of both s and p 
polarizations the maximum transmission coefficient is 2. The bright color indicates a high 
transmission coefficient. In the above-bandgap frequency range, InAs exhibits significant absorption 
since it is a direct bandgap material. In the frequency range below the InAs bandgap, the surface 
phonon polaritons (SPhPs) of InAs clearly cause a heat flux peak around 0.45 × 1014 rad/s as can be 
identified in Figure 4(a). Since InAs is a polar material, the real part of the dielectric function Re(ε) 
changes from positive to negative around the optical phonon frequency. The SPhPs can be excited 
and contribute significantly to radiative heat transfer at the frequency where Re(ε) is  1. The contour 
plot of the transmission coefficient of the NEL system for d  10 nm is shown in Figure 4(b), it is 
found that no surface mode could be excited between two MCT films in the frequency range below 
the bandgap. 

 

Figure 4. Contour plots of the energy transmission coefficient of (a) the EL system and 
(b) the NEL system, respectively, when d  10 nm. Wavevector β is normalized by β0  
ω0/c with ω0  1014 rad/s. 
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In Figure 5(a) we plot the integrated cooling power density of the EL system as a function of the 
applied voltage for vacuum gap d  10, 100, 1000 nm, respectively. When the applied voltage VEL  0, 
the cooling power density PEL  0 at every vacuum gap d, which means that there is net heat flux 
from the hot absorber to the cold EL device because of the negative thermal radiation caused by the 
temperature difference. With the applied voltage VEL increases, the heat flux from the EL device increases 
so slowly. As VEL continues to increase, PEL increases approximately exponentially. At d  10 nm, we see 
that the cooling power density PEL stays negative at any VEL. It can be observed from Figure 2(a), in 
the near-field, the sub-bandgap thermal radiation accounts for the main part of the heat transfer 
between the EL device and the absorber, and hence the cooling effect does not appear in the range of 
applied voltage we considered. Whereas for an intermediate vacuum gap d  100 nm, as VEL 
increases beyond a threshold voltage of 0.136 V, the cooling power density PEL becomes positive and 
the EL device appears a net outflow of heat and hence cooling. The maximum PEL reaches 1289 W/m2 
at VEL  0.2 V. As the vacuum gap further increases to 1000 nm, a much lower cooling power density 
can also be achieved, with a maximum PEL of 106 W/m2 at VEL  0.2 V. 

 

Figure 5. The cooling power density as a function of the applied voltage VEL or the 
magnitude of voltage VNEL for different vacuum gaps d in (a) the EL system and (b) the 
NEL system at T1  290 K. The red, green, and blue curves are for d  10, 100, and 1000 
nm, respectively. 

Then we plot the cooling power density of the NEL system in Figure 5(b). For each vacuum gap 
d, PNEL is negative at VNEL  0, then it increases dramatically and becomes positive as the magnitude 
of applied reverse voltage VNEL increases due to the lower bandgap of the MCT which leads to the 
predominant above-bandgap heat transfer. Unlike the EL system, the cooling power density of the 
NEL system slows down gradually and finally reaches saturation and no longer increases markedly, 
because when VNEL is large enough, the heat flux from the biased NEL device is insignificant 
compared to the heat flux from the emitter. Besides, as d decreases, PNEL can also be greatly 
enhanced due to the near-field effects, we note that the maximum PNEL increases about 22 times, 
from 16 to 347 W/m2 as the vacuum gap decreases from 1000 to 10 nm at VNEL   0.2 V. 

The COP bounds versus the voltage of the EL and NEL systems are given in Figure 6(a) and (b), 
respectively. We note that the vacuum gap plays an important role in the COP bounds of both 
refrigeration systems. For the EL system, the COP bound is zero when the applied voltage VEL is small 
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since the cooling power density PEL is negative. As VEL increases to exceed the threshold voltage, the 
COP bound quickly increases to a maximum value and then decreases as VEL further increases. The 
maximum COP bound reaches 1.19 at VEL  0.176 V for d  100 nm and 1.10 at  0.182 V for d  
1000 nm. 

 

Figure 6. COP bound as a function of the applied voltage VEL or the magnitude of voltage 
VNEL at different vacuum gaps d in (a) the EL system and (b) the NEL system at T1  290 
K. The red, green, and blue curves are for d  10, 100, and 1000 nm, respectively. 

For the NEL system, the COP bound is zero at the magnitude of applied voltage VNEL below the 
threshold voltage since the applied voltage is too weak to suppress the thermal radiation from the 
semiconductor NEL device. After that, it rapidly increases to the maximum value at |VNEL| slightly above 
the threshold voltage and then decreases as |VNEL| further increases. When the vacuum gap d  1000    
and 100 nm, the maximum COP bound is 3.3 and 7.9 respectively, which is much larger than that of 
the EL system under the same conditions. Further reducing the vacuum gap to 10 nm, the maximum 
COP bound reaches 8.76 at VNEL   0.023 V. Moreover, the saturation of the COP bound of the NEL 
system is 5.0 at d  10 nm, 4.8 at d  100 nm, and 2.9 at d  1000 nm. 

 

Figure 7. The cooling power density and the COP bound of the EL system as a function of 
the vacuum gaps d for applied voltage VEL  0.2 V at T1  290 K. 



475 

AIMS Energy Volume 9, Issue 3, 465–482. 

Based on the above analysis, for the EL system, it can be found that the cooling power density 
PEL and the COP bound do not always increase with decreasing the vacuum gap d. Thus, there should 
be an optimized d between 10 and 1000 nm that maximizes PEL and the COP bound of the EL system. 
Figure 7 gives the cooling power density and the COP bound as a function of the vacuum gap at an 
applied voltage of 0.2 V. The cooling power density PEL is negative at vacuum gap d  24 nm since 
the sub-bandgap thermal radiation dominates over the above-bandgap thermal radiation. With the 
increase of d, PEL increases rapidly and reaches the maximum of 1398 W/m2 at d  63.1 nm. Further 
increasing d, PEL decreases and stabilizes gradually. The COP bound also increases quickly first, and 
then it decreases as d increases. The maximum COP bound is 1.1 and is found at d  200 nm. 

3.2. Effects of the temperature difference 

In the above section, the cooling target temperatures T1 is set to 290 K, whereas high-temperature 
T2 is assumed to be fixed at 300 K. Of course, the temperature difference T  T2  T1 could be higher 
by decreasing T1. Figure 8 compares the cooling power densities of near-field EL and NEL systems 
at temperature difference T  10, 20, and 30 K. We set the vacuum gap d  100 nm, which is easier 
to achieve in practice. At the same time, the EL system shows an acceptable cooling power density 
and COP at this vacuum gap. 

 

Figure 8. (a) The cooling power density as a function of the applied voltage VEL at 
different temperature differences in the EL system. (b) The cooling power density as a 
function of the magnitude of voltage VNEL at different temperature differences in the NEL 
system. The vacuum gap d  100 nm. 

In terms of Eq (2), as temperature difference T increases or cooling target temperature T1 
decreases, the photons emitted from the EL device of the EL system and the emitter of the NEL 
system decrease. As a result, it can be observed that the cooling power density decreases in both 
systems. As T increases from 10 to 30 K, for the EL system, the maximum cooling power density 
PEL for d  100 nm at VEL  0.2 V decreases from 1289 to 414 W/m2. On the other hand, for the 
NEL system, maximum PNEL at VNEL   0.2 V decreases from 205 to 83 W/m2 as T increases 
from 10 to 20 K. In addition, the NEL system fails to achieve any cooling effect at VNEL  0.2 V 
when T increases to 30 K. 
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Figure 9. (a) COP bound as a function of the applied voltage VEL at different temperature 
differences in the EL system. (b) COP bound as a function of the magnitude of voltage 
VNEL at different temperature differences in the NEL system. The vacuum gap d  100 nm. 

In Figure 9(a) and (b), we plot the COP bounds of near-field EL and NEL systems as a function 
of the applied voltage for various temperature differences T, respectively. Similar to the cooling 
power density, we note that the COP bound also decreases in both EL and NEL systems as the 
temperature difference T increases. For the near-field EL system, as T increases from 10 to 30 K, 
the maximum COP bound decreases from 1.19 to 0.6. On the other hand, the COP bound of the NEL 
system shows a more drastic reduction as compared to that of the EL system. The saturation of the 
COP bound decreases from 4.8 to 2.3 as T increases from 10 to 20 K. We also mention that the 
threshold voltage for achieving the refrigeration effect (positive P) increases as the temperature 
difference T goes up in both systems because a higher chemical potential is needed to overcome the 
increased temperature differences. 

By comparing the EL and NEL systems from Figures 8 and 9, it is found that the EL system can 
reach higher cooling power density and temperature difference. However, the NEL system can 
achieve a refrigeration effect at a lower voltage and temperature difference with a higher COP. 

3.3. Ideal cases without considering the sub-bandgap thermal radiation 

In the above sections, we demonstrate that the EL and NEL systems shown in Figure 1 can work 
as cooling devices with considerable cooling power density and COP bound. However, in this 
near-field regime, the presence of sub-bandgap thermal radiation can become very substantial. For 
both EL and NEL cooling systems, such thermal radiation represents a disadvantage since it results 
in undesired and detrimental heat flux from the hot heat reservoir to the cold cooling target. In order 
to evaluate the adverse effects of the sub-bandgap thermal radiation and provide suggestions for 
system performance improvement. In this section, we evaluate the performance of the ideal EL and 
NEL refrigeration systems in the absence of sub-bandgap heat transfer. 

Figure 10 shows the integrated cooling power density as a function of applied voltage VEL or the 
magnitude of negative applied voltage VNEL for different vacuum gaps d  10, 100, and 1000 nm, 
respectively. For both the EL and NEL system, the absence of sub-bandgap thermal radiation 
enhances the cooling power density for all three cases significantly. Completely different from 
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Figure 5(a), the heat flux PEL at d  10 nm becomes positive and the maximum value reaches 2536 W/m2 
at VEL  0.2 V. And the stationary PNEL increases by 28% at d  10 nm and 123% at d  1000 nm 
without the consideration of sub-bandgap thermal radiation. We also find that the cooling power 
density of an EL system increases significantly as the vacuum gap d decreases. The maximum 
cooling power density PEL is 122 W/m2 at the applied voltage of 0.2 V for d  1000 nm. For 
comparison, we note that the maximum PEL at d  10 nm for this system can be increased by 
about 21 times to 2536 W/m2 at the same applied voltage. Besides, for the NEL system, the maximum 
PNEL increases about 12 times, from 36 to 445 W/m2 as the vacuum gap decreases from 1000 to 10 nm 
at VNEL   0.2 V. 

 

Figure 10. (a) The cooling power density as a function of the applied voltage VEL at 
different vacuum gaps d in the EL system. (b) The cooling power density as a function of 
the magnitude of voltage VNEL at different vacuum gaps d in the NEL system. The cooling 
target temperature T1  290 K and the red, green, and blue curves are for d  10, 100, and 
1000 nm, respectively. 

Then we show the COP bound of the near-field EL system as a function of applied voltage for 
three vacuum gaps d in Figure 11(a). For all vacuum gaps, we observe that the COP bounds of the EL 
systems exhibit nearly identical curves. This phenomenon is because the near-field effects can enhance 
both the heat flux and entropy flux, according to Eq (8), the vacuum gap plays little role in the COP. 
The COP bound is zero when the applied voltage VEL is small since the cooling power density PEL is 
negative. Then the COP bound increases rapidly and reaches a maximum at VEL slightly above the threshold 
voltage. It is found that an ideal EL system exhibits a maximum COP bound of 26.2 at VEL  0.014 V when 
the vacuum gap d  10 nm, which is close to 29 of the Carnot limit ( 1 2 1/ ( )T T T ). Finally, the COP bound 

gradually decreases and approaches zero as VEL further increases. 
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Figure 11. (a) COP bound as a function of the applied voltage VEL at different vacuum gaps 
d in the EL system. (b) COP bound as a function of the magnitude of voltage VNEL at 
different vacuum gaps d in the NEL system. The cooling target temperature T1  290 K and 
the red, green, and blue curves are for d  10, 100, and 1000 nm, respectively. The 
horizontal dashed lines represent the Carnot efficiency limit. 

The obtained COP bound for the NEL system is shown in Figure 11(b). Similar to that in 
Figure 10(a), the vacuum gap almost makes no difference to the COP bound of NEL systems. For all 
three vacuum gaps, the COP bound is zero at the magnitude of applied voltage VNEL  0.008 V since 
the applied voltage is too weak to suppress the thermal radiation from the semiconductor NEL device. 
After that, it rapidly increases to the maximum value at |VNEL| slightly above the threshold voltage 
and then decreases as |VNEL| further increases. The maximum COP bound is 21, which is lower than 
that of the EL system. Unlike the COP bound of the EL system, it can be observed that as |VNEL| 
further increases, the COP bound of the NEL system tends to stabilize at 6.1. 

Based on the above results, it can be found that the sub-bandgap heat transfer weakens the 
cooling power densities and COP bounds of the EL and NEL systems tremendously. Therefore, to 
improve the performance of these two refrigeration systems, it is necessary to suppress the 
sub-bandgap heat transfer through optimization of structures and materials. 

4. Conclusions 

In summary, this study presents the thermodynamic limits for the performance of near-field EL 
and NEL refrigeration systems. It is shown how the cooling power density and COP bounds can be 
obtained from the formulation of thermodynamics by using the radiative heat flux and entropy flux 
considering near-field effects. The results show that the near-field effects are positive for the 
performance of the NEL systems. Indeed, we observe an enhancement of the maximum cooling 
power density by a factor of 22 for the NEL system as the vacuum gap decreases from 1000 nm to 10 
nm. But the near-field effects are not always beneficial for the EL system, the cooling power density 
achieves the maximum of 1398 W/m2 at d  63.1 nm and the maximum COP bound reaches 1.1 at    
d  200 nm in the EL system. Moreover, as the temperature difference increases or low cooling target 
temperature, the cooling power densities and the COP bounds of the EL and NEL systems both 
decrease significantly. Finally, the absence of the sub-bandgap thermal radiation enhances the 
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performance of both ideal refrigeration systems greatly. The COP bounds of the EL and NEL systems 
can be close to the Carnot limit. This study could pave the way toward providing fundamental 
bounds on the cooling power density and COP of near-field EL and NEL systems. And the results 
obtained here would present valuable guidance for improving the performance of these two systems. 
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