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ABSTRACT The investigation on the effect of illumination power intensities for a thermophotovoltaic (TPV)
system is crucial to enhance the TPV cell performance. To date, the studies on the effect of illumination
intensities were limited to solar photovoltaic cells application. Meanwhile, the reported work on the
impact of infrared illumination intensities on TPV cells are done at limited temperatures and intensities.
The effects of TPV intensities on all performance parameters are not comprehensively studied and fully
elucidated. Therefore, this paper investigates the performance of indirect-bandgap Germanium (Ge) and
direct-bandgap Indium Gallium Arsenide (InGaAs) cells under various TPV spectral irradiances. Silvaco
TCAD simulation software was used to investigate the effect of blackbody temperatures ranging from
800 to 2000 K with different illumination intensities on the TPV cell performances. It was found that
higher conversion efficiencies are achieved for both TPV cells under higher illumination intensities due
to the increase in open-circuit voltage and fill factor. As the beam intensity increases for temperatures
>1600 K, fill factor slowly increases for the Ge cell, but decreases for the InGaAs cell due to the increase
in the I2Rs losses associated with the high current. The finding demonstrates that the open-circuit voltage
of indirect-bandgap TPV cell is significantly increased with higher illumination intensities. The variations
in cells performance are explicitly explained based on factors such as TPV design structure and the physical
properties of semiconductor at varying illumination intensities. The performance of both TPV cells were also
analyzed at the minimum optical losses. Average efficiencies of Ge and InGaAs TPV cells were increased to
26.05% and 27.92%, respectively, when the optical losses were minimized with anti-reflection coating and
thicker absorber layer. The results of this work demonstrate that by detailed consideration of the effect of
spectral irradiances, a high-performance TPV system can be developed.

INDEX TERMS Energy conversion, Ge, InGaAs, spectral irradiances, thermophotovoltaic.

I. INTRODUCTION
Over the past decades, thermophotovoltaic (TPV) system
has emerged as a promising technology for the energy
conversion of thermal radiations such as fuel combustion,
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waste heat recovery, and nuclear energy, into electricity. The
TPV systems have been realized in many applications such
as off-grid electrical generator [1], [2], aerospace applica-
tions [1], vehicle [3], submarine [4], solar thermophotovoltaic
(STPV) [5], [6], energy storage [7], [8] and waste heat recov-
ery systems in metal-alloy industries [2], [9], [10], power
plant [11], [12] and fuel cell [13]. The typical source of
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temperature for thermal radiation in TPV applications is less
than 2000 K. In terms of the operating principle, TPV cells
operate similar to solar cells, which can absorb the ther-
mal radiations from a heat source and convert them into
electricity. Unlike solar cells, TPV cells require a nar-
rower bandgap (NB) semiconductor such as Germanium (Ge)
and Indium Gallium Arsenide (In0.53Ga0.47As), herein after
referred to as InGaAs, to convert the infrared radiations (IRs).

In comparison to InGaAs, Ge has lower absorption coef-
ficient because it is an indirect bandgap material [14].
However, Ge is relatively abundant in supply and rather
a cost-effective material to fabricate TPV cells [15], [16].
On the other hand, InGaAs is a direct III–V semiconductor
material that has excellent optical and electrical properties,
such as strong light absorption, high diffusion coefficient,
long carrier lifetime, and large carrier diffusion
length [17], [18]. On top of that, the maturity of InGaAs and
monolithic interconnected module (MIM) lattice-matched to
the available indium phosphide (InP) substrate makes it a
suitable candidate for large-scale production [19]. Neverthe-
less, both materials are having similar bandgap energy of
(0.67 eV for Ge) and (0.74 eV for InGaAs), which consider
efficient NB semiconductor for TPV application.

Several studies have highlighted the performance of Ge
and InGaAs cells under various illumination concentra-
tions [20]–[22], blackbody temperatures [23]–[25] and gap
distances [15]. Typically, the TPV cells are employed under
a wide range of spectral irradiances and operate at various
illumination intensities. The intensity of the beam depends on
the radiator temperature and gap distance (GD) between the
radiator and TPV cells. Different illumination intensity may
influence the amount of photo-generated current density and
has a significant impact on the cell performance parameters,
such as open-circuit voltage (Voc), fill factor (FF) and cell
conversion efficiency (η) [25], [26]. To date, studies on the
effect of TPV illumination intensity on NB semiconductor
devices are done at limited radiation temperatures and illumi-
nation intensities. Moreover, there is a lack in the understand-
ing of the parameters governing FF, series resistance (Rs) and
shunt resistance (Rsh) under TPV illumination intensity vari-
ations. A comparative study of indirect and direct bandgap
TPV cells under various TPV spectral irradiances is yet to be
conducted.

To understand the effect of illumination intensity on
the FF, η, Rs and Rsh of direct and indirect bandgap
semiconductor structures, further characterization work is
needed. Modeling high-efficiency TPV cells under differ-
ent TPV spectrum irradiances is therefore scientifically and
commercially essential. In this regard, this study investi-
gates the performance of indirect (Ge) and direct (InGaAs)
NB semiconductor materials as a function of TPV illumi-
nation intensity. The performance of both cells at varying
illumination intensities with the minimum electrical/optical
losses is also investigated. Based on the results, the perfor-
mance parameters such as short-circuit current density (Jsc),
Voc, FF, η, Rs and Rsh are broadly analyzed and studied.

II. PERFORMANCE/RELATED STUDIES ON GE AND
INGAAS TPV CELLS
Ge has a cheaper material cost relative to other TPV cell
materials [15], [27]. The synthesis cost of Ge TPV cell
can be further reduced with hydrogenated amorphous silicon
(a-Si:H) over flexible monocrystalline/c-Ge [28], [29].
Despite the high toxicity of precursors used in the growth of
Ge and InGaAs cells by metal-organic vapour phase epitaxy
(MOVPE), a growth advancement in Ge cell was achieved
with the use of less toxic precursor isobutylgermane (IBuGe)
as compared to germane (GeH4) [30], [31]. Nevertheless,
Ge has a few challenges, such as low Voc [32] and high-
temperature coefficient [27]. Therefore, the application of
Ge cell in TPV system requires an efficient cooling system
to prevent further reduction of cell efficiency.

On the other hand, InGaAs can be regarded as an
efficient III-V semiconductor material for TPV applications.
The advancement of InGaAs in MIM lattice-matched to InP
substrate, high crystal quality, and excellent photoelectric
properties make InGaAs a suitable candidate for large TPV
panel [19]. Ge and InGaAs cells are commonly implemented
in a multi-junction cell [33] and tandem cell [34] to extend the
power harvesting up to near-infrared wavelengths (1800 nm),
enhancing the cell conversion efficiency. Table 1 reviews the
performances of Ge and InGaAs cells under solar and TPV
illumination conditions. The variation in cells performance is
influenced by factors such as photons absorption, generation,
diffusion, electron/hole separation and collection. Besides,
the generation, recombination and collection of electron/hole
are governed by a complex interplay between the effect of
active layer thickness, charge transport, recombination rate
and more importantly, illumination intensity [35].

III. EXPERIMENTAL DETAILS
A. MODEL VALIDATION OF GE AND INGAAS CELLS
The epitaxial of Ge and InGaAs TPV cells in this study
are shown in Figure 1(a) and 1(b), respectively. Silvaco
TCAD tool was used to model the structures and to solve
for the models’ performance parameters. The simulation
models of Ge and InGaAs were based on the structures
reported by Kim et al. [37] and Sodabanlu et al. [17],
respectively. For Ge TPV cell structure, the thickness (doping
concentration) of the n-type Ge emitter layer was 0.05 µm
(2 × 1019 cm−3), whereas for the p-type Ge base layer was
designed at 5 µm (2 × 1018 cm−3). A 0.03 µm thick n-type
window layer with 2 × 1019 cm−3 doping concentration of
indium gallium phosphide (InGaP) was designed on top of
the Ge emitter layer as an in-situ epitaxial surface passivation
layer. Besides, a highly-doped (>5 × 1018 cm−3) n-type
gallium arsenide (GaAs) layer was employed with a thickness
of 0.3 nm as a capping layer for ohmic contact formation.
AuGe/Ni/Au and Ti/Pt/Au metallization structures were used
as n- and p-type ohmic contact metals with a thickness
of 0.15µm. Finally,MgF2/ZnS anti-reflection coating (ARC)
is included to reduce optical loss [37].
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TABLE 1. Ge and InGaAs TPV cells performance at various testing conditions.

FIGURE 1. Baseline schematic cross-section of the epitaxial (a) Ge structure [37] and (b) InGaAs structure [17].

For InGaAs TPV cell structure, the thickness (doping con-
centration) of the n-type InGaAs emitter layer was structured
to 0.05 µm (5 × 1018 cm−3), whereas the p-type InGaAs
base layer was set at 1 µm (1 × 1017 cm−3). Similar to
Ge structure, a 0.03 µm thick n-type InP window layer with
5 × 1018 cm−3 doping concentration was used. The win-
dow layer prevents the high surface recombination velocity
and eliminates the front surface dangling bonds. In addition,
a p-type InGaAs back surface field (BSF) and p-type InP
buffer layers were incorporated in the structure with thick-
nesses (doping concentrations) of 0.025 µm (1×1018 cm−3)
and 0.15µm (1×1018 cm−3), respectively. These layers were
used to improve the collection of photo-generated carriers at
the long-wavelength [38]. As for the capping layer, a highly
doped (3× 1018 cm−3) n-type InGaAs layer with a thickness
of 0.05 nm was designed. AuZn and AuGe metal electrodes
with a thickness of 0.15µmwere used for ohmic contact with
p-InP substrates and n- InGaAs contact layers, respectively.

The material parameters and models of both TPV cells
were carefully designed to match the actual cell design
and experimental testing condition. Physical models such as
radiative (band-to-band), non-radiative Shockley–Read–Hall
(SRH), Auger recombination, and concentration-dependent
minority carrier model of lifetime and mobility are defined
for 300 K cell temperature. The material parameters were
adjusted and optimized based on the reported material param-
eters of Ge, GaAs, InP, InGaAs and InGaP [18], [33], [39].

The current density-voltage (JV) characteristics of the Ge and
InGaAs cells were simulated and presented in Figure 2(a)
and 2(b), respectively. Figure 2 shows a close agreement
between the simulation model and the reported experimental
data for both cells with less than 6.3% of percentage error.
In particular, a percentage error of 4.37% and 0.62% were
achieved for η of respective Ge and InGaAs cells, hence
validates the Ge and InGaAs cells.

B. STUDY THE GE AND INGAAS TPV CELLS UNDER
DIFFERENT SPECTRAL IRRADIANCES
The validated Ge and InGaAs models were modified with
the same ohmic metal grid coverage of 7% and without
ARC, for a fair comparison. As aforementioned, the TPV
cell operates under various spectral irradiance of blackbody
temperatures (≤2000 K) with different GDs, as illustrated
in Figure 3. Based on the inverse square law, the amount of
power transferred from emitter to cell significantly decreases
with a longer GD [40]. Since it is impractical to manipulate
GD in the Silvaco TCAD tools, the beam intensities will be
manipulated in this study. The beam intensities have a direct
relation with GDs where the higher the intensity, the closer
GD between the radiator and TPV cells, and vice versa.

In this work, the characterization of Ge and InGaAs TPV
cells performance under various blackbody temperatures with
different illumination intensities was performed. The illumi-
nation intensities of both cells were decreased from 100% to
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FIGURE 2. JV curve model validation at AM1.5 illumination condition for (a) the Ge cell [37] and (b) the InGaAs TPV cell [17].

FIGURE 3. The schematic diagram of the TPV system.

10% with an interval of 10%. Similar illumination steps were
reported for blackbody temperatures from 800 to 2000 K.
The cell temperature was maintained at 300 K, assuming
an effective cooling system was deployed [66]. Three main
factors influence the efficiency of the Ge and InGaAs cells
that are optical losses due to the front surface reflection,
insufficient absorber thickness, as well as, the Rs and Rsh. The
Rs of both Ge and InGaAs cells can be minimized with the
use of ohmic metal contact. Therefore, an additional analysis
was conducted to characterize the performance of both Ge
and InGaAs cells at different radiation temperatures with
minimum optical losses. The optical losses were minimized
with the use of ARC and optimum thickness for the absorber
layer. For the Ge cell, the absorber (base layer) thickness was
varied from 1 to 170 µm while the InGaAs base thickness
was varied from 1 to 20 µm. The optimum thickness was
selected based on the optimum efficiency of the cells under
TPV testing conditions.

In addition, a 2 µm low pass optical filter was employed
in the simulation following the spectral irradiance of the
reported TPV system [41], [42]. Fourspring et al. [43] illus-
trated the use of an optical interference filter generates high
spectral efficiency for wavelength lower than 2µm. The filter
allows convertible photons to pass through and maximize the
photon absorption and the conversion efficiency of the TPV
cell [11], [44]. With the application of a low pass optical
filter, the illumination intensities varied between 0.0046 and
43.6 W/cm2 for blackbody temperatures from 800 to 2000 K.

IV. RESULTS AND DISCUSSIONS
A. THE JV CURVES OF THE GE AND INGAAS TPV CELLS
UNDER DIFFERENT ILLUMINATION INTENSITIES
Figures 4(a) and 4(b) show the JV characteristics of the Ge
and InGaAs cells under 1400 K blackbody temperature with
different illumination intensities. It is worth mentioning that
a similar trend is reported for other blackbody temperatures.
For Ge cell, as the beam intensity increased from 10% to
100%, both Jsc and Voc increased from 105 to 1050 mA/cm2

and 0.27 to 0.33 V, respectively. A similar trend is reported
for the InGaAs cell with slightly higher Jsc and Voc. Besides,
the trend found in this study is in a good agreement with a
work published by Su et al. [22] for InGaAs under concen-
tration ratio of ∼1−27 sun. It was reported that Jsc increased
rapidly with the increase of illumination intensity while
Voc increased gradually. The effect of illumination intensity
on Jsc is expressed in Equation (1).

Jsc =
∫ λ(Eg)

0
8(λ)EQE(λ)d (1)

where 8 is the illumination intensity, EQE is the external
quantum efficiency, and d is the device thickness. Since EQE
and d were constant when the physical, electrical, and opti-
cal parameters of the Ge and InGaAs cells remain constant
throughout the simulation, the Jsc linearly increased with the
illumination intensity. On the other hand, the relationship
between Voc and Isc can be described by diode equation after
setting the net current of the cell to zero.

Voc =
nkBT
q

ln(
Isc
Io
+ 1) (2)

where n is the ideality factor, kB is the Boltzmann constant,
T is the cell temperature, q is the charge, and Io is the
dark current. From Equation (2), it can be seen that the
linear increase of Isc will proportionally increase the Voc in
a logarithmic manner. In terms of the ratio of absorption to
emission, which represents the light generated current den-
sity to the reverse saturation current (Isc/Io) in Equation (2),
the Voc increases logarithmically either by increasing Isc or
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FIGURE 4. JV curves of 1400 K blackbody temperature under various intensities for (a) the Ge TPV cell and (b) the InGaAs
TPV cell.

TABLE 2. The performance parameters of Ge TPV Cell under 10% of the beam intensity.

decreasing Io [45]. Since the TPV cells usually operate at high
illumination intensity [22], [26], the Isc is always significantly
larger than Io. Therefore, increasing the illumination intensity
will eventually increase Voc performance.

Another explanation for the increment of Voc can be
realized from the band diagram. The increase in illumina-
tion intensity rises the excited carrier concentrations and
their redistribution. This triggers the splitting of the equilib-
rium Fermi level into the minority carrier electron and hole
quasi-Fermi level. Higher illumination will therefore cause a
larger quasi-Fermi level separation. Since the cell voltage is
derived from the quasi-Fermi level separation, increasing the
light concentrationwill increase theVoc.Moreover, this incre-
ment was reported to be the main contributor to a higher η in
work done by Algora and Stolle [46].

B. EFFECT OF DIFFERENT SPECTRAL IRRADIANCES ON
THE PERFORMANCE OF GE AND INGAAS TPV CELLS
Different illumination intensities would give a significant
impact on the cell performance parameters such as Jsc, Voc,
FF, η, Rs, and Rsh [26]. Tables 2 and 3 present the perfor-
mance of Ge and InGaAs cells, respectively, for blackbody
temperatures from 800 to 2000 K with a beam intensity
of 10%. For all performance parameters, it can be seen that
the InGaAs cell performs better than the Ge cell. The Jsc
of InGaAs TPV cell is higher for all radiation temperatures,
which indicates the high absorption of the infrared photons.
On the contrary, the Voc of Ge cell is significantly lower
due to their high reverse saturation current [47]. The Voc is

influenced by the dark current densities, J01 and J02, where
J01 represents the dark current due to surface and bulk recom-
bination losses and J02 is related to recombination due to traps
in the SCR [28].

The η of the Ge and InGaAs cells increased from 0.57 to
7.28% and 3.18 to 14.30%, respectively, as the input power
density (Pin) increased from 0.0046 to 4.3498 W/cm2. It can
be observed that the improvement in InGaAs cell is more
significant than that of the Ge cell. The efficiency’s increment
of both cells is governed by the FF, as shown in Equation (3).

η =
Pout
Pin
=
VocIscFF

Pin
(3)

The FF of Ge and InGaAs cells increased from 53.20 to
72.90% and 69.90 to 79.90%, respectively, as the Pin
increased. Although the improvement ofFF for Ge cell is bet-
ter than that of the InGaAs cell, InGaAs has higher FF values
with a peak FF of 79.90% at 2000 K blackbody temperature.
The figure of merit for TPV performance is presented by FF,
which is defined as the ratio of the cell’s maximum power
(Pmp) to the IscVoc product, as shown in Equation (4):

FF =
VmpImp
VocIsc

(4)

where Vmp is the maximum voltage, and Imp is the maximum
current of actual operating condition taking Rs and Rsh into
consideration for the cell performance [48]. While the Rs is
contributed by the resistance of semiconductor layers, metal
contacts, interface between the semiconductor layers and
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TABLE 3. The performance parameters of InGaAs TPV Cell under 10% of the beam intensity.

interface between the semiconductor layer and metal contact,
the Rsh is influenced by the crystal defects and precipitates
of foreign impurities [14]. Correspondingly, Rsh represents
the leakage across the junction and around the edge of the
cell. It describes the crystal defects and precipitates of foreign
impurities [14]. The enhancement of FF attributes to a low
Rs (Rs ∼ 0) and a high Rsh(Rsh ∼ ∞). This relationship is
expressed as follow [48]:

FF(Rs,Rsh) ≈ FF(0,∞)× (1−
Jsc − Rs
Voc

−
Voc

Jsc − Rsh
)

(5)

The relationship of Rs and Rsh as a function of PV intensity
was highlighted for Si, GaAs and CdTe cells [26], [49]–[51].
However, the relationship of Rs and Rsh as a function of TPV
intensities is yet to be reported. There are several methods
which can be employed to extract the Rs and Rsh. Curve
fitting, which is the analytical method or numerical method,
requires the dark or illuminated IV characteristics [52]–[55].
In this study, the Rs and Rsh were calculated using the JV
characteristics curve. The Rsh is the inverse of the slope
{(dJ/dV)−1} under short circuit condition when V = 0 and
J = −Jsc. On the other hand, the following equation was
used to extract Rs [50].

Rs = Roc −
(Vmp + RocJmp − Voc)

Jmp + {ln(Jsc − Jmp)− ln(Jsc)} ∗ Jsc
(6)

where Roc is the inverse of the slop {(dJ/dV)−1} under
open circuit condition when V = Voc and J = 0.
Under dark condition, the Rs and Rsh of the Ge
(InGaAs) cells were 5.32 (112.55) � cm2 and 3.43
(105.23) k� cm2, respectively. As the power density
increased, Rs of the Ge cell (InGaAs cell) decreased from
86.77 to 0.02 � cm2 (1492.92 to 0.52 � cm2) while Rsh of
the Ge cell (InGaAs cell) decreased from 3.43 � cm2 to
0.22 � cm2 (99.6 to 1.40 � cm2). It can be observed that
the reduction of Rs with higher blackbody temperature play a
crucial role in improving the FF for both cells. Furthermore,
higher Rsh value of InGaAs cell demonstrates its advantage
of having a low leakage current and good crystal quality for
TPV illumination [56].

Further characterization works were then performed
to understand the influence of different spectral irradi-
ances on the performance of the Ge and InGaAs cells.

Spectral irradiances herein refer to the manipulation of black-
body temperatures from 800 to 2000 K with beam intensities
between 10 to 100%. The output performance parameters
(Jsc, Voc, FF, Rs, Rsh and η) of the Ge and InGaAs cells
were normalized to the 10% of the beam intensity and pre-
sented as normalized Jsc, normalized Voc, normalized FF,
normalized Rs, and normalized Rsh and normalized η.
Figures 5(a) and 5(b) illustrate the normalized Jsc as a

function of different spectral irradiances. It is clear that
the normalized Jsc curves under different temperatures for
both Ge and InGaAs cells have similar trend, demonstrating
that the generation and recombination increases by simi-
lar rate with the increment of beam intensity. Meanwhile,
Figures 5(c) and 5(d) demonstrate the logarithmical rela-
tionship between intensity and the normalized Voc. Overall,
under different spectral irradiances, the Voc of InGaAs cell
was higher than that of the Ge cell. However, the Ge cell
reported higher growth in the normalized Voc as compared
to the InGaAs cell. This is associated with the increment of
the generation/recombination ratio in the indirect bandgap
cells as the beam intensities increased. In indirect bandgap
semiconductor materials, the trap assisted recombination
(RSH recombination) is usually dominant. This recombi-
nation mechanism involves the trapping of an electron or
holes followed by re-emission into the valance or conduction
band [37], [57].

The normalized fill factor exhibits a different trend of
performance as compared to normalized Jsc and normal-
ized Voc. Figures 6(a) and 6(b) show the normalized FF of
the Ge and InGaAs cells as a function of different spec-
tral irradiances. A continuous increment in the normalized
FF of the Ge cell was reported at different spectral irradi-
ances. While at temperature ≥1800 K, the normalized FF
of the InGaAs cell starts to saturate when the beam intensity
exceeds 40%, this is mainly due to the effect of the Rs and Rsh
as shown in Figures 6(c)-6(f). Researchers have investigated
the performance of FF under various sun concentration and
blackbody temperatures [22], [50], [58]. It was reported that
FF increased with higher blackbody temperature due to the
increment ofVoc incorporated with high light absorption [25].
Furthermore, an increase in the beam intensity will decrease
the Rs and enhance FF [22]. However, a significant increment
in the beam power density will decrease the FF under the
effect of both Rs and Rsh [50]. The investigation of Si PV cell
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FIGURE 5. Normalized current density under various spectral irradiance for (a) Ge TPV cell and (b) InGaAs TPV cell; and
normalized open-circuit voltage under different spectral irradiance for (c) Ge TPV cell and (d) InGaAs TPV cell. The
Jsc baseline and Voc baseline represent the Jsc and Voc at 10% of the beam intensity, and color indicates different radiation
temperatures.

had shown that FF increased with beam intensity from 20 to
50mW/cm2 [51], and decreasedwhen illumination irradiance
was higher than 200 mW/cm2 [50]. The enhancement of the
FF can be obtained after optimizing the metal contacts and
cell configuration for high intensities.

As aforementioned, the variation in FF is related to both Rs
and Rsh of the cell. Figures 6(c)-6(f) show the normalized Rs
and the normalized Rsh of the Ge and InGaAs cells as a func-
tion of different spectral irradiances. It is observed that the Rs
and the Rsh of both Ge and InGaAs cells decrease with higher
illumination intensities. A reasonable justification for the
decline inRs is due to the increase in the semiconductor layers
conductivity with high illumination intensity as reported for
the Si, GaAs and CdTe cells [26], [50], [51]. Since the metal
contacts of the cells were designed to be ohmic, the change
of Rs with increasing illumination intensity was dominated
by the semiconductor layers and interface/semiconductor
junction. The increase in FF is due to the increase in the
conductivity of the semiconductor layers, as photogenerated
carriers increased. However, when the current flow in the
cells is significantly high, the Rs which is dominated by the
semiconductor conductivity reduces to very low value and
then it saturates. After the saturation of the Rs, the electrical

losses I2Rs become significant. Minimizing the I2Rs losses
associated with high current requires the reduction of Rs. At a
given point of intensity, the effects of the I2Rs losses become
apparent, and FF starts to decline [21]. Cell performance was
usually presented as a function of current density due to the
high impact of Rs at higher illumination intensity [58], [59].
For example, the efficiency of the Ge started to reduce when
Jsc was higher than 5 A/cm2 [32]. Moreover, high illumina-
tion increases the carrier generation, resulting in bimolecular
recombination which degrades cell resistance [35].

On the other hand, the normalized Rsh of Ge and InGaAs
cells decrease with higher intensity due to the increase in
the carriers’ recombination rate. The recombination rate is
proportional to the generation rate. The rate of decreasing
normalized Rsh of the Ge cell is slightly lower than that of
InGaAs cell. An indirect bandgap semiconductor material has
low recombination rate since it requires the change in the
energy and the moment to complete the recombination pro-
cess. Furthermore, an indirect bandgap semiconductor mate-
rial such as Ge has higher trap defects in the SCR which act
as a sink for photo-generated minority charge carriers [49].
These traps begin to be filled when the intensity increases
from 0.0046 to 0.0092 W/cm2. The further increment in
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FIGURE 6. Normalized fill factor under various spectral irradiance for (a) Ge TPV cell and (b) InGaAs TPV cell; Normalized
series resistance under different spectral irradiance for (c) Ge TPV cell and (d) InGaAs TPV cell; and normalized shunt
resistance under different spectral irradiance for (e) Ge TPV cell and (f) InGaAs TPV cell. TPV cell. The FF baseline, Rs baseline
and Rsh baseline represent the FF, Rs and Rsh at 10% of the beam intensity, and color indicates different radiation
temperatures.

the intensity (>0.0092 W/cm2) increases the shunt current,
resulting in lower Rsh.

Next, the effect of increasing illumination intensity on
the Ge and InGaAs cells normalized efficiency are pre-
sented in Figure 7. While the Jsc increased proportionally
with the illumination intensity, the increment of η was gov-
erned by the rise of the Voc and FF performance outputs.
Figures 7(a) and 7(b) show that normalized η increased
with higher illumination intensity. Notably, for InGaAs cell

that operates under blackbody temperatures ≥1800 K, the
normalized η starts to saturate at illumination intensities of
greater than 40%. This is attributed to the decline of FF
and the gradual increase of Voc under high spectrum irradi-
ances. In addition, the Ge cell obtained higher normalized η
increment as the beam intensity increased from 10 to 100%.
This finding indicates that the efficiency enhancement of the
indirect bandgap TPV cell is better than the direct bandgap
TPV cell when operates under high illumination intensities.
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FIGURE 7. Normalized efficiency under various spectral irradiance for (a) and Ge TPV cell and (b) InGaAs TPV cell. The η
baseline represents the η at 10% of the beam intensity, and color indicates different radiation temperatures.

C. THE GE AND INGAAS CELLS PERFORMANCE UNDER
VARIOUS RADIATION’S TEMPERATURES BEFORE/AFTER
IMPROVING THE OPTICAL LOSSES
The cells were investigated under different radiation tem-
peratures before and after optimizing the TPV cells for
minimum optical losses. Since the paper’s main focus is to
study the intensity effect, optimization was only conducted
for the base layer thicknesses, which is the main contributing
factor [60], and the radiation temperature was at 1800 K.
Furthermore, effective ARC such as MgF2/ZnS for the Ge
cell and MgF2/ZnSe for InGaAs cell are employed to reduce
the optical reflection losses at the surface of cells [37], [61].
The efficiency of Ge or InGaAs cells increases after the use
of ARC due to the reduction of the incident light reflects
at the front surface of the cell. ARC accounted for about
40% of the efficiency improvement of the cells. For exam-
ple, at 1800 K radiation temperature, the efficiency of the
non-optimized Ge (InGaAs) cell increased from 5.68 (14.34)
to 8.11% (20.23%), solely due to the application of ARC.
A similar observation has been reported by
Shemelya et al. [62] and Sharma et al. [63], where an
efficiency improvement between 30 and 50% was achieved
with the utilization of ARC. Additionally, the optical
losses due to low absorption in the structure were reduced
by optimizing the thickness of the absorber. As shown
in Figure 8, the thicknesses of Ge (InGaAs) base lay-
ers were varied from 1 to 170 µm (1 to 30 µm)
while the rest of the layers were maintained at the same
values.

It was found that maximum conversion efficiencies can be
obtained with an optimum absorber thickness (base layer)
of 150 µm and 7 µm for Ge and the InGaAs cells, respec-
tively. The increment of absorber thickness enhances the
harvesting of band edge radiation for both cells. Never-
theless, InGaAs requires a thinner absorber layer as com-
pared to Ge cell due to the direct bandgap properties [64].
Figure 8 presents the efficiency of the Ge and InGaAs cells
before and after minimizing the optical losses for blackbody
temperatures from 800 to 2000 K.

FIGURE 8. The TPV cell efficiency versus the base layer thickness
for (a) Ge TPV cell and (b) InGaAs TPV cell.

It is observed that as the blackbody temperature increases,
the η of both Ge and InGaAs cells were gradually increased.
This behavior is related to the increase in the total spectral
energy density, as well as the number of radiation photons
which are below the cutoff wavelength of the TPV cells
when the temperature of the radiation increases. For example,
as the radiation temperature increases from 800 to 2000 K,
the energy density increases from 0.0046 W/cm2 to
4.3597 W/cm2. Furthermore, majority of the photons shift
towards the convertible range of Ge and InGaAs TPV cells,
which are from 3.63 to 1.45 µm.
As shown in Figure 9, Ge cell has higher efficiencies in

comparison to InGaAs cell when the radiation temperature
was<1000K. This is because Ge cell has a cutoff wavelength
of 1.8 µm which is slightly longer than the 1.6 µm cutoff
of InGaAs cell. The ability to harvest longer wavelength of
Ge combined with the high concentration of optical radiation
at low source temperatures allows the Ge cell to produce
higher cell efficiency. In addition, under radiation temper-
atures from 800 to 2000 K, Ge and InGaAs cells have an
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FIGURE 9. Ge and InGaAs TPV cells efficiency before/after improving the
optical losses. Minimal optical losses represent the cells with optimum
base thickness and ARC.

average efficiency of ∼4.34% and 8.45%, respectively. The
average efficiency improved to 26.05% and 27.92% after
minimizing the optical losses. In general, InGaAs TPV cell
has higher efficiencies under various blackbody temperature.
However, Ge cell can produce a comparable performance
when both electrical losses and optical losses are minimized.

V. CONCLUSION
In summary, the validated Ge and InGaAs cells are studied
under different TPV spectral irradiances. It was found that:

• The Jsc and normalized Jsc of both cells increase linearly
with the increase of TPV beam intensity due to the rise of
the photo-generated carriers within the absorber region.

• The Voc and normalized Voc increase logarithmically
with the increase of TPV beam intensity. Further-
more, indirect bandgap (Ge cell) has higher normal-
ized Voc increment as compared to direct bandgap
(InGaAs cell) due to the significant increment of the
generation/recombination ratio.

• The FF and normalized FF continuously increase under
high illumination intensity for bothGe and InGaAs cells.
At temperatures ≥1800 K, the normalized FF of the
InGaAs cell starts to saturate when the beam intensity
exceeds 40%, which is mainly due to the effect of the Rs
and Rsh.

• The normalized Rs of Ge and InGaAs cells decrease
rapidly with increasing illumination intensity due to the
increase in conductivity of the devices. Rs dominate the
power losses (I2R), and reducing it will enhance cell
performance.

• The normalized Rsh of both Ge and InGaAs cells
decrease rapidly with increasing illumination inten-
sity. However, the reduction rate of normalized Rsh
for Ge cell is lower than that of InGaAs cell. This is
attributed to the lower recombination rate of indirect
semiconductor since requires the change in the energy
and the moment to complete the recombination process.

• The ohmic resistance between the semiconductor
and the metal contacts are critical in designing
high-performance TPV cells that are capable of operat-
ing at high illumination intensities. Further improvement
in the performance of cells are observed with the use
of ARC and thicker absorber. At 2000 K blackbody
temperature, maximum cell efficiencies of 31.46% and
34.72% are reported for Ge and InGaAs TPV cells,
respectively. In general, under various TPV spectral irra-
diances, Ge cell with optimum absorber layer is able
to produce comparable output performance compared
to InGaAs, but at the expense of having a very thick
absorber layer.

The results of this work contribute to the development of
high-performance TPV system by demonstrating that high-
efficiency TPV cells could be achieved through compre-
hensive considerations of the design structures and spectral
irradiances.
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