Optimum semiconductor bandgaps in single junction
and multijunction thermophotovoltaic converters

A. Datas

ABSTRACT

The choice of the oplimum semiconductor for manufacturing thermophotovoltaic (TPV) cells is not
straightforward. In contrast Lo conventional solar photovoltaics (PV) where the optimum semiconductor
bandgap is determined solely by the spectrum (and eventually the irradiance) of the incident solar light,
in a TPV converter it depends on the emitter temperature and on the spectral control elements
determining the net spectral power (lux between the TPV cell and the emitter. Additionally, in TPV
converters there is a tradeoff between power density and conversion efficiency that does not exist in
conventional solar PV systems. Thus, the choice of the proper semiconductor compound in TPV
converters requires a thorough analysis that has not been presented so far. This paper presents the
optimum semiconductor bandgaps leading Lo the maximum efficiency and power density in TPV
converters using both single junction and multijunction TPV cells, These results were obtained within
the framework of the detailed balance theory and assuming only radiative recombination. Optimal
bandgaps are provided as a [unction of the emilter and cell temperature, as well as the degree of spectral
control, [ show that multijunction TPV cells are excellent candidates to maximize both the efficiency and
the power density simultaneously, eliminating the historical tradeoff between efficiency and power
density of TPV converters. Finally, multijunction TPV cells are less sensitive to photon recycling losses,
which suggest that they can be combined with relatively simple cut-off spectral control systems to
provide practically-viable high performing TPV devices.

1. Introduction

Thermophotovoltaic (TPV) devices perform a direct heat-to-
electricity conversion by using photovoltaic cells [1,2]. A basic TPV
device comprises two elements: an emitter, which is heated by an
external heat source, and a photovoltaic cell, referred to herein as a
TPV cell, which is illuminated by the thermal radiation emitted by
the emitter in order to produce electricity. In this arrangement,
spectral control elements (selective emitters, filters, reflectors, etc)
may be used to produce spectrally selective thermal radiation
matching the TPV cell spectral response. This leads to a very high
theoretical efficiency for TPV devices, approaching the Carnot
efficiency in the limit of that TPV cells are illuminated by mono-
chromatic light [3].

TPV technology offers a series of advantages compared with
other heat engines: (1) it enables extremely high temperature
operation, owing to the absence of physical contact between the
hot and cold reservoirs, (2) it is a modular and scalable technology

with an extremely low weight and volume, leading to extraordin-
ary high specific power and energy densities, (3) it does not use
moving parts, which minimizes the maintenance requirements
and enables low noise operation, and (4) it may enable very high
heat-to-electricity conversion efficiency, ideally as high as a Carnot
engine.

The above characteristics combined with the many different
possible sources of heat led to a broad range of applications for TPV
technology, including heat recovery from high temperature indus-
trial processes [4-G|, combined heat and power for residential use
[7-11], solar power [3,12-18], portable energy sources [8,19-21],
space power [22-26]|, energy storage systems [16,25-27], among
others.

The best experimental radiant heat to electricity conversion
efficiency reported so far for a TPV device is of 23.6%, using a SiC
emitter at 1039 °C and InGaAs (0.6 eV) single junction TPV cells
conforming a monolithic interconnected module (MIM) [28].
Similar values have been reported by other authors by using GaSb
(0.74 eV) single junction TPV cells [29] and InGaAsSb (0.53 eV)
quaternary compounds [30,31]. Concerning power density, values
of up to 2.5W/cm? have been measured using SiC emitter at



Nomenclature

A area (cm?)

Ac TPV cell area {(cm?)

A emitter area (cm?)

C speed of light in vacuum (cm/s)

E normal radiative energy flux (W/cm?sr)

Eao emitter-to-cell view factor

ES cell-to-cell view factor when the emitter is a shadow-
ing element

h Plank constant (cm? kg/s)

Tk electrical current density generated by the k™ sub-cell,
where k=1 corresponds to the top-cell (A/cm?)

i electrical current density generated by the TPV cell
(A/cm?)

Jup electrical current density generated by the TPV cell at
the maximum power point (Afcm?)

Jse short-circuit current density of the TPV cell (AJcm?)

k Boltzmann constant (cm* kgs K1)

n number of sub-cells in the multijunction TPV cell

N normal photon flux (no. photons/cm®sr-s)

Nt TPV cell semiconductor refraction index

P radiative power density outgoing from the emitter
(W/cm?)

Pin radiative power density incoming to the emitter
(W/cm?)

Py output electrical power density (W/cm?)

q electron charge (C)

Qi external heat input (W/cm?)

T temperature {°C)

Te emitter temperature (°C)

T TPV cell temperature (°C)

Vi voltage generated by the k™ sub-cell, where k=1
corresponds to the top-cell (V)

%4 total output voltage generated by the TPV cell (V)

Vup output voltage generated by the TPV cell at the
maximum power point (V)

Voc open-circuit voltage of the TPV cell (V)

£ bandgap energy of the semiconductor used in the k"
sub-cell, where k=1 corresponds to the top-cell (eV)

e bandgap energy of the semiconductor used in a single
homo-junction PV cell (eV)

Ece cut-off energy of the emitter (eV)

n conversion efficiency

M thermal efficiency

My TPV efficiency

H photon electrochemical potential (eV)

Prsr reflectivity of the semiconductor-BSR interface (for all
wavelengths)

Abbreviations

MJC multijunction cell

TPV thermophotovoltaic

BSR back surface reflector

1JC single junction TPV cell

2]C dual junction TPV cell

3JC triple junction TPV cell

1450 °C and GaSb (0.74 eV) single junction TPV cells [32]. However,
much higher efficiencies and power densities are achievable, at
least theoretically, by TPV converters [1-3,33].

In order to increase the conversion efficiency and power density
of current state-of-the-art TPV converters, research focuses on both
optimizing the semiconductor TPV cell structure and on finding the
proper arrangements for tuning the spectrum of the radiation
exchanged between the TPV cell and the emitter. With respect to
the latter, TPV converters may be classified according to the type of
spectral control strategy: cut-off or narrow-band.

Narrow-band strategies attempt at creating a quasi-monoch-
romatic radiative exchange between the emitter and a single junction
TPV cell. Single junction PV cells have already demonstrated conver-
sion efficiencies above 50% under monochromatic illumination using
a laser light source [34/|. Therefore, the current challenge of narrow-
band TPV approach consists of developing the appropriate emitter
element to produce high quality quasi-monochromatic thermal
emission at high temperatures [35]. The key fundamental drawback
of this approach, independently of its particular implementation,
relies on the low output power density, which is related to the low
density of photonic modes of the monochromatic light. Novel
concepts based on near-field effects may enhance the monochro-
matic power density beyond the classical limits [36,37], but these
concepts are still in a very early stage of development and are not
considered in this study:.

This work focuses on cut-off spectral control strategies in
which the radiative exchange between the emitter and the TPV
cell is restricted to those photons with energies above the TPV
cell's bandgap. This arrangement provides higher power den-
sity and enables the use of simpler elements on the (hot)
emitter side; thus it is more readily implementable in practice.

The main drawback of this approach is the lower bound for the
conversion efficiency. However, this study demonstrates that
this drawback may be overcome by using multijunction TPV
cells. Although experimental work on multijunction TPV cell
structures has been presented previously [38-42], a thorough
theoretical analysis on their potential for TPV energy conver-
sion is missing.

This paper presents a global optimization of single junction and
multijunction TPV devices comprising cut-off spectral control ele-
ments. The optimum semiconductor bandgap(s) are calculated as a
function of the emitter and cell temperatures, and the quality of the
spectral control (i.e. photon recycling efficiency). Optimums for both

emitter subcells BSR

Tunnel junctions

Fig. 1. Multijunction TPV converter with integrated BSR.



Table 1

Summary of the equations used in this work for modelling the TPV device. Taken from Ref. [15].

Photon flux in the spectral interval (e, ex)

Energy of the photon flux in the spectral interval (e;, &)

Photo-current generated in a single junction cell

Photo-current generated in the top-subcell

Photo-current generated in the bottom sub-cell

Photo-current generated in an intermediate sub-cell

Net radiative power outgoing from the emitter towards the cells (single

junction)

Net radiative power outgoing from the emitter towards the cells
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Ries o0, Ty ) = —2— / S
. -
P LZ50 ), exple—w/KT] 1

3

. 2 e &
. I
Eenon T = / ol 1%

A . .
= eFaeec,50,Te, 0)— (1-F2 ) Ve, o0, Te V)

— 12, (1- ppsg) N(ec, 00, Te, gV)
i

A . )
o= A FectN(er, 00T, 0) = (1-Fi2 ) Nier, o0, Te, V1)

15 [N(e1, 00, Te, qV2)—N(er, 00, Te, gV

A N )
= PG00, Tes0) (1 F2) N, 001, Te Vo)

+ni2m I:N(En—l; o0, Te, qvn—l)*N(en—l; 00, T¢,qVn)
- (1 *pBSR)N(en; o0, Te, an)]
Ji _Ae

o= A Fecew e_1.Te, 0= (1-FE2 )N(e i1, Teo Vi)

e [N(Ekf 1,00, Te, V- 1) +N (e, 00, Te, @V 1)
~N(e 00, Te, Vi)~ Niex_1, 00, Te, qVi)|

(Pout — Pip) /7 = FecE(ec, 00, Te, §V) — Eece, 00, Te, 0)

A ppseFo
2 F(gee, 8¢, Te, 0
Ac 1—pporF (eee-c. e, 0)

n . .
(Pout —Pip)/7 = Fec Z E(ex, ex_1, Te, 4V i) — Elece, 00, Te, 0)
k=1

Ao e
A x mﬂfce, &n, Te, 0)

efficiency and electrical power density maximization are presented.
The calculations are based on the detailed balance theory and
assume only radiative recombination in the TPV cells, and therefore
represent the upper bounds for efficiency (and power density).

2. Theoretical background

Fig. 1 shows a sketch of the TPV device that will be analyzed
in this study. It comprises an emitter and a TPV cell with
integrated back surface reflector (BSR) which reflects back to
the emitter the sub-bandgap (non absorbed) radiation [43-46].
The TPV cell may consist of either single junction or multi-
junction device. Multijunction cells comprise two or more
subcells stacked one on top each other, with the higher
bandgap cell placed on top, so that each subcell converts a
different part of the incident spectrum with higher efficiency.
The cells may be connected in series by means of transparent
tunnel diodes, as shown in Fig. 1. External heat is supplied to
the emitter, which in turns radiates towards the TPV cell,
which produces electricity. The sub-bandgap photons, not
absorbed by the TPV cell, are reflected back to the emitter, by
means of the BSR. The semiconductor-BSR interface is assumed
to have a reflectivity pgsr, independently of the photon energy.

It worth noting that cut-off spectral control in TPV may be
implemented by other elements rather than BSRs, for instance: a
filter located in between the emitter and the cells [47,48] or an
micro-engineered emitter surface [49-51]. However, all of these

arrangements are equivalent from the theoretical point of view and
their common effect on the TPV overall performance is of that
modifying the equivalent sub-bandgap emitter emissivity, which can
be defined as the ratio of the net flux of photons that leave the
emitter surface within the TPV optical cavity (formed by the emitter
and TPV cell) to the flux of photons that radiates a black-body at the
same temperature towards the free space. Therefore, the use of BSR
does not represent a loss of generality and the main conclusions
extracted from an analysis of this configuration will apply to any
other cut-off spectral control strategy. The only aspect in which the
use of BSR differentiates from other spectral control mechanisms is
that backwards luminescence from the TPV cell is also recycled,
reducing the net recombination. This may improve significantly the
TPV cell performance.

The TPV efficiency is defined as the ratio of the electric power
produced by the TPV cells (Pg;) to the net thermal power outgoing
from the side of the emitter facing the cells (P,,.— Pi,). The total
heat-to-electricity efficiency of a TPV device is calculated by the
product of the TPV efficiency and the thermal efficiency, defined as
the ratio of the net thermal power radiated by the emitter towards
the TPV cell (P,,—P;n) to the heat supplied externally to the
emitter (Q;,):

_ _ Pout — Py Py
=1y <X ey = Qi X Pour— P M

The power radiated by the emitter (P,,,) depends exclusively on
the emitter temperature and emitter spectral emissivity. However,
the power reabsorbed by the emitter (P;,) depends also on the



Table 2
(a) Key features (efficiency, power density and optimum bandgap) of 1JC-TPV converters with maximized efficiency (#zpy), power density (Pg), and Py x #1py as a function of BSR reflectivity and emitter temperature. (b) TPV cell

parameters (Jyp, Ve Voc and FF) of 1JC-TPV converters with maximized efficiency (#zpy), power density (Pg), and Pg x #1py as a function of BSR reflectivity and emitter temperature. Vyp/Voc and Vpcf€; are given in percentages.
TPV cell temperature is 27 °C.

(a) 1JCand T.=27 °C Maximum #py Maximum Pg; Maximum Pg; x py
PBsr 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99
Emitter temperature, T, (°C) 2000 ey 293 38.0 50.0 613 293 364 421 453 293 374 46.0 510
P (W/sz) 44.7 449 36.7 203 44.7 475 510 535 44.7 47.0 492 50.9
&1 (eV) 0462 0.570 0.756 1.032 0462 0.445 0426 0415 0462 0498 0.526 0.534
1800 ey 28.0 36.7 48.5 60.2 28.0 351 41.0 444 28.0 36.2 448 499
P (W/sz) 296 299 247 13.7 29.6 317 343 36.2 29.6 313 331 344
&1 (eV) 0426 0.523 0.692 0.941 0426 0.408 0.389 0.378 0426 0457 0.480 0486
1600 Ny 265 352 470 58.8 265 337 39.7 433 265 347 435 48.8
P (W/sz) 186 19.0 158 8.9 18.6 201 221 234 18.6 19.9 213 223
&1 (eV) 0.390 0477 0.627 0.850 0.390 0.372 0352 0.340 0.390 0416 0436 0.440
1400 Ny 24.7 333 45.2 57.1 24.7 318 38.1 41.9 247 328 41.7 472
Py (W/sz) 11.0 114 9.6 54 110 121 134 144 110 119 129 13.7
&1 (eV) 0355 0430 0.562 0.759 0355 0.336 0315 0303 0.355 0376 039 039
1200 Ny 224 310 429 55.0 224 296 36.0 40.2 224 305 39.6 453
Py (W/sz) 6.0 6.3 54 31 6.0 6.7 76 82 6.0 6.6 73 7.8
&1 (eV) 0320 0.384 0498 0.668 0320 0.300 0.279 0.266 0320 0.336 0.347 0.345
1000 Ny 195 28.0 39.9 522 195 26.7 334 38.0 195 276 36.8 428
Py (W/em?) 2.9 32 28 1.6 2.9 33 3.9 43 2.9 33 3.7 41
g1 (eV) 0.286 0339 0433 0.577 0.286 0.265 0.242 0.228 0.286 0.297 0302 0.297
800 Ny 159 241 36.0 484 159 229 23.0 35.0 159 23.7 331 395
Py (W/em?) 1.20 134 123 0.74 120 142 1.73 1.97 120 140 1.66 1.87
g1 (eV) 0.255 0.294 0370 0.486 0.255 0.232 0.206 0191 0.255 0.259 0.258 0.250
600 Ny 111 18.7 30.2 415 111 17.8 251 30.8 111 184 279 348
P (W/sz) 037 044 044 0.28 037 0.47 0.62 0.74 037 0.46 0.59 0.70
g1 (eV) 0.227 0.252 0.308 0403 0.227 0.201 0171 0.154 0.227 0.223 0.215 0.203
(b) 1JC and T.=27 °C Maximum #py Maximum Pg Maximum Pg; x #1py
PBsr 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99
Emitter temperature. T, (°C) 2000 T (A/sz) 132.8 101.8 59.76 2403 132.8 138.6 145.5 149.7 132.76 12234 114.53 112,50
Vur/Voc 83.38 85.73 88.28 90.47 83.38 83.89 85.21 87.07 83.38 84.71 86.07 87.12
Vod€1 87.38 90.31 9232 92.34 87.38 91.80 96.64 98.96 87.38 91.07 94.93 97.26
FF 77.45 81.00 84.74 87.83 7745 78.05 79.50 81.49 77.45 7940 81.24 82.51
1800 Jup (Afem?) 98.59 76.00 44.73 18.18 98.59 103.7 1093 112.9 98.58 91.38 86.23 85.06
Vur/Voc 82.29 84.75 8745 89.75 82.29 82.80 84.13 86.02 82.29 83.67 85.08 86.16
Vod€1 85.53 88.88 91.21 91.34 85.53 90.40 95.86 98.61 85.53 89.65 94.00 96.66
FF 75.78 79.55 83.55 86.84 75.78 76.39 77.88 79.91 75.78 77.84 79.77 81.09
1600 Jup (Afem?) 70.82 54.77 32.58 13.37 70.82 74.92 79.73 82.85 70.82 66.11 62.62 62.09
Vir/Voc 81.03 83.62 86.46 88.89 81.03 81.56 82.88 84.79 81.03 8247 83.95 85.05
Vodl€1 83.21 87.06 89.82 90.10 83.21 88.59 94.82 98.14 83.21 87.84 92.75 95.83
FF 73.80 77.85 82.11 85.64 73.80 74.46 75.96 78.04 73.80 7598 78.07 7944
1400 I (A/sz) 48.64 38.04 22.85 948 48.64 52.02 55.99 58.47 48.64 4582 43.90 4412
Vir/Voc 79.55 82.26 85.27 87.86 79.55 80.08 81.40 83.33 79.55 81.05 82.59 83.71
Vodl€1 80.25 84.74 88.03 88.52 80.25 86.24 9341 9743 80.25 8548 9113 94.79
FF 7143 75.74 80.35 8417 7143 7211 73.65 75.79 7143 73.77 7599 77.39
1200 I (A/sz) 31.62 25.00 15.20 6.43 31.62 34.30 37.34 39.39 31.62 30.15 2921 29.63
Vir/Voc 77.76 80.61 83.82 86.57 77.76 78.30 79.64 81.58 77.76 79.34 80.96 82.11
Vodl€1 76.37 81.65 85.65 86.44 76.37 83.08 91.40 96.39 76.37 82.35 88.90 93.24
FF 68.47 7315 7818 82.32 68.47 69.21 70.85 73.03 68.47 71.02 7345 74.93

1000 Jup (Afem?) 19.00 15.25 9.52 412 19.00 21.02 2343 25.05 19.00 18.42 18.29 18.87
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spectral control elements within the TPV optical cavity, i.e. the BSR
reflectivity. In a TPV device without any kind of spectral control
(prsr=0), the power absorbed by the emitter, Pi,, is zero and thus
P is simply proportional to the TPV efficiency. However, in a
general case where Py, > 0, the TPV efficiency can be enhanced
just by reducing P,,—P; (e.g. quasi-monochromatic radiative
exchange between the emitter and the cells) which leads to a
reduction of Pg. Thus, efficiency and power density are not
necessary equivalent in TPV systems.

It worth noting that making P,u:—Pi small affects not only
the TPV efficiency, but also the thermal efficiency (#,,) so that
the total heat-to-electricity efficiency (#) can be drastically
deteriorated if we focus only on reducing P,,, —P;, instead of
increasing Pg. In applications where the heat input (Qy,) is
constant, such as in solar power, the strategy of maximizing Pg;
might be preferable. However, in applications where the
emitter temperature is constant, such as in a phase change
processes the strategy of maximizing the TPV efficiency might
be preferable. This is because at constant emitter temperature,
lowering P,,:— Py, forces @Q;, to be small in order to fulfill the
energy balance in the emitter; thus, leading to a high thermal
efficiency. In the case of a phase change process, this implies a
longer solidifying time, which might be beneficial in some
cases [16]. This illustrates that each application requires a
particular analysis to figure out which is the optimum balance
between efficiency and power density.

3. Mathematical formulation and methodology

We formulate this problem by means of the detailed balance
theory, assuming that only radiative recombination takes place in
the TPV cells. The equations that model the system are adapted to
this case from reference [15] and are summarized in Table 1. Given
the TPV cell parameters, i.e. bandgap(s) (&), refraction index (1)
and BSR reflectivity (ppsr), the geometrical configuration para-
meters, i.e, the emitter-to-cell and cell-to-cell view factors (F,. and
Ff;}) and the emitter and cell temperatures (T, and T.) the
equations listed in Table 1 are solved together with the following
two extra equations for the current density and voltage in each
subcell (J; and Vy.):

I=li=l Vik (2)

n
V= ¥V (3
i=1
which hold for series-connected multijunction cells. Solving this
system of equations for different values of V results in the }-V
curve of the TPV device. Then, the maximum power point is found
by maximizing the J-V product, leading to the maximum electrical
power density delivered by the TPV device:

P = fypVmp )]
Finally, the TPV efficiency can be obtained from:
AcP,
¢ FEL (5)

WTPV = A{,’(Pﬂu!‘ *Pin)

The objective of this study is to determine the optimum
bandgap energies (&) as a function of the emitter temperature
(T,), the TPV cell temperature (T.), and the photon recycling
efficiency of the TPV device. In the particular TPV configuration
analyzed here, the emitter is a black body (£.=0) and the spectral
control is performed by a BSR (Fig. 1); thus, the photon recycling
efficiency will depend on the BSR reflectivity (2gsr). If Fec— 1, most
of the radiative power reflected in the BSR (which is given by pgsg)
is reabsorbed by the emitter and the photon recycling efficiency
may be approximated by pgsg. In this study we assume F,.=0.99



Table 3
(a) Key features (efficiency, power density and optimum bandgap) of 1JC-TPV converters with maximized efficiency (#7:pv), power density (Pg), and Py x #1pv as a function of BSR reflectivity and emitter temperature. (b) TPV cell

parameters (Jup, Vmp Voc and FF) of 1JC-TPV converters with maximized efficiency (#pv), power density (Pg), and Pg x #1py as a function of BSR reflectivity and emitter temperature. Vyp/Voc and Voc/€; are given in percentages.
TPV cell temperature is 127 °C.

(a) 1JCand T,=127 °C Maximum #py Maximum Pg; Maximum Pg; x ey
PBsr 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99
Emitter temperature. T, (°C) 2000 v 250 336 454 56.5 25.0 322 383 422 250 331 42.0 475
P (W/em?) 381 393 33.0 18.7 381 41.6 46.1 493 38.1 411 44.4 469
&1 (eV) 0.480 0.583 0.765 1.042 0.480 0.456 0428 0412 0.480 0.510 0.531 0.532
1800 Nov 234 320 438 549 234 30.6 36.9 41.0 234 315 40.5 46.1
P (W/em?) 246 25.7 219 125 24.6 272 30.6 33.0 246 26.9 294 314
&1 (eV) 0.445 0.537 0.699 0.951 0.445 0.420 039 0374 0.445 0470 0486 0.485
1600 Nov 215 30.0 41.8 531 215 28.7 35.2 395 215 296 38.7 445
Py (W/sz) 15.1 16.0 138 8.0 151 16.9 193 211 151 16.7 186 201
&1 (eV) 0411 049 0.636 0.860 0411 0.384 0.355 0337 0411 0430 0441 0.438
1400 Nov 19.2 277 395 50.7 192 264 332 378 192 273 36.5 426
P (W/em?) 8.6 93 8.2 438 8.6 9.8 15 12.7 86 97 111 121
g1 (eV) 0.378 0.446 0.571 0.770 0.378 0.350 0.318 0.300 0.378 039 0397 0.390
1200 Nov 16.5 248 36.5 478 165 236 30.6 35.6 165 244 338 40.1
P (W/em?) 44 49 45 27 44 5.2 63 71 44 55 61 638
g1 (eV) 0.346 0401 0.508 0.679 0.346 0.316 0.282 0.263 0.346 0353 0353 0.343
1000 Nov 13.2 211 328 440 132 201 273 32.7 132 20.8 30.2 36.9
P (W/em?) 2.0 23 22 14 20 2.4 31 36 20 24 30 34
&1 (eV) 0.317 0.359 0.444 0.588 0.317 0.284 0.247 0.226 0.317 0.317 0.310 0.296
800 Ny 9.2 164 278 39.0 9.2 15.6 23.0 29.0 9.2 16.2 256 326
Py (W/sz) 0.70 0.87 0.90 0.59 0.70 0.92 127 156 0.70 0N 122 148
&1 (eV) 0.293 0318 0.382 0.496 0.293 0.255 0.213 0.189 0.293 0.283 0.268 0.249
600 Ny 48 105 20.9 318 4.8 10.0 171 23.7 4.8 104 192 26.7
Py (W/sz) 0.16 0.23 0.28 0.20 0.16 0.24 0.39 0.53 0.16 0.24 037 0.50
&1 (eV) 0.280 0.283 0321 0404 0.280 0.234 0.182 0152 0.280 0.256 0.229 0.203
(b) 1JC and T,=127 °C Maximum #zpy Maximum Pg; Maximum P x 771ev
PBSR 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99
Emitter temperature. T, (°C) 2000 Jmp (A/sz) 123.0 959 5712 2292 123.0 131.0 140.7 146.8 123.0 1154 1104 110.6
Vel Voc 79.79 82.49 85.49 88.11 79.79 80.34 81.66 83.58 79.79 81.30 82.82 83.94
Vocl€r 80.77 85.15 88.33 88.72 80.77 86.65 93.66 97.56 80.77 85.90 91.42 94.97
FF 7181 76.10 80.69 8453 7181 72.53 74.06 76.18 71.81 74.16 76.35 77.75
1800 Jmp (A/sz) 90.23 70.87 42.83 17.26 90.23 96.99 1053 110.7 90.23 85.37 82.50 83.20
Vur/Voc 78.52 81.33 84.45 87.22 78.52 79.08 80.39 82.34 78.52 80.09 81.66 82.80
Vocl€r 78.09 83.02 86.71 87.28 78.09 84.48 92.33 96.89 78.09 83.75 89.91 93.94
FF 69.74 74.28 7913 83.26 69.74 70.49 72.05 74.22 69.74 72.23 74.54 76.00
1600 Jmp (A/sz) 63.65 50.60 30.78 12.60 63.65 69.43 76.15 80.70 63.65 61.01 59.72 60.70
Vel Voc 77.06 79.96 83.26 86.16 77.06 7761 78.95 80.89 77.06 78.67 80.30 81.48
Vocle 74.76 80.37 84.65 8548 74.76 81.75 90.54 95.94 74.76 81.04 87.99 92.60
FF 67.30 7211 7732 81.71 67.30 68.06 69.72 7192 67.30 69.92 72.38 73.92
1400 Jmp (A/sz) 42 69 3446 2140 8.83 42.69 47.31 53.05 56.66 42.69 41.61 41.40 42.79
Vur/Voc 75.34 78.35 81.79 84.88 75.34 75.92 77.23 79.19 75.34 77.01 78.71 79.89
Vocle 70.56 76.97 82.03 83.18 70.56 7817 88.20 94.61 70.56 7755 85.44 90.85
FF 64.36 69.47 75.06 79.82 64.36 65.20 66.86 69.15 64.36 67.15 69.79 71.39
1200 Jmp (A/sz) 26.76 2215 14.01 592 26.76 3041 3498 37.89 26.76 26.68 27.23 28.65
Vur/Voc 73.28 76.37 80.03 83.28 73.28 73.87 7519 7715 73.28 75.01 76.78 78.00
Vocle 65.14 72.51 78.55 80.19 65.14 73.45 8491 92.68 65.14 72v94 82.00 88.39
FF 60.74 66.15 72.24 7740 60.74 61.65 6340 65.77 60.74 63.73 66.57 68.26

1000 Jup (Afem?) 15.14 12.96 8.58 3.73 15.14 17.88 2141 23.74 15.14 15.64 16.61 17.98
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and unit-emissivity for the emitter (black-body) so that pgsg
provides a good approximation of the photon recycling efficiency,
at least for ppsg < 0.99. Finally, we assume a constant semicon-
ductor refraction index of n;;=3.5 and a planar configuration
(Fig. 1) in which the TPV cells do not see each other, so that
F =0, which directly implies that A /A,=F,.

For each emitter temperature (7.), TPV cell temperature (7.),
and BSR reflectivity (ppsr) we will determine the bandgap
energies (&, for k ranging from 1 to n) that maximize three
different merit functions: the efficiency #py, the power density
P, and the product Pg; x #rpy. To find the optimum bandgap
energies in each case we have used the multidimensional direct
search Nelder-Mead algorithm [52]. The equations shown
in Table 1 are solved using the specific methods explained in
Refs. [15,53].

4. Results and discussion

Tables 2-5 show the optimum bandgap energy (&), the
efficiency (771pv), the power density (Pg) and the key TPV cell
parameters (Jap Ve, Voo and FF) of optimized TPV devices as a
function of the BSR reflectivity (pgsr), the TPV cell temperature
(Te), and the emitter temperature (T.). Tables 2 and 3 show the
case of single junction TPV cells (1JC, n=1) operating at
T.=27 °C (Table 2) and T.=127 °C (Table 3) and Tables 4 and 5
show the case of dual junction (2JC, n=2) TPV cells operating at
T.=27 °C (Table 4) and T,=127 °C (Table 5). The tables include
results for three different maximized functions: TPV efficiency
(1rpv), power density (Pg) and Pg x epy. Figs. 2 and 3 show the
results given in Tables 2 and 4 (T.=27 °C) for the specific case of
T.=1400 °C, In these figures we have added the results obtained
for the case of triple-junction TPV cells (3])C) which is not shown
in the tables,

4.1. Trade-off between efficiency and power density

Fig. 2 shows the impact on both the efficiency and power
density of the BSR reflectivity (pgsg). When optimizing for max-
imum efficiency (solid lines), the TPV efficiency shows a sharp
increase as pgsg— 1. In this situation, most of the sub-bandgap
radiation is effectively recycled, so that it is possible to increase the
cell bandgap(s) (Fig. 3) to minimize the cell's recombination [33]
and maximize the output voltage, leading to the highest TPV
conversion efficiency.

Unfortunately, this increment in the efficiency is accompanied
by a drastic decrease in the power density, which is attributed
to the poor match between radiative spectrum and spectral
response of the TPV cells (see Fig. 4). In this situation most of
the radiative power is turned back to the emitter (Py;) and the
factor P,u.— Py, that appears in the denominator of Eq. (5) is
drastically diminished.

For power density maximization (dashed lines in Figs. 2 and
3) we observe that both power density and efficiency increase
with ppsg, but to a lesser extent than in the previous case. The
efficiency increase in this case is mostly attributed to an
increase in the output power density (Pg) and not just to a
decrease of Py, —Pin; thus, this situation is less sensitive to the
photon recycling efficiency (i.e. ppsg). This results in a lower
optimum bandgap than in the case of that maximum efficiency
is aimed at (Fig. 3). The lower bandgap allows maximizing the
produced chemical energy within the TPV cell (note the
extremely high values of Vg¢/e4). The diminishment of opti-
mum bandgap with pgsg is attributed to the improved recycling
of the luminescent photons emitted backwards within the
cells. This effect allows cells to be operated at higher voltages



Table 4
(a) Key features (efficiency, power density and optimum bandgap) of 2JC-TPV converters with maximized efficiency (#py), power density (Pg), and Py x #py as a function of BSR reflectivity and emitter temperature. (b) TPV cell

parameters (Jup, Vmp Voc and FF) of 2JC-TPV converters with maximized efficiency (#py), power density (Pg) and Pg x #1py as a function of BSR reflectivity and emitter temperature. Vyp/Voc and Vodf/(€+€5) are given in
percentages. TPV cell temperature is 27 °C.

(a) 2JC and T,=27 °C Maximum #zpy Maximum Pg; Maximum Py x #gpy
Prsr 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99
Emitter temperature. T, (°C) 2000 eV 40.5 46.7 55.6 64.4 40.5 451 48.6 50.6 40.5 461 519 552
P (W/sz) 61.6 60.3 47.7 255 61.6 63.5 65.7 67.3 61.6 62.9 63.9 64.8
&1 (eV) 0.608 0.698 0.876 1152 0.608 0.602 0.595 059 0.608 0.639 0.667 0.678
&; (eV) 0333 0461 0.673 0.976 0333 0326 0.317 0313 0333 0.380 0417 0426
1800 Ny 38.8 450 540 62.9 38.8 434 47.0 493 38.8 445 50.2 53.8
P (W/sz) 40.8 39.9 316 171 40.8 42.2 439 45.0 40.8 418 428 433
g1 (eV) 0.558 0.643 0.803 1.054 0.558 0.552 0.544 0.540 0.558 0. 586 0.604 0.620
&5 (eV) 0.310 0429 0.620 0.892 0.310 0301 0.292 0.287 0.310 0352 0377 0394
1600 Ny 36.7 431 521 61.1 36.7 414 452 476 36.7 425 485 522
P (W/sz) 25.7 253 199 10.9 25.7 26.7 279 28.8 25.7 265 271 276
g1 (eV) 0.508 0.584 0.733 0.952 0.508 0.501 0493 0.489 0.508 0.533 0.554 0.563
&5 (eV) 0.285 0393 0.570 0.811 0.285 0.276 0.267 0.262 0.285 0323 0.351 0.360
1400 Ny 34.2 40.6 49.8 58.9 342 39.0 43.0 45.6 342 401 46.2 50.1
Py (W/sz) 152 151 12.0 6.4 152 159 16.8 174 152 158 16.3 16.7
&1 (eV) 0.458 0.526 0.655 0.861 0458 0451 0443 0438 0458 0481 0497 0.506
&5 (eV) 0.261 0.358 0.513 0.737 0.261 0.252 0.242 0.237 0.261 0.296 0318 0326
1200 Ny 311 376 469 56.1 311 36.1 403 43.2 311 371 435 476
Py (W/sz) 8.31 8.27 6.64 3.63 8.31 8.77 934 9.75 8.31 8.68 9.05 935
&1 (eV) 0410 0.469 0.581 0.755 0410 0402 0393 0.388 0410 0428 0443 0.449
&; (eV) 0.238 0324 0458 0.649 0.238 0.228 0.218 0.213 0.238 0.268 0.287 029
1000 Ny 272 338 433 52.7 272 323 36.9 40.2 272 33.0 40.0 445
P (W/sz) 4.05 4.07 332 1.83 4.05 433 469 495 4.05 431 453 4.74
&1 (eV) 0.362 0412 0.507 0.659 0.362 0354 0.344 0339 0.362 0.371 0.388 0393
&; (eV) 0.216 0.290 0404 0.567 0.216 0.206 0.194 0.189 0.216 0.230 0.256 0.258
800 Ny 222 28.8 385 48.2 222 275 325 36.5 222 284 355 401
P (W/sz) 1.67 171 143 0.80 1.67 1.82 2.03 2.20 1.67 1.80 1.96 213
g1 (eV) 0.316 0.357 0435 0.566 0.316 0307 0.296 0.290 0.316 0327 0335 0.331
&; (eV) 0.196 0.257 0.350 0487 0.196 0.185 0172 0.165 0.196 0.216 0.226 0.215
600 Ny 158 222 321 422 158 211 26.8 318 158 219 293 35.0
Py (W/em?) 0.517 0.554 0495 0303 0.517 0.592 0.702 0.796 0.517 0.584 0.680 0.769
g1 (eV) 0.274 0303 0.361 0463 0.274 0.263 0.249 0.241 0.274 0.279 0.278 0.275
&5 (eV) 0.180 0.226 0.294 0394 0.180 0.166 0.149 0.139 0.180 0192 0.191 0.181
(b) 2JC and Tc=27 °C Maximum #zpy Maximum Pg; Maximum Pg; x #py
PBSR 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99
Emitter temperature. T, (°C) 2000 Jmp (A/sz) 89.55 68.50 38.93 14.74 89.55 91.05 92.96 94.09 89.56 81.92 75.77 74.11
Vur/Voc 83.68 85.94 88.65 9112 83.68 84.16 85.33 86.96 83.67 84.84 86.01 86.80
Voc/(€1+&3) 87.38 88.41 89.18 89.16 87.38 89.26 90.86 91.26 87.38 88.88 9042 91.21
FF 78.30 82.30 86.23 8948 78.30 78.95 80.26 82.14 78.30 80.31 81.94 82.56
1800 Jmp (A/sz) 66.50 50.49 28.84 11.08 66.50 67.92 69.57 70.56 66.50 60.93 57.63 55.23
Vur/Voc 82.60 85.00 87.85 90.29 82.60 83.06 84.22 85.63 82.60 83.80 8494 85.85
Voc/(€1+&3) 85.54 86.79 87.78 87.88 85.54 87.65 89.54 90.09 85.54 87.26 89.10 90.01
FF 76.76 80.97 85.18 8843 76.76 77.23 78.65 80.24 76.76 78.84 8046 81.41
1600 Jmp (A/sz) 4790 36.39 20.44 797 47.90 4911 50.45 51.26 47.90 4394 40.96 39.97
Vur/Voc 81.31 83.85 86.92 89.61 81.31 81.76 82.92 84.37 81.31 82.57 83.81 84.68
Voc/(€1+&2) 83.25 84.79 86.03 86.35 83.25 85.63 87.88 88.63 83.25 85.24 87.32 88.48
FF 74.71 79.36 83.93 87.58 74.71 75.30 76.74 78.37 74.71 76.98 78.79 79.70

1400 Jup (Afcm?) 33.06 25.10 14.25 5.33 33.06 34.02 35.14 35.82 33.06 30.27 28.50 27.80
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(note that Vyp/Voc and FF increases) and therefore it becomes
advantageous to slightly reduce the bandgap and absorb a
higher amount of radiant power.

Different optimum bandgaps are obtained depending on
whether we aim at maximizing the efficiency or the power
density. However, both of them are important in TPV devices.
Thus, a good merit function is the product of both of them, i.e.
Pg; x rpy. The results of maximizing this function are repre-
sented by dash-dotted lines in Figs. 2 and 3. The resultant value
of Pg; x #rpy is shown in Fig. 2(c). We observe that the optimum
bandgaps are just slightly higher than the obtained when
maximizing the power density. Also, as in the case of max-
imum power density, the optimum bandgap is almost inde-
pendent of pgsg, which facilities the proper choice of the
semiconductor bandgap for a given emitter temperature.

From these results, we conclude that multijunction TPV cells
enable the best trade-off between efficiency and the power
density (i.e. maximizing the function Pg; x #71py). For instance,
triple-junction TPV cells without any kind of photon recycling
system (ppsg=0) provide higher Pg; x #1py than single junction
cells with an ideal BSR (pgsg — 1). Thus, multijunction TPV cells
must be regarded as a promising solution for addressing the
historical tradeoff between efficiency and power density in TPV
devices. Furthermore, multijunction TPV cells provide high TPV
theoretical efficiencies without the necessity of very efficient
photon recycling system, as illustrated in Fig. 2(a).

It is worth noting that when pgsg—0, the three optimization
strategies provide identical results. This is because ppsr=0 implies
Pi=0 and the denominator in Eq. (5) is constant (P, depends
only on the emitter temperature). Therefore, both efficiency and
power density are proportional. This case is equivalent to solar-PV
and CPV systems, where there is no recycling of photons between
the solar cell and the heat source, i.e. the sun, and the output
power is a direct measure of the system efficiency, given an input
radiant power.

4.2. Effect of photon recycling and TPV cell bandgap

After the overall optimization of TPV converters presented in
the previous section, in this section we analyze the sensitivity of
the TPV converter performance to variations in two key para-
meters: BSR reflectivity (pgsg) and TPV cell bandgap (g;). This
analysis is important because the bandgap and pgsg values are
generally constrained by technological limits and therefore, cannot
be chosen arbitrarily.

Fig. 5 shows the efficiency of single junction TPV converters
with fixed bandgap as a function of ppsr, compared with the case
in which the bandgap is optimized for each value of pgsg. This
figure shows that the TPV conversion efficiency is very sensitive to
the photon recycling efficiency when using relatively high band-
gap TPV cells (e.g. 0.7 eV in the figure). Although high bandgap
provides the highest overall conversion efficiency for ppsg — 1, this
efficiency sharply goes down for slight reduction of pgsg. This
represents an additional drawback (together with the low output
power density) of using relatively high bandgap semiconductors in
TPV converters.

Fig. 6 shows the TPV efficiency and power density for both
single junction (1JC) and dual junction (2]JC) TPV cells as a
function of the TPV cell bandgap. In the case of 2JCs, the
abscissa represents the bottom cell bandgap and the top cell
bandgap is optimized for each point. We observe that both
efficiency and power density drastically decrease for bandgaps
higher than the optimum. The efficiency may be recovered by
using an efficient photon recycling system {pgpsg— 1), but this
has little effect on the power density. An important conclusion
from these results is that multijunction TPV cells do not



Table 5
(a) Key features (efficiency, power density and optimum bandgap) of 2JC-TPV converters with maximized efficiency (#py), power density (Pg) and Py x #rpy as a function of BSR reflectivity and emitter temperature. (b) TPV cell

parameters (Jap, Vamp, Voc and FF) of 2JC-TPV converters with maximized efficiency (#rpy), power density (Pg), and Pg x #1py as a function of BSR reflectivity and emitter temperature. Vyp/Voc and Voc/(€; +€5) are given in
percentages. TPV cell temperature is 127 °C.

(a) 2JC and T,=127 °C Maximum #7py Maximum Pg; Maximum Pg; x frpy
Prsr 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99
Emitter temperature, T, (°C) 2000 Ny 346 41.0 50.2 59.2 346 394 434 46.0 346 40.5 46.6 504
P (W/sz) 526 519 414 222 526 54.9 57.8 59.8 526 544 56.1 575
&1 (eV) 0.621 0.713 0.889 1.168 0.621 0.612 0.601 0.595 0.621 0.652 0.674 0.685
&, (eV) 0.353 0485 0.694 0.995 0353 0.341 0328 0321 0353 0.400 0431 0.439
1800 eV 324 38.9 48.2 573 324 374 415 442 324 384 44.7 48.6
P (W/sz) 341 338 26.9 14.7 341 358 379 394 341 354 36.8 379
g1 (eV) 0.572 0.656 0.815 1.064 0.572 0.563 0.551 0.545 0.572 0.599 0.620 0.629
&5 (eV) 0.330 0450 0.643 0.912 0.330 0.317 0303 0.297 0.330 0372 0.399 0.405
1600 Ny 298 364 45.8 55.1 298 355 39.2 423 298 359 424 46.7
P (W/sz) 209 20.8 16.8 a1 20.9 22.0 23.7 248 20.9 219 229 23.7
g1 (eV) 0.524 0.599 0.742 0.971 0524 0.536 0.502 0495 0524 0.547 0.565 0.574
&5 (eV) 0.307 0416 0.587 0.834 0307 0.324 0.280 0.273 0307 0344 0.369 0.375
1400 Ny 26.8 334 429 524 26.8 319 36.5 39.9 26.8 32.9 39.7 442
Py (W/sz) 1.9 12.0 9.8 54 119 12.7 13.8 146 119 12.6 133 14.0
&1 (eV) 0.477 0.543 0.668 0.870 0477 0.466 0453 0.446 0477 0497 0.513 0.517
&5 (eV) 0.286 0.383 0.532 0.748 0.286 0.272 0.256 0.249 0.286 0320 0.340 0.340
1200 Ny 231 29.7 393 49.0 231 28.3 333 372 231 29.2 36.3 409
Py (W/sz) 6.15 6.29 524 2.98 6.15 6.70 743 7.99 6.15 6.62 7.16 771
&1 (eV) 0431 0486 0.594 0.772 0431 0.419 0405 0.397 0431 0.446 0457 0.453
&, (eV) 0.265 0.350 0477 0.660 0.265 0.250 0.233 0.225 0.265 0.293 0.308 0.297
1000 Ny 18.6 252 350 44.9 186 239 294 33.9 186 248 322 378
P (W/sz) 2.76 2.90 249 146 2.76 3.09 3.55 3.93 2.76 3.05 342 3.75
&1 (eV) 0.388 0431 0522 0.680 0.388 0.374 0357 0.348 0.388 0.398 0404 0.406
&, (eV) 0.248 0.317 0423 0.576 0.248 0.231 0.211 0.200 0.248 0.269 0277 0.272
800 Ny 13.2 195 294 395 132 185 244 29.7 132 19.2 270 332
P (W/sz) 0.99 1.09 1.00 0.61 0.99 116 143 1.66 0.99 115 137 159
g1 (eV) 0.348 0.381 0450 0.580 0.348 0.332 0.311 0.298 0.348 0.352 0.351 0.347
&, (eV) 0.234 0.287 0 .369 0.493 0.234 0.214 0.188 0173 0.234 0.246 0.246 0.232
600 Ny 71 125 22.0 322 71 119 18.0 242 7.1 12.3 201 272
Py (W/cm?) 0.232 0.285 0304 0.215 0.232 0.304 0430 0.552 0.232 0.300 0412 0.524
g1 (eV) 0.319 0333 0.376 0.475 0319 0.296 0.266 0.249 0319 0312 0301 0.293
&5 (eV) 0.230 0.260 0.311 0.397 0.230 0.202 0.166 0.143 0.230 0.229 0.214 0.195
(b) 2JC and Tc=127 °C Maximum #zpy Maximum Pg; Maximum Pg; x #py
PBsrR 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99 0.00 0.60 0.90 0.99
Emitter temperature, T, (°C) 2000 Jmp (A/sz) 83.42 63.29 36.09 13.68 8342 85.74 88.50 90.17 8342 7643 71. 81 7044
Vur/Voc 80.05 82.75 85.92 88.63 80.05 80.51 81.63 83.11 80.05 81.39 82.66 83.51
Vocl(€1+&3) 80.83 82.69 84.27 84.74 80.83 8347 86.09 87.08 80.83 83.09 85.51 86.88
FF 72.76 77.80 82.58 86.28 72.76 73.34 74.74 76.46 72.76 75.22 7717 7791
1800 Jmp (A/sz) 61.32 46.58 26.35 10.15 61.31 63.30 65.74 67.04 61.32 56.37 53.08 52.25
Vur/Voc 78.77 8156 85.02 87.82 78.77 79.21 80.31 81.81 78.77 80.16 8145 82.33
Vocl(€1+&3) 7817 80.39 82.36 83.11 7817 81.08 84.10 85.37 7817 80.73 83.50 85.12
FF 70.70 76.01 81.37 85.22 70.70 7120 72.63 74.46 70.70 73.35 75.24 76.01
1600 Jmp (A/sz) 4341 33.00 18.85 714 4341 41.96 47.03 48.20 43.41 40.09 37.78 3714
Vur/Voc 7727 80.20 83.68 86.65 7727 7831 78.81 80.33 7727 78.71 80.10 81.04
Voc/(e1+&2) 74.86 7755 80.02 81.08 74.86 77.90 81.60 83.26 74.86 77.81 81.02 82.97
FF 68.13 73.95 7944 83.61 68.13 69.90 70.22 7211 68.13 71.02 73.22 74.09

1400 Jup (Afem?) 29.20 22.25 12.87 4.97 29.20 30.58 32.27 3321 29.20 26.98 25.58 25.59
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perform much better than single junction cells if the bottom-
cell bandgap is considerably higher than the optimum. This
means that using low bandgap materials (below 0.5eV) is
essential in order to fully exploit the potential of multijunction
TPV devices.

4.3, Effect of TPV cell temperature

TPV cells are typically irradiated by extremely high power
densities; thus, they are expected to operate at considerably
high temperatures. For example, according to the results of this
paper, an optimized single junction TPV cell with pgsg=0.9
irradiated by a black body emitter at 1400 °C (see Table 2) has
to dissipate 12,5 W/cm? (heat absorbed by the cell not con-
verted into electricity). Assuming a typical heat transfer coeffi-
cient of 0.15W/cm? K, corresponding to an active air-cooled
heat-sink, this results in a cell temperature of 83 °C above
ambient, The effect of cell temperature on the optimum
configurations is illustrated in Figs. 7 and 8. Fig. 7a shows the
bandgap of a 1]JC that maximizes the TPV efficiency (solid lines)
as a function of the cell temperature. The actual bandgap of
some semiconductor compounds is superimposed (dashed
lines) for comparison. The resultant maximum TPV efficiency
for both 1JCs and 2JCs is shown in Fig. 7b. Fig. 8a shows the
same information than Fig. 7a for TPV cells which are opti-
mized for power density, rather than efficiency. Fig. 8b shows
the resultant maximum power density. In both cases the
emitter temperature is 1400 °C.

The optimum bandgap increases with cell temperature in order
to mitigate the increment of the radiative recombination at higher
cell temperatures (Figs. 7a and 8a). In most of the cases, the lower
recombination occasioned by the increment of bandgap compen-
sates the reduced photogeneration. However, when pgsg i
extremely high and the backwards luminescence (radiative recom-
bination) is effectively recycled, it may become favorable to
enhance the photogeneration (reduce the bandgap) than minimize
the recombination (increase the bandgap). This explains the slight
reduction of the optimum bandgap with cell temperature for
Pese=0.99 in Fig. 8(a).

Figs. 7b and 8b also show a greater impact of cell temperature
on the performance of 2]JCs than 1JCs. This is simply explained by
the fact that in 2JCs there are two temperature dependent sources
of luminescence radiation (the two p/n junctions) rather than just
one in 1JC.

Finally, notice that the bandgap dependence on temperature of
real compounds must be taken into account in order to determine
the actual optimum semiconductor to develop TPV cells under
some particular cell operation temperature conditions, This is
illustrated in both Figs. 7a and 8a.

4.4. Technological concerns

From the results shown in Tables 2-5 it is evident that
photocurrent densities are very high in most of the cases,
especially for high temperature emitters and in TPV devices
designed to provide the maximum power density. This intro-
duces important technological drawbacks concerning the man-
ufacturing of low resistive ohmic contacts in the TPV cell and
the development of complex series-interconnection schemes,
such as monolithic interconnected modules (MIMs) [54]. The
use of multijunction cells reduces the photocurrent and
increases the output voltage; thus mitigating the needs for a
highly conductive electric contact and, eventually, reducing the
number of required sub-modules in a MIM device.

Another technological challenge concerns the very low band-
gaps {below 0.5¢V) that are needed in order to provide the
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maximum power density and efficiency for a broad range of
emitter temperatures. A number of semiconductor compounds
have very low bandgaps, eg.: InSb (017 eV), InAs (035eV),
InGaAsSb (0.3-0.7eV) and PbS (0.37 eV). However, the strong
non-radiative recombination mechanisms existing in those low
bandgap materials (especially Auger [30]| and surface leakage
currents [55]) should be taken into account for determining the
actual optimum bandgaps. Consequently, if those materials have to
be used, the optimum bandgaps calculated in this work under the
assumption of only-radiative recombination [56] are surely under-
estimated. Thus, future research must focus on analyzing the effect
of non-radiative recombination on the overall optimization of TPV
converters. The results shown in this paper provide the upper
limits for the TPV energy conversion and may guide the research
towards the realization of high quality materials with the appro-
priate bandgaps for achieving the highest TPV performance. It
worth noting that semiconductor nanostructures, such as

quantum wells (QWs) and quantum dots (QDs), have the ability
of suppressing Auger recombination [57]; thus, they must con-
sidered to be of particular interest for future low bandgap TPV cell
developments.

5. Conclusions

The optimum bandgap(s) for single junction and multijunction
TPV cells have been calculated based on detailed balance theory
and assuming only radiative recombination. The optimization has
been carried out on three different merit functions: efficiency,
power density, and the product of both of them. Results have been
provided as a function of the emitter temperature, cell tempera-
ture and photon recycling efficiency.

Owing to the effect of photon recycling, different optimum
bandgaps are obtained depending on whether our aim is to
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maximize the efficiency or the output power density. In
general, higher bandgaps provide higher efficiencies at the
expenses of lower power densities, and vice-versa. However,
TPV devices using high bandgap cells are more sensitive to
optical losses and consequently, an extremely high photon
recycling efficiency is required.

Multijunction TPV cells have shown three key advantages:
(1) maximize both the efficiency and the power density simulta-
neously, (2) mitigate the impacts of optical losses in the overall
TPV system performance and (3) reduce the photocurrent and

increase the voltage. In order to exploit the full potential
of multijunction TPV devices, very low bandgaps (below 0.5 eV)
are generally needed for the bottom cell. The strong non-radiative
recombination mechanisms existing in low bandgap semiconduc-
tors may drastically deteriorate the performance of these devices.
Quantum semiconductor structures, able to suppress Auger
recombination, are promising candidates for developing future
multijunction TPV cells. Future work must also focus on analyzing
the effect of non-radiative recombination to identify the short-
term potential of multijunction TPV converters.
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