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Abstract: Simulations of near-field thermophotovoltaic devices predict promising performance,
but experimental observations remain challenging. Having the lowest bandgap among III-V
semiconductors, indium antimonide (InSb) is an attractive choice for the photovoltaic cell,
provided it is cooled to a low temperature, typically around 77 K. Here, by taking into account
fabrication and operating constraints, radiation transfer and low-injection charge transport
simulations are made to find the optimum architecture for the photovoltaic cell. Appropriate
optical and electrical properties of indium antimonide are used. In particular, impact of the
Moss-Burstein effects on the interband absorption coefficient of n-type degenerate layers, and of
parasitic sub-bandgap absorption by the free carriers and phonons are accounted for. Micron-sized
cells are required to minimize the huge issue of the lateral series resistance losses. The proposed
methodology is presumably relevant for making realistic designs of near-field thermophotovoltaic
devices based on low-bandgap III-V semiconductors.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Since the seminal idea of using evanescent modes of radiation to improve the performances
of thermophotovoltaic (TPV) heat-to-electricity converters was proposed [1, 2], a quite large
number of articles have been dealing with theoretical and numerical simulations of this concept
of so-called near-field thermophotovoltaic (NF-TPV) devices [3-47]. In these articles, the
predicted gains in electrical power output in the near field are indeed very promising. Even
so, the first experimental observation has been made only very recently [48]. The long elapsed
time before this successful experiment after the first published attempt [49] can be explained
by the large numbers of challenges to overcome. The first one is building a nanoscale vacuum
gap between a thermal emitter and a receiver, namely a photovoltaic (PV) cell, in such a way
that evanescent waves contribute to increase thermal radiation between them. Nevertheless, the
obstacle to measuring near-field thermal radiation was overcome multiple times over the last
decade or so [45]. The second challenge is to build and maintain a large temperature difference
between the thermal emitter (at 7)) and the photovoltaic cell (at 7.). As a matter of fact, energy
conversion being ultimately limited by Carnot efficiency, a small temperature difference means
poor expectations for good performances. In addition, in the recent experimental demonstration
of a NF-TPV converter [48], even though the emitter and cell temperatures are 655 and 300 K,
leading to a maximum (Carnot) efficiency of 54 Y%, the stated efficiency is only ~0.02 %. The
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main reason for that low efficiency is that the active area of the cell is substantially larger than the
area of the emitter. More generally, a remaining challenge, somewhat overlooked so far, is to
design, fabricate and operate a functional photovoltaic cell maximizing performances in the near
field.

In this work, by taking into account fabrication constraints and physics of low-bandgap
semiconductors, a comprehensive optimization of the photovoltaic cell in a NF-TPV converter is
proposed, in the case where the semiconductor material is indium antimonide (InSb). In the first
part, the framework for the analysis is presented in details. It specifies the architecture of the
cell and conditions for it to be fabricated and operational. In particular, it is clearly established
that assuming that the InSb cell will operate at 300 K [5, 11, 14, 18, 20, 24,26, 32,33,44] is
not practicable. Instead the cell must be cooled down, typically by liquid nitrogen at around
77 K. Because of this cooling constraint, the cell described in the present article is meant to
be for a laboratory experiment, not for a practical device. Selection of the appropriate optical
and electrical properties required for the radiation transfer and electrical transport is described.
In particular, InSb being the III-V semiconductor which has the lowest bandgap (0.23 eV at
77 K), it becomes easily degenerate when negatively doped. As a consequence, the so-called
Moss-Burstein effect [50,51], i.e. the decrease in interband absorption [52], must be accounted
for. In addition, absorption by the free carriers and the phonons must be included because it is has
tremendous impacts on the efficiency of the converter, especially in the near field because of sub-
bandgap phonon-polariton heat transfer [17]. Radiation transfer and electrical models, available
elsewhere [10, 15,27], are briefly reminded. In the following section, results are presented and
discussed. Explanations of the resulting optimum layer thicknesses and doping concentrations
are provided. It is shown that series resistance losses expected for thermophotovoltaic cells, in
particular in the near field because of larger currents, can be mitigated by fabricating micron-sized
cells.

2. Methodology
2.1. NF-TPV converter, operating limits and fabrication constraints of the PV cell

The near-field thermophotovoltaic converter under consideration is depicted in Fig. 1 (a). The
active part of the photovoltaic cell is an indium antimonide (InSb) p-on-n junction, to be fabricated
by means of solid source Molecular Beam Epitaxy (MBE). As a consequence, the p- and n-doped
layers are to be grown on a typical n-doped InSb wafer with fixed thickness (¢5,, = 500 um)
and doping concentration (N s, = 4 107 cm™). A gold layer with fixed thickness (f5,; = 200
nm) at the back of the cell acts as a radiation reflector and contact layer for the electrons. There
are also gold contacts at the front of the cell, assumed to be at the sides. The shape and size
of the active zone of the cell not shadowed by the contacts have to be determined in order to
minimize - or even avoid - series resistance losses. For this purpose annular front contacts are
selected such that the active area of the cell is a disk with radius R.. The emitter is brought
close to the cell so as to fully cover the area limited by the front contacts. The vacuum gap
thickness (d) separating the emitter from the cell is a variable parameter. When it is smaller than
the characteristic wavelength of thermal radiation of the emitter (at temperature 7, ), evanescent
waves contribute to radiation transfer from the emitter to the cell [53], and thus increase cell’s
photocurrent, voltage and electrical power output [1,2].

Operation at 300 K of an InSb cell in an NF-TPV converter was modeled in several articles
[5,11,14,18,20,24,26,32,33,44], but is quite unlikely in practice. Since the intrinsic concentration
of charges in InSb is huge at room temperature (n; = 2 10'® cm=3) [54] and contributes importantly
to the dark current [55], conventional InSb p-n junction diodes are unable to deliver power
substantially. Instead, they have to be cooled, typically at less than around 120 K [56,57], or
more complex architectures need to be designed to reach higher operating temperatures [58-61].
Another limitation to the operation of conventional p-n junctions at room temperature is the
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requirement of highly doping the n-layer (typically 10'® cm™ or more [20,26,34,44]) to build
a barrier to the diffusion of majority carriers through the junction. But high negative doping
concentrations lead to transparency (see section 2.2) and in turn less photogeneration of charges
in this layer, an effect which was mostly overlooked so far (despite a warning in [5]). Hence
following our experience in previous research works [57,61], it is chosen to design a diode that
will operate properly at 7, = 77 K.

Given the current capabilities of near-field radiation measurement setups [45], a reasonable
emitter temperature of 773 K (500 °C) is considered. Radiation transfer simulations in the
near field indicate that among various options for the emitter material, graphite is that which
maximizes absorption in the cell for photon energies above the bandgap of InSb at 77 K (0.23 eV).
Spectral radiation flux absorbed by the p-n junction only or by the receiver (junction, substrate
and gold reflector / contact layer) are shown on Fig.1 (b) with optimized parameters of the cell
that will be provided in a subsequent section (case 2-1-1, section 3.2). By comparing fluxes in
the cases where the emitter is graphite in the near field (vacuum gap thickness of 100 nm) and
where the emitter is a blackbody in the far field, the near-field enhancement is clearly visible. It is
also decided that InSb layers grown by MBE should not be thicker than 3 um in total. Hence the
design of the cell consists of making radiation and electrical simulations for finding the thickness
(tp and t,,, with 1, + t,, = 3um) and doping concentration (N, and Ny) of the p- and n-layers of
the junction, and the radius (R.) of the active part of the cell, that maximizes the electrical power
output of the NF-TPV converter. To do so, proper electrical and optical properties must be used.

2.2. Electrical and optical properties

Even though in this work the temperature of the cell is set to be 77 K, for the sake of generality
and further needs of properties at larger temperatures, dependence on temperature of indium
antimonide electrical and optical properties is accounted for whenever possible. The selected
main band parameters of InSb are given in Table 1.

Table 1. Main band parameters of indium antimonide.

fundamental bandgap E¢[T] | E[T = 0] v E (T =0)=0.235eV,y = 0.32 1073

- 75

(eV) eV K, B=170K [62]

electron mass at rest mg (kg) | 0.9109 10730 [63]

effective masses, m; (1) 0.0135 [62], data in [54] if the concentration of electrons
is larger than 10'* cm™

my, . (mo), my, (mo) 0.43, 0.015 [54]

my, (mo) ((my, P72 + (m3, Y312)23 [63]

The optical properties required for radiation transfer simulations are the real and imaginary
parts of the complex permittivity (), as a function of angular frequency (w in rad s7!).
Angular frequency and photon energy (E in eV) can be used interchangeably (with E = hw/e,
h =1.054571596 1073* J s and e = 1.60217733 10~'° C). In the subsequent developments, the
complex permittivity and complex refractive index may need to be converted from one to the
other when necessary. The optical properties of graphite are taken from the database in [64]. For
gold, a Drude model is used with parameters in [65].

The most important optical property is linked to interband absorption leading to photogeneration
of electron-hole pairs in the p-n junction. The fundamental bandgap of InSb being low (E; = 0.23



Research Article ,No. 4|18 Feb 2019 | OPTICS EXPRESS A14

Optics EXPRESS

emitter
graphite (C) | T.=773K
d vacuum gap EL R, |
\ i > _«——gold
t, | | p-region N, ~ frontcontacts
1 [ —— { foer
i indium depletion region
t | | neregion N, | antimonide (InSb) thickness
| L T=T7K
tsub E .
n-type InSb substrate | Ngsus applied
ton gold back reflector and contacts ° voltage

(@) 2
wavelength (um)
942 471 314 235 188 157 135

- T : T T T T T
=~ 'E =
o I’ AN s emitter
2 I \\ ! graphite, d = 100 nm
= N . —— blackbody, far field
‘e 2x107°+ s \ \ -
= i VRN flux absorbed by the
U T n

< ) Yo junction

E ] : “‘ g - — — converter

= iy

5 T B

3 ! : substrate removed
T ox10™ | / - T
s 1 p

E ! =

5 . )

3 I [N

%) 1

L‘gf‘o 05°%0008) = = = o
0 g 2 T g T g T ' T L T

b 0 2 4 6 8 10 2 14
(b) angular frequency (10" rad s™)

Fig. 1. (a) Schematic of the near-field thermophotovoltaic converter. The parameters to
be determined for maximizing electrical power output are in blue bold font. (b) Spectral
radiation flux absorbed by the p-n junction and the receiver, when the emitter is either made
of graphite and the vacuum gap thickness is d = 100 nm, or a blackbody in the far field. The
parameters of the p-n junction are those of case 2-1-1 described in section 3.2.

eV at 77 K), the conduction band is easily filled-in and the semiconductor becomes degenerate. As
a consequence, an optical bandgap must be considered as explained by Burstein and Moss [50,51].
The transparency resulting from the so-called Moss-Burstein effect, experimentally observed
in [52], can be accounted for by using the model for the absorption coefficient introduced in [66]
and subsequently applied in [67] and more particularly in [68] for simulating InSb devices. Eqs.
(14) with (2) and (16) with (17) and (18) from [66] are used with parameters (with proper units)
provided in Table 2. The Fermi level E¢ (noted F in [66]) is required. It is found by using an
iterative dichotomy-based process that searches for the Fermi level matching the concentration of
electrons in the conduction band (or holes in the valence band) as following [69]:

15«

kT 105(akT)?
L ot + 2D

32

where in a n-doped layer n = N; (doping concentration), N = N, (effective density of states
in the conduction band), n = (Ef — E.)/kT (reduced Fermi level, with E. = E,(T)) [69], in a

n=N|Fipm+ Fs2(1) (D
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p-doped layer n = N, (doping concentration), N = N, (effective density of states in the valence
band), n = —Ey/kT [63], and ¥; is the Fermi-Dirac integral of order j [70]. Simple first-order
asymptotic developments of these integrals for orders 1/2, 3/2 et 5/2 are available [70]. However,
comparisons against exact data [71] show that they are not accurate for moderate to low reduced
Fermi levels. Instead, series expansions from [72] are used for orders 1/2 and 3/2, and the more
computing-time-consuming one from [73,74] is applied for order 5/2. Calculations provide the
interband absorption coefficient («), and thus the extinction coefficient (k = (co«)/(2w)) of the
complex refractive index (m = n + ik), for photon energies above the bandgap. The missing real
part of the complex refractive index is determined using the Kramers-Kronig relation [75] and
the complex permittivity calculated for photon energies below the bandgap, as detailed hereafter.

Table 2. Parameters for calculating the interband absorption coefficient of InSb using the
model described in [66].

non-parabolicity factor a (V™) 1/E, [67]

matrix element of momentum operator P (eV cm) | 8.7 1078 [76]

Planck constant 7 (eV s) 6.582121

mo (eV/(c(z))) with ¢ in cm/s 0.51099906 10°
Boltzmann constant k (eV K1) 8.617385107°
high frequency permittivity & 15.68 [77]

For photon energies smaller than the bandgap, optical properties are governed by the free-
carriers and phonons. The Drude-Lorentz formulation of the complex permittivity is an
appropriate model [78]:

2 2 2
_ Wio ~ Wro Wp
sw)=¢ew |1+ R - - 2)
Wiy — W wy w(w + lr)

where the high frequency permittivity &, = 15.68 at 100 K [77], wro = 180 cm™,
wro = 190.3 cm™! and y = 3.2 cm™! at 100 K [78]. The plasma frequency and damping
coefficient for the Drude model are defined as:

2
Wl = Ne 3)
P gyEeom®
2
r=2ee “)
m

where e is the elementary charge (1.60217733107'% C), & is the permittivity of vacuum
(8.854187817 107! F m™"), N is the doping concentration in the layer, m* is the effective
mass of the carrier under consideration, and p is the electrical resistivity (Q cm). For example,
electrons in a n-doped layer are majority carriers with m* = m} (see Table 1), N = Ny and
p = pe(Na, T). Similarly holes in a p-doped layer are majority carriers with m* = m, , N = Ny
and p = pp(N,, T). For a minority carrier, the proper doping concentration must be picked (e.g.
N, for electrons in a p-doped layer).
Electrical resistivity of electrons and holes is linked to mobility (po(N,T) = (eNu(N,T))™"),
expressed by a Caughey-Thomas model [79]:
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HU(N,T) = pmin +

Hmax (300/T)%" = tmin

N

Nier(T /300)%2

&)

with parameters for InSb taken from [80], where parameters 6; and 6, are missing. Those are
inferred from a non-linear fitting of conductivity (1/p) data available in [81] (see Table 3).

Table 3. Parameters of the Caughey-Thomas model for the mobility of electrons and holes in

InSb.
electrons holes
N (cm™3) doping concentration in the layer
Hmax (cm™2 V=1 g1y 178,000 750
Mmin (cm™2 V=1 sy 115,000 100 [80]
Nyet (cm™) 71010 610V
¢ 0.7 0.6
01 091 1.85 this work
62 0.07 29

The other parameters for making the electrical simulations are taken from [54]: Shockley-
Read-Hall radiative lifetimes of electrons and holes (tsgrg.e = 107'%'s, Tsrp., = 107 s), Auger
and radiative recombination parameters (C = 51072 cm® s and B = 510~!! cm® ), and surface
recombination velocities of electrons and holes (S, = 510* ms~!, S;, = 500 m s~1).

2.3. Radiation and electrical modeling

With the optical and electrical properties defined in the previous section, simulations of 1D
Cartesian steady-state radiation transfer from the emitter to the cell and electrical transport in
the InSb p-n junction are performed with models described elsewhere (see the methods section
in [27] for a summary, and [10, 15] for more details). In summary, the spatial distribution of
radiation power density absorbed in the layers of the junction is calculated using fluctuational
electrodynamics and the S-matrix method for layered media [82]. The main difference with
previous works is a larger number of layers (emitter, vacuum gap, p-doped layer, n-doped layer,
n-doped substrate layer, back reflector layer and vacuum). Calculations are made over the spectral
interval [1.5193 10'3,1.8837 10" rad s~' ([0.01, 1.24] eV, [1.0, 123.98] um) which covers
more than 99% of the blackbody radiation power at the temperature of the emitter (7, = 773 K).
Under the assumption of low injection of photogenerated carriers, the minority carrier diffusion
equations are solved with and without illumination to give the photocurrent and diode dark
current densities, and then the current density - voltage characteristics j(V). The series resistance
(Rs,sup) due to transverse flow of electrons in the substrate and (R; ;4;) due to the lateral flow of
holes in the p-doped layer to reach the contacts, must be accounted for. For a radius R, of the
active area of the cell, the I(V’) characteristic that includes these additional resistances is such
that:
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(V) =1(V) = j(V)Ac (6)
Vi=V- (Rs,sub + Rs,lat) I(V) (7)
Rs,suh = pe(Nd,suba T) tsuh/Ac (8)

1
Rs,lat = gph(Na’ T)/tp 9)

with A. = 7R2 and where p,(Ny_sup, T) and py(N,, T) are the electrical resistivities of electrons
in the substrate and of holes in the p-doped layer, and expression of the sheet resistance for a
circular contact is taken from [83].

It is important to note that efficiency of the NF-TPV converter is the ratio of electrical power
at the maximum power point to radiation power absorbed by the whole receiver (p-n junction,
substrate and back reflector). These three quantities (absorbed radiation power, electrical power,
and efficiency) are functions of the vacuum gap distance (d) separating the emitter from the cell.

3. Results and discussion

In this section, results are presented for the operating conditions of the NF-TPV converter
introduced in section 2.1 and Fig. 1. The only variable parameters are the thickness (¢, and 1,,
with 7, +#,= 3 um) and doping concentration (N, € [510'%,10'7] cm™ and N, € [310'4,410"7]
cm™3) of the p- and n-layers of the junction, the radius (R.) of the active part of the cell, and the
vacuum gap thickness (d € [10 nm, 10 um]), within practical limits of fabrication and operation
ranges.

3.1. Properties

When compared against experimental data [84], orders of magnitude of calculated mobilities are
excellent for holes and fairly good for electrons. This is quite acceptable since the measurements
were made with the Hall technique and thus should be corrected by the Hall factor [54]. In addition,
mobility depends on the type of dopant and other carriers, and thus on if the carriers considered
are majority or minority ones [85]. With this in mind, Fig. 2(a) shows a comparison of the
calculated absorption coefficient with experimental data at 130 K [54], for various negative doping
concentrations. The Moss-Burstein shift towards larger photon energies (smaller wavelengths) of
the interband absorption edge with increasing electron concentration and free-carrier absorption
levels are convincingly well predicted.

In Fig. 2(b), the absorption coefficient of n-doped InSb at 77 K is depicted as a function of the
doping concentration. The clearly visible phonon polariton peak is likely to lower conversion
performances because of sub-bandgap absorption [17]. Increasing the doping concentration has
a double negative impact: it comes with a larger sub-bandgap absorption and a smaller interband
absorption due to the Moss-Burstein effects. It is worth having in mind that at 300 K, this optical
gap effect would be even larger, since the bandgap is smaller (0.17 eV). How these properties
govern the optimum thickness and doping concentration of the p- and n-doped layers is analyzed
next.

3.2. Optimum thickness and doping concentration of the p- and n-doped layers

By varying the doping concentration and thickness of the p-n junction layers as indicated in
Table 4), 18 cases are investigated. They are named by a set of three natural numbers (i — j — k),
respectively standing for the line number (1 to 3) for parameters N,, Ny and the couple (¢, ,,).
After varying the vacuum gap distance d, a first result is that a hierarchy is established as a
function of the various cases, for the curves of electrical power density at the maximum power
point of the j(V) characteristics (p,ax, in W m~2). In other words, the parameters maximizing
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Fig. 2. Absorption coefficient of n-doped InSb as a function of doping concentration N,;: (a)
at 130 K, comparison of simulations with experimental data in [54]. (b) at 77 K, impact on
interband and free carrier absorption.

the power output of the cell do not depend on distance between the emitter and the cell (this is
not the case for conversion efficiency, and this may not be the case with an emitter supporting
phonon polaritons [27]). As a consequence, the plots of Fig. 3 are made for a single vacuum gap
thickness (d=100 nm).

Table 4. Selected values for the variable parameters (18 different cases).

case i j k

ij, k Ny (ecm™3) | Ny (em™) | t,, t, (um)
values |

1 1016 1013 0.5, 2.5

2 10" 510'° 1.5 1.5

3 10" 2,505

In Fig. 3(a) the electrical power density at the maximum power point is shown in increasing
order for selected cases. The radiation flux density absorbed through the interband process, i.e.
generating electron-hole pairs (EHP), is superimposed. Globally, the electrical power output
follows the trend of sup-bandgap radiation absorption. By comparing cases 2-3-1, 2-2-1 and
2-1-1, where only the n-doping concentration (N4) is changed, the Moss-Burstein effect can be
observed (see the corresponding absorption coefficient spectra on Fig. 2(b)). When the n-doping
concentration is the largest (1017 cm™3, J = 3), there is less interband absorption, and thus optical
losses. This is confirmed on the left part of Fig. 3(c), where spectral and spatial distributions
of radiation flux density absorbed in discrete layers (of thickness Az = 6.25 nm) of the p-n
junction are plotted in case 2-3-1. Conversely, the right part of the same figure (case 2-1-1)
indicates that a low n-doping concentration (10" cm™, j = 1) has to be selected to avoid the
optical gap shift. This selection is applied in the last four cases depicted in Figs. 3(a) and (b).
Only the p-doping concentration (N,) and the thicknesses of the p- and n- layers (¢, and #,,) are
changed. Position and thickness of the depletion layer, and the built-in voltage, are impacted
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Fig. 3. For a vacuum gap thickness d = 100 nm and selected cases in Table 4: (a) electrical
power density at the maximum power point (p;,4x) and radiation flux density absorbed
through the interband process - generating electron-hole pairs - (¢4ps,inzrer)- (b) p-doped,
depletion and n-doped layers of the active part of the cell, depletion layer thickness (74¢p),
and built-in voltage (Vj;). (c) Spectral and spatial distributions of radiation flux density
absorbed in discrete layers (Az = 6.25 nm) within the active part of the cell, in cases 2-3-1
and 2-1-1.

by these changes, as indicated in Fig. 3(b). About the depletion layer, its thickness is almost
similar in these cases, thus only its position matters. When the thickness of the p-layer is the
largest (k = 3), the depletion layer is too far from the front of the cell, where absorption is the
largest. Thus it is preferable to have a p-layer thickness of 0.5 ym. Finally, it is with the largest
p-doping concentration (10'7 cm™3, i = 2) that the potential barrier (V},;) is the largest, allowing
the cell to perform better. Additional calculations show that: (i) a thinner p-doped layer does not
improve substantially the power output of the cell; (ii) when the emitter temperature is increased,
the optical gap effect still leads to optical losses, which decrease without being negligible (e.g.
when 7T,= 1273 K and d= 100 nm, the electrical power density at the maximum power point is
still enhanced by a factor 1.74 from the worst case 2-1-1 with Ny = 10!7 cm™ to the best case
2-3-1 with Ny = 10'> cm™3). Then within the limits of fabrication constraints, the parameters
maximizing electrical power output are N, = 10'7 cm™ with #,=0.5 um, and N; = 10" cm™
with #,=2.5 um. It is worth mentioning that the same parameters maximize efficiency.

3.3. Impact of sub-bandgap absorption and series resistance losses

With the optimum parameters found in the previous section, impact of sub-bandgap absorption
and series resistance losses on conversion efficiency is assessed. Under high illumination, series
resistance losses become an issue, since the corresponding power loss scales as the square of
the current. For example, it is common to have spacing of 200 um or less between contact
fingers in solar concentrated photovoltaic cells with a concentration factor of 1000 [86]. In
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thermophotovoltaic devices, illumination levels are comparable, in particular when the distance
between the emitter and the cell is a few hundreds of nanometers or less.
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Fig. 4. Impact of the additional series resistance (R 444) On: (a) current-voltage character-
istics when the radius of the active part of the cell is R, = 80 um, (b) electrical power at the
maximum power point for three values of R, and (c) junction and converter efficiencies
when R = 80 um, as a function of the vacuum gap thickness.

Thus in order to avoid too large series resistance losses, the radius of the active part of the
cell (R;) must be of the order of dozens of micrometers. Figure 4 shows that series resistance
losses are seriously detrimental to the performances of the converter for vacuum gap thicknesses
smaller than 500 nm. Current-voltage characteristics without and with including the additional
series resistances (Rs,qdd = Rs,sub + Rs,1ar, see section 2.3) depicted in Fig. 4(a) highlight
unambiguously this effect when R. = 80 um. Electrical power output and conversion efficiency
of the junction only and of the converter (absorption by the substrate and back contacts is added)
are plotted as a function of vacuum gap thickness in Figs. 4(b) and (c), respectively. For the
electrical power, at the largest vacuum gap thicknesses, a local maximum and a local minimum
are visible. These specific variations are resulting from the interference effects taking place in
the coherent regime of thermal radiation between parallel media [87,88]. Below the vacuum gap
thickness where there is a local minimum, electrical power increases because of the contribution
of evanescent waves, as expected. Three values of the radius of the active area of the cell (R, =
60, 80 and 100 um) are considered. If series resistance losses are omitted, it makes sense to have
the cell with the largest area. However, when ohmic losses are added, the near-field enhancement
of electrical power is lowered. Since these losses depend on the square of the current, they grow
with the active area and when the vacuum gap distance is decreased. As a result, for d = 10 nm,
the cell with R. = 100 um does not perform any better than that with R. = 80 ym. It must be
emphasized that these series resistance losses will increase for larger emitter temperatures. As
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for efficiency, its variations with vacuum gap thickness are governed by the relative variations
of electrical power and absorbed radiation power. In addition to the series resistance losses,
sub-bandgap absorption has a tremendous impact on efficiency. The decline of the junction
efficiency when the vacuum gap thickness is smaller than 100 nm is caused by a huge increase
of radiation transfer involving the phonon polariton of InSb (see Fig. 1(b)). This is a known
issue for III-V materials [17] which can be solved only by preventing the emitter to be active in
the corresponding spectral range. With the present emitter and cell temperatures (773 K and 77
K), the maximum (Carnot) efficiency is 90 %. If the junction efficiency is quite substantial (32
% or more), it is maximum (36 %) for a vacuum gap thickness of 500 nm. Below that value,
efficiency drops because of the series resistance losses. The converter efficiency is much smaller
(at least 19 % less) because of sub-bandgap radiation absorption by free carriers in the substrate
(see Fig. 1(b)), caused by the large doping concentration (see Fig. 2(b)). The combination of
sub-bandgap absorption and series resistance losses leads to a maximum efficiency in the near
field of 8.2 % at a vacuum gap thickness of 100 nm. In order to avoid this, lowering the doping
concentration must be considered with care because of the additional series resistance. The best
option would be to remove the substrate [89] after the MBE growth of the p-n junction layers
and before processing the contacts, while ensuring the cell mechanical sustainability. If it were
possible to do so, calculations show that for a vacuum gap thickness of 100 nm, the electrical
power density would be enhanced by a factor 1.5, and the efficiency of the converter by a factor 3
(24.9 %) in the case with R.=80 um, thanks to a huge reduction in sub-bandgap absorption (see
Fig. 1(b)).

4. Conclusion

In this article, it has been shown that appropriate optical and electrical properties and realistic
fabrication and operating conditions must be accounted for when designing the photovoltaic cell in
a NF-TPV converter. In the specific case of a photovoltaic cell made of indium antimonide, a p-n
junction cannot be functional at 300K and must be cooled down to much lower temperatures. The
bandgap of InSb being small, n-doped InSb is easily degenerate at large doping concentrations.
It has been shown that the resulting optical gap effect must be properly taken into account in the
calculation of absorption for photon energies larger than the bandgap. Within acceptable ranges,
optimum doping concentration and thickness of the p-n junction layers have been determined. It
has been revealed that because of high currents, the lateral series resistance losses have huge
detrimental impacts on the performances of the NF-TPV converter, unless micro-cells are used
or other strategies are applied [30]. Finally, the issue of sub-bandgap phonon polariton and free
carrier absorption remains to be solved for avoiding deterioration of the converter efficiency.
Even though the NF-TPV converter based on an InSb photovoltaic cell described in the present
article is meant to be for a laboratory experiment, and not for a practical device because of the
cooling constraint, it is believed that the same methods can be used for designing the photovoltaic
cell in NF-TPV devices based on other low bandgap III-V materials.
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