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Abstract

Increasing the efficiency and electrical power density of thermophotovoltaic devices relies on recent advances in photovoltaic
cell materials and technology. The study of the effect of optical properties and the impact on the performance of GaSb cell
is presented in this work. However, in this type of system, the infrared radiation transformed into electricity corresponds
to the GaSb cell spectrum. It can be done in several ways. The first means is that of an optical filter (Si/SiO,). This struc-
ture is composed of ten periods. The second means are the double and multiple anti-reflection coatings. The temperature
measured on the surface of the emitter was 1500 K in the operating condition for which wavelength is ranging from 800 to
1800 nm. The matrix transfer method enables the analysis of the optical properties behavior of each system in order to study
the incidence variation. However, the highest incidence angle of for the anti-reflective coatings was limited to 30°. In addi-
tion, the electrical performances of the GaSb cell have been studied and compared. The current density for a cell without
anti-reflective coating was 27.6 mA/cm?, while for DLARC and MLARC coatings were 38.6 mA/cm? and 39.6 mA/cm?
respectively. However, the optical filter itself generates a short-circuit current density of 42.6 mA/cm?, significantly higher
than the other three, which gives it an efficiency of 24.56%.

Keywords Antireflection coatings - GaSb cell - Spectral filter - Photonic crystal - Transfer matrix method -
Thermophotovoltaic

Introduction

The conversion of electromagnetic waves into electricity

from photovoltaic (PV) systems is crucial to meet the world's
energy needs (Donne et al. 2013). However, PV solar cell
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(Sathya and Swarna Priya 2019). In 1970, Wolf (1976)
proposed a fusion technique between photovoltaic and
thermal systems to overcome the problem. This method
is known as a thermophotovoltaic energy system. This
method is broadly known as photovoltaic energy genera-
tion. Other kind innovation was Thermovoltaics. Thermo-
photovoltaic (TPV) technology has received widespread
attention due to their use in direct conversion of thermal
energy radiated from a high-temperature source into elec-
tricity using PV cells (Donne et al. 2013; Belhadj et al.
2022; Coutts 2001; Pirvaram et al. 2021). TPV device is
made up PV cells, a selective filter, and heat source that
is thought to be a perfect blackbody. In a TPV device,
the heat is close to the PV sensor as in photovoltaic solar
systems, this phenomenon allows for a high value of pho-
ton flux which results in a high radiated power density.
Semiconductors with low bandgap energy (Eg) are gen-
erally used in the design of PV cells, because the sur-
face temperature of these cells varies between 1000 and
2000 K. These semiconductors include GaSb, InGaAs, and
InGaAsSb (Zenker et al. 2001). Therefore, efficiency and
electrical power of TPV devices can be optimized by add-
ing between the transmitter and the diode a spectral filter
or anti-reflective coatings (ARC), which transmit only the
convertible spectrum. For design of optical filters, 1D, 2D
or 3D photonic crystals are very often used (Belhadj et al.
2022).

In literature, there are several works involving filters,
we have among others PhC Si/SiO, (Babiker et al. 2014;
Tchoffo et al. 2022), PhC TiO,/SiO, (Mbakop et al. 2016,
2017), which only involves dielectric-dielectric materi-
als. We also find Ag/SiO2 metal-dielectric filters (Zhang
et al. 2020; Gupta et al. 2021). Some work has focused
on comparative studies of the performance of optical

filters, Mbakop et al. (2020) present a comparative study
between Si/SiO, and TiO,/Si0O, optical filters applied in
TPV devices.

In addition to the spectral filters used in TPV systems,
anti-reflective coatings applied to PV cells also help increase
cell output performance.

Therefore, to improve the optical properties (reflection,
transmission), a dielectric material having a thin layer is
deposited on a surface of the solar cell (Al Montazer Man-
dong 2021).

ARCs are widely used today in the design of PV cells.
Several studies have shown that single-layer coatings have a
narrow reflectance band and present dissatisfaction in terms
of their performance (Medhat et al. 2016; Dai et al. 2012).
This type of technology, also called double-layer antireflec-
tion (DLARC) (Medhat et al. 2016; Dai et al. 2012; Chang
et al. 2010; Richards Sep. 2003), is satisfactory in terms of
performance only for broadband cells. Additional layers can
also be increased to obtain minimal reflectance for a multi-
tude of wavelengths (Asghar et al. 2004).

Many works have been reported on the ARCs with differ-
ent materials such as SiNy/SiNy Sharma et al. (2017), SiO,/
TiO, Lien et al. (2006), Al,05/TiO, Bahrami et al. (2013),
and MgF,/TiO, Medhat et al. (2016). However, an increase
in Jgc, and 7 can be observed for anti-reflective coatings
using silicon solar cells compared to a solar cell without
coating when applying simulation software.

Some familiar research methods include transfer matrix
method (TMM), Fresnel equations simplified by Rouard's
method (Al Montazer Mandong 2021), etc. Unlike other
methods, TMM method is much more efficient for the cal-
culation of optical properties of a multilayer structure (Mba-
kop et al. 2020). Figure 1 shows the schematic diagram of a
TPV composed a 1D-PhCs filter, and a DLARC or MLARC.

Fig.1 Schematic illustration of
a TPV device
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In this article, a simulation study analyzes the optical prop-
erties, refractive index and thickness of DLARC and MLARC
coatings applied to a TPV device. However, these coatings
which have always been applied to PV devices will be com-
pared to an optical filter. The method used and the theory
of anti-reflective coating made it possible to determine the
characteristics of each structure. Furthermore, GaSb TPV cell
parameters such as short-circuit current (Isc), external quan-
tum efficiency (EQE), and conversion efficiency are investi-
gated for different angles of incidence.

Methods

Most photovoltaic cells are coated with anti-reflective (AR)
coatings (ARC) to decrease the reflection of light on the cell.
The characteristics of an ARC reduce multiple reflections and
increase photocurrent in PV cells. A good design of this device
makes it possible to reduce the reflectivity on the surface of the
PV cell from 30% to less than 2% (Sharma 2018). However, to
determine the reflectivity of ARCs, several methods are used
such as: TMM, Fresnel’s formula and Rouard’s method (Med-
hat et al. 2016; Sahouane and Zerga 2014; Beye et al. 2013).
Of all these methods, TMM is most widely used because it
allows the components of the electric and magnetic fields of
each multilayer structure to be associated (Beye et al. 2013).
The TMM method is generally used in the materialization
of optical filters with photonic crystals. For a 1D system
with refractive index nl placed on a substrate with index ns,
this method is expressed as follows (Tchoffo et al. 2022):

B coss isiné 1
cl= . 1 (D
n(isind) cosé | | Ms
where 6 = Zudicosdy g phase shift the film, d, is the film

thickness, 0, is the diffraction angle related to the incidence
angle 0, by Snell’s law: n sin 6, = n, sin 6, and 7 is the opti-
cal admittance with parallel and perpendicular components

ny, = ( Eo/uon)/cose and n, = \/E,/ uoncoso. )

Single-layer anti-reflection coating (SLARC) is effective
at a single wavelength, while double layer and multilayer
anti-reflection coatings are effective over a wide range of
wavelengths (Mbakop et al. 2016). It is this type of multilayer
coating that is used for the design of photonic crystal (1D-
PC) spectral filters. Thus, the above analysis (TMM) can be
extended on DLARC as (Macleod and Macleod 2010):

[ B] coss, Eh coss, H% [ 1 ]
= - " iy 2 3)
c nl(lsmél) coso, 112<lSln52) cosd, | | Ms

This gives the reflection (r) and transmission (#) coef-
ficients for a given assembly as (Beye et al. 2013; Macleod
and Macleod 2010):

= oM + Ngh iy + My + 1My,
HoMyy + Holsimyp + My + 1y,

“

21,
r= . )
Moy y + Hohdnyy + My + 0y,

where m,;, m,, m,,, and m,, are the elements of the char-
acteristic matrix obtained by multiplying the two matrices
representing two layers, while #, and #, are the admittance
values of incident medium and the substrate. The energy
coefficients (reflectance, transmittance are given by Sah-
ouane and Zerga (2014):

R=|r%, (6)
R 2
T ==
o |z @)
Theory

Theory of Antireflection-Coating DLARC and MLARC

In narrow wavelength ranges, minimum reflectance is
obtained on solar cells from single-layer ARC (Martirosyan
et al. 2007).

In the design of double and multilayer structures, the
main parameters to take into consideration the refractive
index n and the layer thickness d. However, the DLARC
must satisfy the modeling of Eq. (8) when it is composed of
a GaSb substrate having a top layer and a bottom layer. The
reflectance becomes zero at certain wavelengths (Martiro-
syan et al. 2007; Lee et al. 1998):

Ny = \/MGaspNy- (¥

Furthermore, the quarter-wave optical thickness is
reached for each layer when the broadband reflectance cen-
tered on A occurs (Lee et al. 1998):

Apmi Apmi
nd, = %and ny,d, = Z’". )

To obtain the best part of the energy distribution in the
IR spectrum, the dual-layer AR configuration must be tuned
to create minimum reflectance (Martirosyan et al. 2007).

In “Methods”, we extensively developed the mathemati-
cal model of multilayer coatings. This section shows that
by adjusting the refractive index and layer thickness, all
reflected vectors should be minimized (Raut et al. 2011).
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Fig.2 Design diagram of antireflection coatings with a double layers
(DLARGC:S) and b triple layers (MLARCs:)

Figure 2 shows the schematic design for DLARC and
MLARC.

Filter Design Theory

We present and analyze in this work a TPV conversion
device having 1D-PhCs optical filters. these devices are
composed of (LH)", with N periods, which transmit light to
a GaSb cell. The different layers are designed and deposited
on a quartz substrate. This system is compared to a filterless
TPV system having an AR coating (DLARC and MLARC).
However, the spectral domain chosen in this study is that of
the IR domain.

The gap energy of GaSb materials is £,=0.7 ¢V and has
a wavelength of 1,=1.78 pm (Mbakop et al. 2020). The
distance between the transmitter and the cell is 1 cm. The
different optical filters are deposited on a NaCl substrate. In
a 1D-PhC optical filter the total photonic bandgap is non-
existent. However, it is capable of giving full omnidirec-
tional reflectance if combined with free space. For this, all
angles of incidence must be superimposed. This principle
can be used to improve TPV devices (Mbakop et al. 2020;
Zaghdoudi et al. 2012; Fink et al. 1998; Liu et al. 2008).

One-dimensional SiO,/TiO,, SiO,/ZnS, Si0,/ZrO, and
Si0,/PbF, structures are essentially quarter-wave periodic

@ Springer *

multilayers films. However, Eq. (10) presents central wave-
length at normal incidence (Mbakop et al. 2020):

1 - gsin—1<"ﬂ—”L> & (10)

nH+nL

At normal incidence, we have 1, which represents the
wavelength at normal incidence, while ny and n; designate
the high and low refractive indices respectively. The follow-
ing modeling is the representation of the thickness of the
layer (Mbakop et al. 2020):

A
di = ﬁ (1)

where n, denotes its refractive index. In this paper, the wave-
length was set in the near-infrared (NIR) range, normally
between 800 and 1800 nm.

The central wavelengths are taken at 4,=1200 nm. Fig-
ure 3 is the representation of the model chosen in this work,
1D-PhC.

Material Choice

In mid-infrared spectral range, several semiconductors could
be chosen as substrate materials, such as sapphire, CaF,,

Air (no)

n, (Substrate)

z-direction

Fig.3 TPV device composed of a 1D-PhC optical filter deposited on
GaSb

Table 1 AR coating materials

X K e e Material Refractive Index

with their refractive indices

(Sharma 2018) MgF, 1.38
Na;AlF; 1.35
CaF, 1.43
Sio, 1.46
Al O, 1.73
PbF, 1.76
Zr0O, 2.2
ZnS 2.36
TiO, 24
Si 35
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ZnSe, Si and Ge. In this paper, GaSb was chosen to be used
as substrate material. Table 1 shows some frequently used
AR cladding materials with their refractive indices.

The materials contained in this table will also be used in
part of work concerning the design of 1D-PhC spectral filter.

Electrical Parameters
Conversion Efficiency

Making a cell with a high conversion efficiency requires
improving the maximum power, P,,, and the short circuit
current, /... It can be obtained from the following equation

(Medhat et al. 2016; Green 1982):

Pm VOCISCFF
=g =g (12)

in in

This formula is the representation of the different proper-
ties of the solar cell. V,_ is the open circuit voltage, P;, is the
photon input power, and FF is the fill factor. The FF is very
often used to determine the current—voltage (I-V) curve and
its mathematical model is (Medhat et al. 2016; Vos 1983):

VmIm
v’

oc”sc

FF

13)

where I,, and V,, represents the current and voltageQ corre-
sponding to the maximum power (P,,), respectively.

Results and Discussion

For this study, we present two models structural designs
that can improve the efficiency of a TPV conversion sys-
tem through its cell. Concerning the first method, it is a
question of designing a DLARC and a MLARC on a GaSb
substrate and seeing which one displays better optical prop-
erties. To achieve the expected results, several structures
have been examined, namely: SiO,/MgF,, SiO,/Al,0;,
Si0,/Zr0O,, Si0,/ZnS and SiO,/TiO, for the DLARC and
MgF,/Si0,/TiO,, Na;AlF,/Si0,/TiO, and CaF,/Si0,/TiO,
for MLARGC, in order to determine the device that best fits
our work. In second model, we have designed a bandgap
1D-PhC filter. Each 1D-PhC includes layers with different
refractive indices. The band gap of this device is directly
controlled by the parameters of the layers such as the thick-
ness d and the refractive index (Mbakop et al. 2020). The
number of periods is fixed at 10, i.e. there are a total of 20
layers made up of 10 layers for materials with high refractive
indices (H) and 10 layers for materials with low refractive
indices (L). As for the DLARC and MLARC structures, a
study is made on several 1D-PhC filters, Si0,/TiO,, SiO,/
ZnS, Si0,/ZrO, and SiO,/PbF,, to come out with the best

one. In this work, we present the performance of the TPV
cell in both models. However, these performances depend
exclusively on the angle of incidence. The different results
presented in this study are solely based on the polarization
mode of the electromagnetic field which is composed of the
electric transverse mode TE and magnetic transverse mode
TM. These results will be presented in the NIR wavelength
range. Appealing to the TMM method, we have designed a
DLARC, MLARC and a 1D-PhC filter in the spectral range
1200—1800 nm. The central wavelength is equal to 1200 nm.

Study of the Reflectance and Transmittance
of Different Structures of the Filter

The results presented in Fig. 4 evaluate optical properties
such as reflection and transmission in TM polarization
mode. The filter is designed in the mid-IR spectral range
and the period is fixed at P=10.

In this part, we evaluate the reflectance and transmittance
of different filter structures in near-IR range. The simulation
results of Fig. 4 allow us to select structure which exhibits
the best spectral response, in order to optimize the electrical
parameters of the TPV cell.

The number of periods is the central wavelength corre-
sponding to P=10 and 10 =1200 nm. As can be observed
from Fig. 4a and b, the ZnS/SiO, structure displays the
smallest bandwidth and achieves 100% reflectance and
transmittance. Its opening and closing wavelengths are
between 4;=1039 nm and 4, = 1440 nm, for a bandwidth
AA=399 nm for reflectance and A1 =280 nm for transmit-
tance. The second structure (TiO,/Si0,) exhibits a wider
bandwidth than the previous one and also reaches a maxi-
mum of 100% reflectance and transmittance. Its wavelengths
are between 4;=1020 and 4,=1463 nm for a bandwidth
of AA=443 nm for reflectance and A1=340 nm for trans-
mittance. The third structure (Bi,05/Si0O,) also shows a
maximum of 100% reflectance and transmittance, but with
greater bandwidth. This structure has opening wavelength
A;=1010 and closing one 1,=1472 nm for a bandwidth of
AA1=462 nm for the reflectance and of A1=400 nm for the
transmittance. The last structure presented in this study of
the various filters is Si/SiO,, which has already been the sub-
ject of several researches (Babiker et al. 2014). It is observed
from Fig. 4 that this structure performs better than previous
structures and has a large bandwidth. Its opening wavelength
is ;=940 and that of closing one is 4,=1655 nm for a
bandwidth of filter. It also displays a greater bandwidth,
AA=715 nm, for reflectance and A4 =700 nm for transmit-
tance. We observe a similarity with the work obtained by Li
et al. (Liet al. 2015a, b) and Mbakop et al. (2016). The TPV
cell has good efficiency when the optical filter satisfies a
homogeneous linear device. Table 2 shows the transmission
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Fig. 4 Evaluation of reflectance (a) and transmittance (b) of different filter structures

Table2 Transmittance and R T

reflectance values for the

different structure Structures A; (nm) A, (nm) AA (nm) A; (nm) A, (nm) AZ (nm)
Si/Si0, 940 1655 715 950 1650 700
Bi,0,4/Si0, 1010 1472 462 1050 1450 400
TiO,/Si0O, 1020 1463 443 1060 1400 340
ZnS 1040 1439 399 1070 1350 280

and reflectance values for different devices at a period of
P=10.

Effect of Incident Wave on Transmission for TE
and TM Modes

Figure 5 shows the transmittance of the filter across the TPV
cell when varying the angle. The structure chosen for the
study of angle variations was SiO,/TiO,. The wave coupling
mode is TM and TE for a period of P=10.

We observe in Fig. 5 a variation of the angle for an
unchanged period P = 10. the structure chosen in this section
is Si0,/TiO,. The number of periods remains unchanged,
N=10. The transmission spectra of the proposed structure
in both TE and TM modes are shown in this figure. The dif-
ferent incidence angles taken into account in this study vary
from 0° to 45° and were chosen equal to 0°, 20°, 30° and 45°.
The central wavelength is observed in Fig. 5 to 1200 nm.

Thus, we see that the transmission band space of the TE
and TM modes remains unchanged when the wave is polar-
ized at normal incidence. However, a change in polarization
occurs between the two modes (TE, TM) when the incidence
varies up to 20°. The same phenomenon is observed when

the angle is increased from 30° to 45°. In the bandwidth
region, a decrease in transmission is observed with increas-
ing incidence. The stopband shifts towards shorter wave-
lengths with increasing angle of incidence (Babiker et al.
2014). In Fig. 5a, the TM polarization mode decreases rap-
idly with increasing incident angle (Pirvaram et al. 2021).
The local field of a one-dimensional photonic crystal can be
enhanced when the angle is taken at an oblique incidence.
This can be much better than that of a normal incidence
(Mbakop et al. 2016). Table 3 presents the different transmit-
tance values with variation in incidence.

Reflectance and Transmittance of DLARC and MLARC

Figure 6 presents the behavior of the optical properties of
different DLARC and MLARC structures for a TPV cell.
As mentioned above, according to the literature, SLARC
structure does not cover the wide spectrum range and can
only minimize reflection at one wavelength. However, the
DLARC or MLARC systems can be designed for the TPV
cell. The latter will be present in the following section.
Several structures were tested in order to choose the one
exhibiting the best results. The reflectance (Fig. 6a, c) and
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Table 3 ."I‘r..ansmis.sio.n values Structure Angles (°) Modes
after variation of incidence for
TE and TM modes TE ™
M Ay AN M Ay AN
Si/SiO, 0° 850 nm 1600 nm 750 nm 900 nm 1450 nm 550 nm
200 900 nm 1620 nm 720 nm 930 nm 1550 nm 620 nm
300 930 nm 1630 nm 700 nm 940 nm 1600 nm 660 nm
450 950 nm 1640 nm 690 nm 950 nm 1650 nm 700 nm

transmittance (Fig. 6b, d) spectra were plotted using the
TMM method. Figure 6a and b present the results obtained
for DLARC. For the SiO,/MgF, structure, the reflectance
has a value of 9-37%, and transmittance is of 90% in the
wavelength ranging from 800 to 1800 nm. For SiO,/Al,0,
structure, the reflectance decreases until a value of 6—20%
for a transmittance of 96%. In the same wavelength range,
the Si0,/ZrO, structure displays a reflectance of 7%, with
arelative increase in transmittance up to 98%. The reflec-
tance decreases to 4%, while the transmittance is continu-
ously increasing and reaches a value of 99.5% for the SiO,/
ZnS structure. The last structure, Si0,/Ti0,, shows better
results with respect to the previous ones. This structure
reaches values of 2% and 100% representing the reflec-
tance and transmittance values respectively. These values
are taken over a wavelength range of 800 to 1800 nm,
which is linked to the work of Lien et al. (2006). Further-
more, for DLARC configuration, the reflectance curve is
W-shaped, i.e. the reflectance becomes minimum at two

wavelengths. In general, in this type of antireflection coat-
ing, the choice of materials with refractive indices lower
than 1.5, such as SiO,, CaF, or MgF,, can be appropriate
for the first layer.

Therefore, the CaF,/Si0,/TiO, structure has a reflec-
tance of 0.7% and a transmittance of 99.8% on its first peak
located in the wavelength range of 1000 to 1100 nm. Fur-
thermore, these properties (reflectance, transmittance) are
canceled on the second peak, between 1300 and 1400 nm.
Our results indicated that unlike the others, the Na3AlF3/
Si02/Ti02 structure is the one that presents better effi-
ciency. This is achieved by its very small reflectance and
lower transmittance in the wavelength range of 1050 to
1400 nm, in the NIR domain. The results presented in this
work are contrasting to those of Al Montazer Mandong
(2021), which presents the MgF,/Si0,/TiO, structure to
be the best in the visible spectrum. Table 4 summarizes
the average reflectance and transmittance of each structure
for DLARC and MLARC.
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Fig.6 Reflectance spectra of a DLARC and ¢ MLARC structures. Transmittance spectra of b DLARC and d MLARC structures on GaSb sub-

strate

Oblique Incidence of Antireflection Coatings
of DLARC and MLARC

Figure 7 shows the influence of oblique incidence on the
reflection of different DLARC and MLARC structures from
the TPV cell. The structures chosen for this purpose are
Si0,/TiO, for the DLARC configuration and the Na;AlF,/
Si0,/TiO, for the MLARC one. The study was made for the
two polarization modes, TM and TE.

Figure 7 shows spectral dependence of reflectance
for different angles of incidence and their influence on

@ Springer \@

performance of GaSb cell of a TPV system. The behavior
of different configurations, DLARC and MLARC, in both
TE and TM polarization modes is presented in Fig. 7,
respectively. The TMM method allowed calculations to be
made numerically on angles such as 0°, 20°, 30° and 40°.
As can be seen in Fig. 7a and b, the reflectance curve in
the two polarization modes for the DLARC is W-shaped.
This means that for two specific wavelengths, the reflec-
tance is at its lowest level. Moreover, one can observe
that for both polarization modes, reflectivity increases
together with the incidence. For the TE polarization in
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Table 4 Reflectance and transmittance values of each structure for
DLARC and MALRC

Structures Reflectance (%) Trans-
mittance
(%)
DLARC Si0,/MgF, 9.0-37.0 90.0
Si0,/AL,04 6.0—20.0 96.0
Si0,/Zr0O, 7.0 98.0
Si0,/ZnS 4.0 99.5
Si0,/TiO, 2.0 100
MLARC CaF,/Si0,/TiO, 1.5 99.0
MgF,/Si0,/TiO, 0.8 100
Na;AlF,/Si0,/TiO, 0.3 100

Fig. 7a, we observe a shift in the reflectance towards
small wavelength values as the incidence increases from
0° to 40°. However, when the incidences vary from 0° to
30°, the reflectance curve remains stable over the entire
wavelength range.

Instead, for TM polarization (Fig. 7b), the reflectance
curves do not change despite variations in the angle of
incidence. Furthermore, Fig. 7b showing the TM polari-
zation, the reflectance remains stable even if the angle of
incidence is varied. However, in Fig. 7a and in the same
way as in the case of TM polarization, for TE polarization
the reflectance curve also remains stable regardless of
variations in the angle of incidence. However, a signifi-
cant increase in reflectance is observed when the angle
of incidence reaches 40°. This behavior is in agreement
with the works of Diaye et al. (Beye et al. 2013) and
Sharma (2019).

Figure 7c and d show the reflectance spectra for the
MLARC structure at different angles of incidence and for
the two polarization modes. As can be seen in this fig-
ure, the response of the reflectance curve is quite accept-
able up to around 20°—30°. Furthermore, the reflectance
curves are blue-shifted for the TE polarization as can be
observed in Fig. 7c is relatively stable in TM polarization
as observed in Fig. 7d.

We In this study it is observed that, for both types of
AR structures, the design is made to operate at normal
incidence and can then be used over a limited range of
oblique incidence angles up to about 30°. If a particular
angle of incidence is preferred, it is possible to design
the antireflection coating to match that angle. However,
like the case of normal design, the effectiveness of this
method will be over an angular width of approximately
30° about the preferred angle. Our results reveal that the
MLARC configuration shows better reflectance results
for different values of the incidence angle, compared to
DLARC.

Antireflection Coatings at a Chosen Oblique
Incidence

Figure 8 shows influence oblique incidence on reflectance
of a DLARC for the GaSb TPV cell, at a chosen angle of
oblique incidence fa. The study is made for the two polari-
zation modes, TM and TE.

As mentioned above, the design can be matched at a
particle angle of incidence. In this study, we chose 8,=30°
and redesigned the two-layer structure. From Fig. 8a (TE
polarization mode) it can be seen that the angle of incidence
0=0° is only appropriate for a chosen angle of incidence
6,=30°. Figure 8b presents the corresponding reflectance
in TM mode, which cannot be matched simultaneously with
that in the TE polarization mode. It can be observed that the
curves get closer towards longer wavelengths for increasing
angles of incidence from 0° to 40°. Furthermore, the chosen
angle 8,=30° is well suited to this polarization mode.

In GaSb TPV conversion cells, using AR coatings, it is
possible to choose an oblique incidence to obtain optimum
efficiency. The limiting incidence angle in this work is fixed
at 6,=30° and corresponds to the TM polarization mode.

Electrical Parameters of GaSb Cell

Figure 9 presents I-V current—voltage characteristic curves
of the GaSb cell from the TPV system, studied for different
structures proposed in this work.

To obtain better system performance after improving the
reflectance and transmission, the improvement of electrical
properties (I-V) of all AR devices can be seen in Fig. 9. The
results of the I-V electrical properties of the GaSb cell with-
out ARC, with DLARC (SiO,/TiO,), MLARC (Na;AIF,/
Si0,/Ti0,) and for optical filters are shown in Fig. 9.

The incident radiation from the TPV transmitter is in the
IR range varying from, 800 to 1800 nm.

That is why TPV cells need to use smaller semiconduc-
tors such as GaSb, which has an energy of 0.7 eV and wave-
length of 1.7 ym. Knowing that incident power on a solar
cell is around 0.1 W/cm?, that on TPV cell typically of 10
W/cm?. It is much more higher than solar energy incident
on surface of earth, which gives the main attraction of TPV
cells (Coutts 2001, 1999).

The cell performances are evaluated for different struc-
tures studied (DLARC, MLARC and Optical Filter) under
blackbody radiation (blackbody radiator). In the case of filter
(red dotted courve), only a small fraction of photons cre-
ated by radiative recombination can escape from cell due to
total reflection, since GaSb has a large refractive index of
3.8 (Zenker et al. 2001; Coutts 1999; Balasubbareddy 2023;
Balasubbareddy and Divyanshi 2022; Balasubbareddy et al.
2023). Figure 9 emphasizes a significant increase in the short
circuit current for different structures used, compared to that




Transactions of the Indian National Academy of Engineering

TE polarization
8 T T , : T i

—{izob
770:200

Reflectance (%}

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
A (nm)
(a)
TE polarization
16 | v ) | . ) ' T T
6=0°
~4=20°

"y 6=30°
o
é.- MLARC #=40° -
o)
3]
c
[
8
3]
o
% -
14

0 g —

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

A (nm)
(©

TM polarization

8 i T : . r |
7 - -
& 6=0°
6 _ a0
| DLARC =2
[ 6=130°
|
5” 4= 40° 7
\

Reflectance (%)}
-

[
—r
L

80D 900 1000 1100 1200 1300 1400 4500 1600 1700 1800
A (nm)
(b)
TM polarization
16 : ; i : T ) ; T i
|
145
1
’\
12.l
| —=0°
- |
2 ".\ 6= 20°
2 MLARC h=2°
|
o ||l §=40°
S shl|
- \
Q \\
= A\
o 6p 1Y
i \\
n \H
0 I l\r:'_h‘
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

A (nm)
(d

Fig. 7 Oblique incidence reflectance spectra for a DLARC structure and for MLARC structure

of the cell without AR coating. However, the open-circuit
voltage and the fill factor do not change. Instead, I-V char-
acteristics of Optical Filter show the best results. The effi-
ciency of GaSb cell with Optical Filter is 24.56%, while that
of DLARC and MLARC (Na;AlF;/SiO,/TiO,) cells exhibits
an increase from 21.98 to 22.77%, compared to the cell with-
out AR coating, for which the efficiency is of 15.76%.

It is worth to mention that the value of the power density
extracted from TPV cell is much greater than one as expects

@ Springer

from a silicon PV cell. Table 5 illustrates the I-V performance
of different solar cells ARC, as well as with Optical Filter.

Conclusion

In this work, the TMM was extensively developed to
evaluate the efficiency and power density of DLARC and
MLARC solar cells. In order to improve the performance
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Table 5 Electrical performance of different types of GaSb cells

ARC and filter design I, (mA/cm?) V.. (V) FF (%) n(%)

No ARC 27.6 0.6798 840  15.76
DLARC (SiO,/TiO,) 38.6 0.6799 843  21.98
MLARC (Na,AIF,/SiO,/  39.6 0.6799 845 2277
TiO,)

Optical Filter (TiO,/Si0,)  42.6 0.6799 84.8  24.56

of the GaSb cell used in TPV, the results were compared
to those obtained with a 1D-PhC filter. Among of the pro-
posed structures. Si/SiO, was chosen for the filter, SiO,/
TiO, for the DLARC and Na;AlF;/Si0,/TiO, for the
MLARC configurations. All structures were designed for
the NIR region, in the spectral range of 800—1800 nm,
under an emitter temperature of 1500 K. This numerical
method also allows to analyze influence of reflectance,
transmittance and incidence on behavior of different struc-
tures. The results reveal that, the reflectance and the trans-
mittance at the front surface of GaSb cell with DLARC
(Si0,/Ti0,) are of 2% and 100%, respectively while 0.3%
and 100%, have been obtained for the MLARC (Na;AlF;/
Si0,/TiO,) respectively. Using an optical filter leads to
values of 100% for reflectance and transmittance, which
is valuable as it covers the peak region of the near infrared
spectrum.

The influence of angle of incidence on performance of
GaSb TPV cell with the three structures was studied com-
paratively, for two polarization modes, TE and TM. For
DLARC and MLARC configurations, the obtained results
show that the incidence angle of strongly affects the antire-
flection properties beyond 30°. Thus, the incidence angle
was fixed at 30°, value for which a better result is provided
by TM polarization. In addition, it has been observed that,
the optical filter has no sensitivity at all angles of incidence.
Furthermore, TM polarization is more sensitive to variation
the angle on incidence than TE polarization, and stopband
decreases and shifts to shorter wavelengths as the incidence
increases. Short circuit current density and efficiency of all
GaSb cells: without ARC, with DLARC, MLARC and fil-
ter was also examined. The obtained values were found to
be of 27.6 mA/cm? and 15.76%, 38.6 mA/cm? and 21.98%,
39.6 mA/cm? and 22.77%, and 42.6 mA/cm? (a signifi-
cant increase) and 24.56%, respectively. The considerable
reduction in optical properties and the increase in electrical
properties of cell greatly improve the light trapping perfor-
mance of TPV cells, due to plasmonic forward light scat-
tering effect. In the present study, it has been demonstrated
that, although the antireflection configurations (DLARC and
MLARC) are effective for the PV cell itself, they are not
suitable for application in TPV conversion systems. In GaSb
thermophotovoltaic systems, only optical filters are able to
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provide spectral and directional coherence with the GaSb
cell. Therefore, by selecting the best combination of materi-
als, performances of TPV or PV devices can be improved
appealing to accurate simulations.
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