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Abstract- In recent years, Gallium Antimonide (GaSb), which has smallest bandgap among I11-V semiconductors family,
became the subject of extensive investigations in the field of thermophotovoltaic (TPV) converters, because of the recent
improvements in optoelectronic technology. In this paper, we investigated the heat to electricity conversion efficiency of a
GaSb radioisotope thermophotovoltaic (RTPV) converter, taking account of the photons with energy below the cells bandgap
using a comprehensive analytical process. The results show that a conversion efficiency greater than 28% can be obtained for
radiator’s temperature of 1600k, at ambiant temperature. This efficiency will decrease as the cell temperature increase.
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1. Introduction

Thermophotovoltaic converters are devices in which a
photovoltaic (PV) device converts the infrared radiation
emitted by heated body, often called radiator, into electric
power [1]. The radiator, generally made by refractory
materials such as Tungsten [2] or ceramic oxides [3], may be
heated by the ignition of a fuel, highly concentrated sunlight
or by using radio-isotopic power sources [4] as described in
figure 1.
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Fig. 1. Principle of thermophotovoltaic conversion.

A TPV system powered by radioisotope decay, as an
alternative source of power, is a potential power system used
in current deep space satellites, where the solar radiation

energy density is too low for a conventional PV power
system to be used [5].

In order to make the process efficient, the energy of the
photons reaching the PV cell must be superior to the bandgap
energy of the cell. For this reason, GaSb and its related
ternary and quaternary alloys have been considered as
promising materials for TPV applications because of their
low bandgap energies. These cells are able to convert a larger
part of the infrared spectrum, and therefore have the potential
to give high efficiency and power output at moderate radiator
temperature.

To increase the efficiency which is determined by
energy absorbed relative to total incoming radiation, the
remainder of the spectrum must be reflected back to the
radiator. Thereby a back surface reflector (BSR) is often
employed in the design of conventional TPV cells. This
creates the concept of “photon recycling” whereby photons
with energies less than optimum for conversion are sent back
to the radiator for recycling until they come back at the
proper energy [6].

For efficient RTPV conversion, the radioisotope source
need a number of important requirements such as: high
temperature of the heat source, decays without too much
gamma or neutron emission, a long half-life of several years
or decades so that extended missions are supported and high
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decay energy per isotope mass. Some current RTPV systems
use “®pu isotope as a heat source since, in a pure form, 2*Pu
can reach surface temperature of 1300k [7], others uses
28pu0, with molybdenum multi-foil insulations which can
withstand hot side temperature up to 1500k [5,8]. However,
recently published works show that the “Sr isotope meets all
the above mentioned requirements [9]. The current TPV cell
technology is approaching 30% cell efficiency at 300k due
steady improvement in MOCVD manufacturing process.
Through the use of dual junction cells to convert below
bandgap photons, further improvements in the cell efficiency
are expected to take place over the next few years with
expectations of approaching 40% [10].

In this work, the theoretical efficiency of GaSb RTPV
cells is computed using a comprehensive model in which the
cells are exposed to radiation from a blackbody radiator in
the 1300k to 1600k temperature range. The influences of the
base region doping profile, the cell thickness, the radiator
emissivity and the cell temperature on the conversion
efficiency have been investigated in order to find an
optimum energy conversion system.

2. Model description

Figure 2 show a simplified structure of a GaSb TPV cell,
where x; is the junction depth, w is the depletion region
width, H is the P-type quasi neutral region and d is the cell
thickness.

Fig. 2. Simplified configuration of a GaSh TPV cell.

In our calculations, the effect of the back surface field
(BSF) is not taken into account for the sake of simplicity, no
structural losses and contact shadowing for the cells and the
values of the physical and geometrical parameters were
chosen from various published papers.

2.1. Analytical model

The determination of the TPV cell efficiency implies
knowledge of its current voltage characteristic under
illumination which can be written as [11]:

lrotar = len — 1o )

Where 1y is the dark current (in the absence of
irradiation), and lp, is the current excited by the incident
radiations, i. e., the photocurrent for the so-called ideal
model.

The dark current is described by the Shockley diode
equation:

()
D 0 kT @)

Where q is the elementary charge, K is the Boltzmann
constant, T is the temperature and I, is the reverse saturation
current, given by equation (3) [11], using the cell design
shown in figure 2:
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Where n; is the intrinsic carrier concentration calculated
from the relation:

n? = NN, exp(— =)
KT (4)

Where N, and N, are the effective densities of states in
the conduction and valence bands respectively; Eg is the
bandgap energy; N, and Ny are the acceptor and donor
concentrations; S, and S, are the recombination velocities in
the N and P-type regions; S is the cell surface; D, and Dy, are
the diffusion constants of electrons and holes respectively,
calculated from Einstein relationship:

Don = k_—r“e/h

a ®)

Where p, and py, are mobilities of the electrons and holes
respectively; |, and I, are the minority carrier diffusion
lengths of electrons and holes respectively, calculated
according to the following formula [11]:

I, = Doh - Ton (6)

Where 1. and 1y, are the minority carrier lifetimes of the
electrons and holes respectively. The minority carrier
lifetime is defined as the average time it takes an excess
minority carrier to recombine. It is extremely sensitive to
smallest amounts of impurities or intrinsic defects [11]:

1

e/h
N+ Con - Vign, 7

Where Ntp and Ny, are the concentrations of donor and
acceptor traps; Vt, and Vt, are the thermal velocities for
electrons and holes; o, and oy, are the capture cross sections
for electrons and holes respectively.

The photocurrent 1y, is given by the sum of the
photocurrents generated in the emitter, the base and the
depleted region of the cell.
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Amax

lew = [Q-S-F(A)SR(A)dA

° ®)

Where A is the wavelength of the incident photon, Apax iS
the cutoff wavelength corresponding to the bandgap energy;
its expression is given as:

_ h-c
Eq ©)

Where h is the Planck’s constant and c is the speed of
light.

A

SR(A) is the internal spectral response of the TPV cell
given by the sum of the contribution from the emitter, the
base and the depleted region as described in equation (10):

SR(A)=SR.(A)+SRs(A)+SRp: (1) (10)
F(}) is the spectral photons flux of the incident radiation

that was absorbed by the TPV cell. Its expression for A < Apax
could be written as [12,13]:

2w-C

A4 (e xkljr;d - 1}
(11)

Where Tgy is the TPV radiator temperature and y is the
effective cavity emissivity that characterizes the performance
of the spectral control in TPV system.

FOV)=x-

The value of i is taken as 0.78 based on the best reported
spectral control system performance.

2.2. Photovoltaic parameters

The open circuit voltage is expressed as [11]:

nkT
Voc = el 'In[lsc +1]
d I

(12)

Where n is the factor of ideality assumed to be 1 for
GaSb TPV cells based on ref. [14], I is the short circuit
current, and Tcg is the cell temperature.

The power delivered by the cell is given by the product
of the cell voltage and current, and was maximized by
satisfying the condition:

d(l Total V) — O
dl (13)
The fill factor is defined by:
FE— Jto M
lee - Voo (14

Where I, and V,, are coordinates of the maximum power
point (Pmax)-

The overall conversion efficiency of a TPV system,
supposing that no resistive losses, can be expressed as [15]:

I..-V,. -FF

Pinc = Pret (]_5)

Where P, is the total incident radiation power
integrated over all frequencies and Pge is the power returned
to the radiator, since photons not absorbed are able to be
recycled.

’r'l:

Inc

The sequence of calculations to obtain the current-
voltage characteristics and the conversion efficiency at a
given radiator temperature is sketched in the flowchart in
figure 3 below:
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Fig. 3. Analytical model flowchart.

2.3. GaSh parameter equations
L.G. Ferguson et al. [14] suggested a semi empirical

equation for the temperature dependence of the bandgap
energy of the form:
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(6=<10*)-T?2
(T+265)

Eg =0.813—
(16)
This equation was based on the observation that the

energy gap should be proportional to T at high temperatures
and proportional to T? at low temperatures.

The Mobility of both electrons and holes is calculated as
a function of doping and temperatures using the Caughey —
Thomas empirical model [16,17,18] given as:

Moe/n (N aras T een ) = M minen +

M ax, erh ” (300/—|_<:e||)91'6/h — M min.ern
1 -+ [N a/d / N ref,e/h (T /300) 0ze/h ]OLE/h

(17)

Where pminen and pmaxen represents the value that
mobility reaches for very low and high doping level, Nyef e is
the doping concentration at which the mobility is decreased
to half the value is reaches at low doping at room
temperature. Oy¢n, 0O2en and  ogn are respectively the
suggested fitting parameters [16].

All the value of parameters used for the simulation of
the carrier’s mobility has been summarized in Table 1.

Table 1. Parameters used in the simulation of GaSh
carrier mobilities.

Table 2. Specific parameters used to calculate the
absorption coefficient of GaSh.
Ave m Amax Nop &
[A°] CIm] [20] [F/m]
. 1.72¢ .
263 M 0.0 A e 38 2 8.85

The relative dielectric constant of GaSb is taken to be
15.7 [19].

The effective masses for electrons and holes are
given by the expressions:

M. = 0.047 x my [19] (21)
[21] (22)

The effective densities of states N, and N, are given as
[22]:

Ne=4x107xT*®
Nv=3.5x10"xT"®

my = 0.50 X mg

(23)
(24)

2.4. Incident light spectrum

Figure 4 gives a general idea of how much light is
accessible to a PV cell made of GaSh. The colored portions
in the figure indicate the fraction of the photon spectrum that
is above the bandgap energy.

Wmin Mma Rmin
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The absorption coefficient of GaSb was calculated using
the direct bandgap semi-conductor expression given as [19]:

(E—-EQ

(I(E) = Kabs (18)
Pxo.(2m, )"
Kabs = A EohN
max €0 op (19)
h E
%o = Eg | Bmy
g o (20)

Where E is the incoming photon energy, E, is the Kane’s
energy, mg is the electron rest mass, no, is the optical
refraction index and m; is the reduced effective mass.

The specific parameters ¥y, My, Amax @Nd Ny Used in the
simulation are given in Table 2.
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Fig. 4. Blackbody spectral irradiance for y = 0.78.

Table 3 below indicates the fraction of incident light
with energies below the cell’s bandgap calculated by
integrating the spectral irradiance under the blackbody curve
for A > Amax, @nd the total incident radiation power Pyp.

Table 3. Percentage of incident radiations with energies
below the GaSb bandgap for y = 0.78, and the total incident
radiation power P .
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TRad 1 1 1 16
(K) 300 400 500 00
ned R;)eotvli/;r 8 8 8 76
(%) 7.44 | 383 |0.04 16
Pnc(w/ 1 1 2 28
m?) 253 | 6.87 |2.26 .84

3. Results and discussion

3.1. Effect of the base region profile and cell thickness

The level of doping plays a crucial role in the
performance of TPV devices. To reveal the potential effect
brought by the base region doping profile, we have simulated
and plotted the conversion efficiency versus different doping
levels in figure 5.
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Fig. 5. Effect of the base region profile and cell
thickness on the conversion efficiency.

The analysis starts by assuming the values assigned
for the cell parameters, presented in Table 4.

Table 4. Cell parameters used in simulations for Tce =
300k and Tgaq = 1500k.

Nd :
1 . [cm Eg [eV]
0.78 5e™ 0.72

-3 NTA Vte [Cm

Nro [eM™T | 1emd) 15]122]
1.2 7.56e" 5.8¢’

S cm
Se[cm /s] /s] n [ X [nm]
1000 5000 0.4

Vt, [cm 6. [cm o, [cm
Is][22] *1123] 71123]
2.1 ge™ 9™

It can be seen from Figure 5 above that the
maximum value of the base region doping concentration is
about 5 cm™. At the same time, it is clear that the
efficiency increases significantly with increasing the cell
thickness. Where, In case of Na = 5e% cm?, the efficiency
curve shows an improvement from 22.59% to 26.96% for
20um and 60pm cell’s thickness respectively for the reason
that, in case of thin thickness, most of the incident photons
are not absorbed resulting in a lower efficiency. However,
when the cell thickness exceeds 60um, we note a weak
reduction in the conversion efficiency due to the
recombination phenomenon, since the free carriers generated
deeper in the bulk have to travel longer before being
collected. So a cell thickness of about 60um is needed to lose
not too much of the efficiency

3.2. Effect of the front recombination velocity

In this work, the back surface recombination velocity
was fixed at 1000 cm/s, and the influence of the front
recombination velocity on the conversion efficiency has been
simulated, where values of 5000, 10000 and 50000 cm/s was
used for different cell thicknesses with Tryq = 1500k, Tcen =
300k, N,=5e*cmand = 0.78 .

From figure 6 below, it is apparent that the
efficiency drops notably with increasing the front
recombination velocity, since most of the photo-generated
carriers cannot be collected by the electrodes what implies a
low electric current. The maximum conversion efficiency
obtained for 60pum cell thickness can attain 26.96% for a
front recombination velocity equals to 5000cm/s. Therefore,
to reduce the power loss, the front surface recombination
velocity should not exceed 5000cm/s.
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Fig. 6. Effect of the front surface recombination velocity
and cell thickness on the conversion efficiency.
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3.3. Effect of the radiator effective cavity emissivity

The radiator exhibits a high emissivity in the spectral
range usable for the PV cell, and a low emissivity elsewhere.
The emissivity of Tungsten and ceramic oxides based on
Erbium and Ytterbium, frequently used in TPV systems, is
around 0.6, however the emissivity of SiC range from 0.7 to
0.94 depending on author and measurement methodology
[5]. Therefore, it is interesting to evaluate the average
emissivity-dependant effect on the practical device
performance.

Table 5 gives the computations of the open circuit
voltage, short circuit current, fill factor and the conversion
efficiency for all cases of the radiator effective emissivity
With Treg = 1500k, Tcey = 300k, N, = 5¢%° cm™®.

Table 5. Effect of the radiator emissivity on the
photovoltaic parameters.

" 06 0.7 08 0.9
0.40 0.40 0.40 0.41
Ve (V) 1 g 4 7 0
lsc
Ay 0.30 0.35 0.40 0.45
76.9 770 772 773
FF(%) | g 7 9 9
26.7 26.8 277 277
() |3 3 1 4

While in figure 7, we have simulated the current-voltage
characteristics as a function of y.

Current Cm

[ e R T - |
R S R ] | Y

bt

e
U=

(=]
[ =]
-
Laa

Woltzze (V)

Fig. 7. Simulated current-voltage characteristics for
different values of the effective emissivity.

It is seen, from the table and the figure above, that the
efficiency improves from 26.73% for y = 0.6 to 27.74% for

= 0.9. Both open circuit voltage and the fill factor show little
increment with the evolution of y, whereas, the remaining
parameters displays important improvements. So in order to
achieve high conversion efficiency, it is important that the
radiator has a high emissivity.

3.4. Effect of the radiator temperature

We simulated the current-voltage characteristic under
four types of blackbody illumination spectrums with Tce =
300k, N, = 5e% Cm'3, x = 0.78, and the results were shown in
figure 8. Table 6 shows that the efficiency improves from
24.95% to 28.13% for 1300k and 1600k radiator’s
temperature respectively.

Table 6. Effect of the radiator temperature on the
photovoltaic parameters.

Trad 1 1 1 1
(k) 300 400 500 600

VOC O O O O
V) .38 .39 41 42

s 0 0 0 0
(mA) 13 24 .39 .60

FF 7 7 7 7
(%) 6.12 6.97 7.26 7.69

n 2 2 2 2
(%) 4.95 5.37 6.96 8.13

This improvement can be explained by taking into
account that the increase in the radiator’s temperature
involves a significant increase in photocurrent for the reason
that, as we saw in equation (8), the photocurrent is practically
proportional to luminous flow, and owing to the fact that the
open circuit voltage is also related to the short circuit current,
it will undergo an increase and the conversion efficiency is
always better in case of 1600k radiator’s temperature.
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[
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Fig. 8. Simulated current-voltage characteristics under
four blackbody illumination spectrums.
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These results are very similar to those obtained by V.
Andreev et al. [24]. They simulated the conversion efficiency
of GaSb TPV cells in the 1300k to 1500k temperature range
and they obtained efficiencies of 24-26%. In addition, our
results for 1600k radiator temperature are similar to those
obtained by K. Qiu et al. [25]. They simulated the conversion
efficiency of GaSb TPV cells in the 1073k to 1873k
temperature range and they obtained a TPV efficiency of
about 29% for1600k radiator temperature.

3.5. Effect of the cell temperature

As it is not realistic to operate a TPV cell at 300k, we
have simulated the effect of elevated operating temperatures
on the performance of the converter for N, = 5%’ cm™ and y
= 0.78, under four types of blackbody illumination
spectrums.

According to the results represented in table 7 and the
figure 9 below, it is seen that the increase of the cell’s
temperature causes a reduction in the bandgap width,
therefore, the reverse saturation current will increase, causing
a reduction in the open circuit voltage, and the mechanism of
carrier’s production becomes increasingly significant what
implies a weak increase in the short circuit current.

It may be seen also that the fill factor undergoes a
reduction with the increase of the cell’s temperature
following the increase in the dark saturation current, and
owing to the fact that the reduction in the open circuit
voltage is more significant with respect to the increase of the
short circuit current, the conversion efficiency will also
decrease.

Table 7. Effect of the cell
photovoltaic parameters.

temperature on the
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FF 7 72. 65.2
(%) 26 04 8
2. 23, 18.2
n(%) | g6 32 1
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Fig. 9. Simulated current-voltage characteristics for
different cell temperatures for Trag = 1500Kk.

4. Conclusion

In this study, we have improved a comprehensive model
to predict the performance of a GaSb TPV converter heated
by radio-isotopic source using a simulation program
designed for this reason. Our results indicate that in order to
achieve higher conversion efficiency, it is important to keep
the base region doping as high as possible. Moreover, a cell
thickness of about 60um with low front recombination
velocity is privileged to not contribute significantly in
recombination.

It was found also that the conversion efficiency depends
not only on the quality of the PV cell itself, but also on other
external conditions as the specter quality, which depends
strongly of the radiator emissivity and temperature. Our
study proves that the spectrums of radiators operating at
temperatures greater than 1500k, for an emissivity value of
0.78, contain significant proportion of incident radiations
with energies sufficient to generate charge carriers in the PV
cell and efficiencies exceeding 28% have been achieved by
considering the cell’s reflectance to the radiations with
energy below the cell’s bandgap.

The obtained results are found to be in good agreement
with the available data.

In addition, we have analyzed the effect of elevated cell
operating temperature on the conversion efficiency and we
found that the increase of the cell temperature results a
degradation of their performances.
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