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Abstract — In recent years, Gallium Antimonide (GaSh), 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. This paper describes an analytical process used to evaluate
the performance of a GaSh TPV converter under different levels of illumination, taking
account of the photons with energy below the cells bandgap by considering the cell’s
reflectance to this fraction of incident radiation. The results show that a radiator
temperature near 2200 K is most advantageous and a reflectance of 0.98 is necessary for
below-bandgap irradiations to obtain conversion efficiency greater than 28%, at 300 K
cell temperature. This efficiency will decrease as the cell temperature increase. The
obtained results are found to be in good agreement with the available data.

Résumé — Ces dernieres années, I’antimoniure de gallium (GasSb), qui a le plus petit gap
énergétique dans la famille des semi-conducteurs 111V, est devenu le sujet
d’investigations étendues dans le domaine des convertisseurs thermophotovoltaiques
(TPV), en raison des améliorations récentes en technologie optoélectronique. Cet article
décrit un processus analytique employé pour évaluer la performance d’un convertisseur
thermophotovoltaique (TPV) a base de GaSh sous différents niveaux d’illumination, en
tenant compte des photons avec énergie au-dessous du gap énergétique des cellules en
considérant la réflectivité des cellules a cette fraction du rayonnement incident. Les
résultats montrent qu’une température du radiateur pres de 2200 K est trés avantageuse
et une réflectivité de 0.98 est nécessaire pour les radiations au-dessous du gap
énergétique pour obtenir un rendement de conversion supérieur a 28%, a la température
300 K de la cellule. Ce rendement diminuera avec I’augmentation de la température de la
cellule. Les résultats obtenus s’averent en bon accord avec les données disponibles.
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1. INTRODUCTION

The investigations in the field of TPV converters started in the early 1960s, but the
real advantage of the TPV approach has been demonstrated only in the past two decades
[1].

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

" faycal bouzid@ymail.com
383



384 F. Bouzid et al.

Blackbody

emission
Possible heat N
sources \

Radiator

Heat
evacuation
system

PV Cell

Fig. 1: Principle of thermophotovoltaic conversion

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 [5].

The current TPV cell technology is approaching 30% cell efficiency at 300 K 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% [6].

In this work, the theoretical efficiency of GaSb TPV converter is computed using a
comprehensive model in which the cells are exposed to radiation from a blackbody
radiator in the 1300 K to 2200 K temperature range. The influence of the base region
doping profile, the cell thickness, the reflectance, the radiator emissivity and the cell
temperature on the conversion efficiency have been investigated.

These theoretical calculations help us to better understand the electro-optical
behavior of GaSb TPV cells and can be utilized for performance enhancement through
optimization of the device structure.

2. MODEL DESCRIPTION

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

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.
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Fig. 2: Simplified configuration of a GaSb TPV cell

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 [7]:

ITotal = Iph —Ip (D

where Ip is the dark current (in the absence of irradiation), and Ipp 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:

Ip zlox{exp(iil{j—l} 2)

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) [7], using the cell design
shown in figure 2:
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where nj is the intrinsic carrier concentration calculated from the relation:
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where N, and Ny, are the effective densities of states in the conduction and
valence bands respectively, E, is the bandgap energy, N, and Ny are the
acceptor and donor concentrations, Sy, 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:
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where u. and uj, are mobilities of the electrons and holes respectively, 1, and

l;, are the minority carrier diffusion lengths of electrons and holes respectively.

The photocurrent Ipy, is given by the sum of the photocurrents generated in

the emitter, the base and the depleted region of the cell.

7"max
Iph = [ qxSxF(L)xSR(L)xdA (6)
0

where A is the wavelength of the incident photon, A,y is the cutoff wavelength
corresponding to the bandgap energy, and SR (L) 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 (7):

SR(A) = SRE(A) + SRR (A) + SRpRr (A) (7

F(L) is the spectral photons flux of the incident radiation that was absorbed by the
TPV cell. Its expression for A < Ay, could be written as [8, 9]:

2mxc

F(L) = % x - ®)

4| M Tra _

where Tr,q is the TPV radiator temperature, h is the plank constant, ¢ is the speed of
light and y is the effective cavity emissivity that characterizes the performance of the
spectral control in TPV system. The value of y 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 [7]:

kT, I

Vo =Mxln(&+1J )
q Io

where n is the factor of ideality assumed to be 1 for GaSb TPV cells based on [10], Iy

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:
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d(ITotal X V) _

T 0 (10)

The overall conversion efficiency of a TPV system can be expressed as [11]:

— rlCel c (11)

n- 1-fi xp

where f; is the fraction of the spectrum below the cell’s bandgap, p is the cell
reflectance to the radiation with energy below the cell’s bandgap, and ncg is the cell
efficiency expressed as [7]:

Im X Vin

NCel = PI—nc (12)

where P, is the total incident radiation power integrated over all frequencies, I, and

V;, are coordinates of the maximum power point.

The fill factor is defined by:

FF = M (13)

Ise % Voe
2.3 GaSb parameter equations

Ferguson et al. [10] suggested a semi empirical equation for the temperature
dependence of the bandgap energy of the form:

(6x107%) x T2

E, = 0813 -
(T + 265)

(14)
This equation was based on the observation that the energy gap should be

proportional to T at high temperatures and proportional to T2 at low temperatures.
Mobilities of the electrons and holes are calculated as a function of doping and
temperatures using the Caughey — Thomas empirical model [12-14] given as:

Gl,e/h

Kmax,e/h *(300/Tce]) ~ Mmin,e/h

0,,e/h [%e/h
1+|:Na/d/Nref,e/h x (Teel/300)72° }

Me/h(Nasds Tcel) = Mmin.e/h + (15)

where [min e/h and Bmax e/h represents the value that mobility reaches for very low
and high doping level, Nyef ¢/p is the doping concentration at which the mobility is
decreased to half the value is reaches at low doping at room temperature. 6 ¢/p,

02,¢/h and oe/h are respectively the suggested fitting parameters [12].

All the value of parameters used for the simulation of the carrier mobilities has been
summarized in Table 1.
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The absorption coefficient of GaSb was calculated using the direct bandgap

semi-conductor expression given as [15]:

a(E) = Kapg x [ (E— Eg) (16)

Table 1: Parameters used in the simulation of GaSb carrier mobilities

Hmin, e Mmax,e Hmin, h Hmax, h 0 0

2 2 3 2 l,e 1,h

cm/vs cm/vs cm/vs cm/vs

GaSb 1050 5650 190 875 2 1.7

N N
92,e 92,h e ap ref_;e ref:;h
cm cm
GaSb 2.8 2.7 1.05 0.65 2.8¢"7 9¢!

2 2 3/2
2
Ky = L2 %ve x ( r3nr) (17)
Amax X €0 X 1™ X Ngp

# E

Xve = 7 X P (18)
Eg 3m0

where E is the incoming photon energy, Ep is the Kane’s energy, my is the electron
rest mass, Ny, is the optical refraction index and my. is the reduced effective mass.

The specific parameters Yyc, My, Amax and ng, used in the simulation are given
in Table 2.
Table 2: Specific parameters used to calculate the absorption coefficient of GaSb
(A°) (m) | [16] (G
I 2.63 0.043 1.72¢° 3.8 8.85¢" |

The relative dielectric constant of GaSb is taken to be 15.7 [15].

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

me * = 0.047 x mg [15] (19)

mp * = 0.5xmg [17] (20)
The effective densities of states N, and N, are given in [18] as:

N, = 4x1083 x 1! @1

Ny = 3.5x101 x 13 22)

2.4 Incident light spectrum
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Figure 3 gives a general idea of how much light is accessible to a PV cell made of
GaSb. The colored portions in the figure indicate the fraction of the photon spectrum
that is above the bandgap energy.

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 - and the total incident radiation power Py .
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Fig. 3: Blackbody spectral irradiance for y =0.78

Table 3: Percentage of incident radiations with energies below the GaSb bandgap
for = 0.78, and the total incident radiation power Py,

Trad (K) 1300 1600 1900 2200
fi (%) 89.28 78.39 66.82 56.11
Pppe (W/m?) 12.5 28.9 57.5 103.4

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 4.

Table 4: Cell parameters used in simulations at Tce] =300 K

(K) eV cm/s cm/s pm
2200 0.78 0.98 0.72 4000 200 0.5
Ng Ntp Nta Vie Vi Ce Oh

cm*® cm” cm” cm/s [18]  cm/s[18]  em?[19]  cm? [19]




390 F. Bouzid et al.

2e™8 2.15¢' 5.3e" 5.8¢’ 2.’ ge 9¢ 1

The analysis starts by assuming the values assigned for the cell parameters,
presented in Table 4, where Ntp and Npp are the concentrations of donor and

acceptor traps, Vi and Vi, are the thermal velocities for electrons and holes, 6, and
oy, are the capture cross sections for electrons and holes respectively.
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Fig. 4: Effect of the base region profile
and cell thickness on the conversion efficiency

It can be seen from figure 4 above that the maximum value of the base region
doping concentration is about 5e'” cm™. At the same time, it is clear that the efficiency
increases significantly with increasing the cell thickness. Where, in case of Na = 5¢"’
cm”, the efficiency curve shows an improvement from 12.72 % to 28.56 % for 5 um
and 75 um cell’s thickness respectively for the reason that, in case of too thin thickness,
most of the incident photons are not absorbed resulting in a lower efficiency.

However, when the cell thickness exceeds 75 um, 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 75 um 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 4000 cm/s, and
the influence of the front recombination velocity on the conversion efficiency has been
simulated, where values of 200, 500, 1000 and 2000 cm/s was used for different cell
thicknesses with Traq = 2200 K, Teep =300 K, N, =5¢' em™, % =0.78 and p=10.98.

From figure 5 below, it is apparent that the efficiency drops notably with increasing
the front recombination velocity, particularly for high cell thicknesses, 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 75 pum cell thickness
can attain 28.56 % for a front recombination velocity equals to 200 cm/s. Therefore, to
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reduce the power loss, the front surface recombination velocity should not exceed 200
cm/s.
3.3 Effect of the cell reflectance

We simulated the effect that cell reflectance would have on the conversion
efficiency for different radiator’s temperature, and the results were shown in figure 6.
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Fig. 5: Effect of the front surface recombination velocity
and cell thickness on the conversion efficiency
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Fig. 6: Effect of the cell reflectance on the conversion
efficiency for Tce; = 300 K, N, = 5e'9cm-3and y=0.78
As it is expected, the conversion efficiency becomes more important as the

reflectance to radiations below the cell’s bandgap increases, particularly for low radiator
temperatures, for the reason that a larger fraction of the emitted spectrum is below the
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cell’s bandgap. Thus, a cell reflectance value of 0.98 is required to attain high
conversion efficiencies, since values greater than 0.98 are not realistic.

3.4 Effect of the radiator effective cavity emissivity

It is interesting to evaluate the average emissivity-dependant effect on the practical
device performance.

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

while 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 Traq = 2200 K, Tce) = 300 K, N, = 5¢'’ em™and p=0.98.

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

X 0.5 0.6 0.7 0.8 0.9
Voo (V) 0.432 0.438 0.443 0.446 0.499
Iic (A) 243 2.92 341 3.89 4.38

FF (%) || 7820 7842 7855 7858  78.77
n(%) || 2760 2805 2837 2860 2885

-
L

Current { mA )
[

Y I A A R A AR A AR A AR AR AR RS kkAay g
[ 3

0 T ; T —1
0 0.1 02 0.3 04
Voltage (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
27.69 % for x = 0.5 to 28.85 % for y = 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.

These results are very similar to those obtained by Khvostikov et al. [20]. They
measured the conversion efficiency of GaSb cells fabricated by the optimized Zn
diffusion method and they obtained efficiencies of 27-28 % at black body temperature >

2000 K. Therefore, it is very important to enhance the radiator’s emissivity by
developing new materials and designs.



Performance evaluation of a GaSh thermo-photovoltaic converter 393

3.5 Effect of the radiator temperature

We simulated the current-voltage characteristic under four types of blackbody
illumination spectrums with Tcg = 300 K, N, =5¢" cm”, 3 =0.78, p = 0.98, and the

results were shown in figure 8. Table 6 shows that the efficiency improves from
21.27% to 28.56 % for 1300 K and 2200 K radiator’s temperature respectively.

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 (6), 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 2200 K radiator’s temperature.

Table 6: Effect of the radiator temperature on the photovoltaic parameters
Traq (K) 1300 1600 1900 2200

Voe (V) 0.36 0.39 0.42 0.44
Iy (A) 0.12 0.56 1.65 3.80

FF (%) 75.14 76.84 77.82 78.56
n (%) 21.27 25.38 27.49 28.56
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Fig. 8: Simulated current-voltage characteristics
under four types of blackbody illumination spectrums

3.6 Effect of the cell temperature

As it is not realistic to operate a TPV cell at 300 K, we have simulated the effect of
elevated operating temperatures on the performance of the converter for Na = 5¢'’ cm™,
x =0.78 and p =0.98, under four types of blackbody illumination spectrums.

According to the results represented in Table 7 and the figures 9, 10 and 11 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
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significant what implies a weak increase in the short circuit current, in case of low

radiator’s temperature, and more significant increase in the short circuit current for
elevated radiator’s temperature.

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 as
shown in figure 12.

Table 7: Effect of the cell temperature on the photovoltaic parameters

Tea

“Tew | 1300 1600 1900 2200 | 1300 1600 1900 2200 | 1300 1600 1900 2200

Eg 0.72 0.72 0.72 0.72 0.70 0.70 0.70 0.70 0.68 0.68 0.68 0.68
T | 12600 1260 1260 12600 | 938 938" 938"  938c” | 2997 299 2997 299
Ve | 03 03 o042 oas | o028 03 03 o3 | 020 o025 029 031
Lo | o2 ese 65 380 | 014 o 180 407 | o016 oes 193 a3z
CFF | 7514 7684 77182 7856 | es6l 7132 7294 7402 | 5968 e41s 6677 6844
| 227 253 2740 asse | 1753 2146 2356 2467 | 1241 1637 1865 1992

Current { mA )
Current ( mA )
& =
L
H

1 3
» )
044 \
008 | ISR
034 | \
0.06 " 1
300 K 01 ]| Tee=300K : |
02 | |
~4— Tee] =340 K —— Tea|=M0K | ',
014 | |
4 Teel =380 K —— T = 380K ' |

; | | |
* — — 0 : . — s -

-{Foliagc { \") m\-’u]t.'ng.u (v .‘].

-a- for TRyq = 1300 K -b- for Traq = 1600 K
Fig. 9: Simulated current-voltage characteristics for different cell temperatures
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the conversion efficiency with the cell temperature

4. CONCLUSION

In this study, we have improved a comprehensive model to predict the performance
of a GaSb TPV converter 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 75
pum with low front recombination velocity and a cell reflectance value of 0.98, for the
radiations with energy below the cell’s bandgap, are privileged to not contribute
significantly in recombination. These results indicate the importance of good contact
quality and the BSR in the practical device applications.

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 2000 K, 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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