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The effect of spectral irradiance and temperature variation on the performance of the mechanically stacked Al 3Gag ;As/InP/Ge
multijunction solar cells was investigated using a simulation approach. The incoming and transmitted spectra of each subcell were
simulated by using MATLAB codes, while PC1D software did the power-producing simulations. The incoming solar radiation on
the first subcell was a multiplication of AM1.5d spectrum with the value of spectral irradiance multiplication factor (SIMF) 1, 5, 10,
50, 100, 150, and 200 suns. Each set of simulation was done at 25°C, 50°C, 75°C, and 100°C. The simulation results have shown a
linear behavior of the open-circuit voltage and the efficiency of the solar cells upon variation of temperature, while the nonlinear
response of the solar cells performance was obtained due to the change of SIMF. The simulation results also suggest that the

spectral irradiance exposure at 100 suns and the operating temperature of 25°C give the highest efficiency.

1. Introduction

Over the last couple of decades, the progress on the re-
newable energy research has significantly increased, espe-
cially in the field of solar photovoltaics. Various types of
solar cells such as silicon-based material, CIGS-based
(copper indium gallium arsenide) material, and III-V-
based chemical group have been intensively studied to
produce a highly efficient solar cell. Some recorded
achievements such as References [1-4] have decorated the
global effort to find a better solar cell which is capable of
producing clean and sustainable energy for a better future.

The combination of the III-V-based solar cells materials
such as GalnP, AlGaAs, InP, and GaAs in the form of
multijunction solar cells (MJSCs) and their exposure to the
several hundreds multiplication of solar radiation had
produced the efficiency rate up to 46% at 508 suns for the
GalnP/GaAs/GalnAsP/GalnAs system [4]. Some new

experimental results and aspects in high-efficient solar cells
such as the new design of a vertical epitaxial heterostructure
architecture (which allows a high-efficient narrow band
cells) [5, 6], the use of luminescent solar concentrators
(LSCs) [7], or a six-junction solar cell [8] have also expanded
our knowledge in solar cells research. Most of the experi-
ments related to the high-efficient MJSC were done using a
small specimen prototype, and their realization in the
market and industrial scale is still far. More research related
to multijunction solar cells are needed including the sim-
ulation and modeling aspect of MJSC performance under
various conditions [9-13].

In a multijunction solar cell, several p-n junctions of
semiconducting layers (or subcell) were put in order from
top to bottom following the order of their bandgap energies.
The first layer has the highest bandgap energy with the
purpose to absorb the solar radiation in the small wavelength
region, while the next layers with the smaller bandgap of
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energy were set to absorb solar radiation in the longer
wavelength regions. Theoretically, a higher efficiency rate
can be obtained by putting more subcells in the solar cells
[14].

Based on their fabrication technique, there are several
types of MJSC such as the monolithically integrated solar
cells and the mechanically stacked solar cells. In monolithic
multijunction solar cells, the electric current matching,
lattice matching, and tunnel junction between subcells be-
come the main issues which limit the overall performance of
MJSC. In the mechanically stacked multijunction solar cells,
the abovementioned problems can be overcome by appli-
cating the separate load control for each subcell. The optical
losses in the mechanically stacked multijunction solar cell
are usually reduced by inserting an intermediate transparent
and conductive layer such as ITO (indium titanium oxide)
between two adjacent subcells.

There have been some experimental [15-18] and sim-
ulation studies [19-21] on the performance of multijunction
solar cells under the variation of temperature and concen-
trated radiation, but to the best of author’s knowledge, none
of them discuss the Alj;Gay,As/InP/Ge solar cell. This
paper is aimed at studying the performance of Aly3Gag ,As/
InP/Ge MJSC under the variation of spectral irradiance
(produced by concentrators) and temperature through a
simulation approach using the PC1D program [22]. The use
of the PC1D program for simulating the effects mentioned
above on MJSC, again to the best of author’s knowledge, has
never been found in the literature before. Hopefully, this
study might help us in designing a robust, stable, and highly
efficient solar cell in the future.

2. Methods

Three steps need to be done in this research. First, the
preparation of the incoming spectrum; second, the calcu-
lation of the absorption coefficient and the transmitted
radiation; and the last step is the power-producing simu-
lation. The first two steps were done numerically by solving
some related formulas using MATLAB while the next step
was done using a freely available PC1D program [22]. All
these steps must be done for each subcell.

The incident spectral irradiance on the first subcell for
one sun radiation was taken from AMI1.5d direct solar
spectrum (ASTM G173-03), while the multiplied spectral
irradiances (5, 10, 50, 100, 150, and 200 suns) were obtained
by multiplying this spectrum with its corresponding am-
plification factor. The freely available AM1.5d data in the
web have a drawback due to discontinuous steps in the
wavelength. To overcome this problem and to gain a smooth
AM1.5d spectral irradiance, we must first reconstruct the
radiation spectrum by using a blackbody radiation formula
in Equation (1) and determine the constant b(A), where
b(1) =1 for blackbody radiation and 0<b(1)<1 for the
actual spectral irradiance. The temperature of blackbody
radiation was set to T=6000K. The spectral irradiance
(intensity divided by wavelength) of blackbody radiation
received by the earth’s surface (terrestrial) is expressed as
follows:
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where rg,, is the radius of the sun, R is the distance between
the center of the sun and the earth’s surface, h is Planck’s
constant, and kg is Boltzmann’s constant. By integrating the
whole spectrum using a trapezoid method and setting the
intensity value to 989.9 W/m? (the total intensity of AM1.5d
spectrum is the entire area under the I (1) versus A curve), we
can get the value of b(1) and reconstruct the smoothed
AM1.5d spectrum using interpolation method.

The coefficient of absorption of each subcell was cal-
culated using Equation (2) following the reference [23]:

a(2) = 5.5\(EW) - E,) + L5\E() - (E,+0.1) pm™,

(2)

where a (1) is the coeflicient absorption as a function of the
wavelength, E, is the bandgap energy of the corresponding
subcell, and E(A) is the incoming photon energy at a par-
ticular wavelength.

The transmitted intensity to the next subcell I,,, de-
pends on the amount of the previous solar radiation I, the
thickness of the previous subcell d,, and the absorption
coeflicient of the previous subcell «, (1), which is as follows:

L) =1, () - e,
n=1,2,3 for triple-junction solar cells,
(3)

where I, is the incoming spectral irradiance at the first
subcell, I, is the incoming spectral irradiance at the second
subcell, and I, is the incoming spectral irradiance at the third
subcell. The thickness of the nth cell, d,,, was calculated using
the PC1D program. Since this program can only simulate
one layer at a time, several simulations must be performed,
depending on the number of junctions involved. The in-
coming multiplied radiation is then calculated using the
following equation:

I, =1, SIMF, (4)

where I is defined as the multiplied incoming spectral
irradiance. The SIMF (spectral irradiance multiplication
factor) was set to 1, 5, 10, 50, 100, 150, and 200 and has the
unit of suns. For each set of simulation (at a specific value of
SIMF and temperature), we simulated the electrical per-
formance of the MJSC in the form of the short circuit current
(Igc), the open circuit voltage (V o), the output power of
each subcell (P,), and the total efficiency (1). The total ef-
ficiency of the mechanically stacked multijunction solar cells
is then calculated using the following equation:

(P +P,+ P,
n= (Po ) (5)

There are two types of MJSC simulation. First, the
identical electric current model, and second, the non-
identical electric current model [13]. In an identical current
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model (a series connection of the subcells), the amount of
current flowing in each subcell is set to be the same. The
current in the last subcell will dictate the amount of current
in the whole MJSC because the last subcell (in the bottom
layer) receives the least amount of spectral irradiance and
produces the smallest current, and as a consequence, the
output and the total efficiency of the MJSC will be dragged
down in this model. The nonidentical electric current model,
such as the case of mechanically stacked multijunction solar
cells, in contrast, will maximize the output power in each
subcell and increase the total efficiency of the solar cells. This
nonidentical current model can increase the total efficiency
by a factor of 1.7 as reported in Reference [13]. If the current
record of MJSC’s efficiency is 45%, then the expected effi-
ciency of the nonidentical current model can reach above
70%. This high value of solar cells efficiency under con-
centrated radiation has been theoretically predicted before,
as can be found in Reference [24]. Although in reality, the
nonidentical current model (harvesting the power from each
subcell independently) seems unrealistic as compared to the
identical current model, choosing this model does not
change the intrinsic properties of MJSC in responding to the
variation of temperature and incoming spectral irradiance.
Note that this modeling can be considered as a toy model
since some idealizations have been used here. The non-
uniformity factors at the cell level which creates problems
such as the occurrence of hotspots, the current mismatch
between subcells, and the increase of resistive losses [25]
were not taken into account in this paper.

3. Results and Discussions

The spectrum of incoming radiation was calculated using
Equations (1) and (3). In Figure 1, the solar radiation
spectrum at the temperature of 25°C and SIMF = 1 and 200
were chosen to represent the entire spectra. As the SIMF
value increased, the maximum spectral irradiance and in-
tensity received by the MJSC. The energy gap and the ab-
sorption coefficient of each subcell will limit the spectrum
range of absorbed spectral irradiance following the cutoft
wavelength of each junction (Ao =h-c/E,). Based on
that cutoft wavelength, the absorbed spectrum of Aly3Gag;As
was found within 280nm to 685nm range while for InP,
within 598 to 841 nm and for Ge, within 872 to 1773 nm
spectral range. Some overlapped regions between two adja-
cent subcells cannot be seen in Figure 1 due to overlapping
colors.

The standard simulation at one sun spectral irradiance
and the temperature of 25°C was used as a reference for other
simulations as suggested in Reference [19]. Some parameters
from the one sun simulation such as the thickness of the
subcell, the value of p-doping and n-doping of each subcell,
and the absorption spectrum range as shown in Table 1 will
be used as reference values for the whole simulations per-
formed in this research. For other simulations, the quick
batch menu in the PCID program was used to obtain the
maximum total efficiency by varying the value of n-doping
and p-doping based on this standard simulation (around
10*°/cm’ for n-doping and 10'®/cm’ for p-doping). The

thickness of each subcell in all simulations was kept constant
following the values as shown in Table 1 (2.778 ym for
Alg3Gag 7As, 3.50 ym for InP, and 4.0 ym for Ge) since we
only focus on the effect of spectral irradiance and temper-
ature variation of MJSC.

The application of solar concentrator to MJSC not just
affects the amount of radiation absorbed but also increases
the temperature of the solar cells. In this simulation, the
performance of MJSC was evaluated at 25°C, 50°C, 75°C,
and 100°C. The increasing temperature received by MJSC
will reduce its performance as shown in Figure 2(a), where
the total efficiency drops with the rate of around —0.10%/°C.
The linear dependence (with the negative slope) of the
overall efficiency to temperature is similar to the mono-
tonic behavior of a traditional monolithic MJSC, where a
lattice mismatch between two adjacent subcells will dis-
sipate the transmitted power and reduce the solar cell
performance [26-28]. The same behavior was also found in
open-circuit voltage (V,.) of each subcell, where V. lin-
early depends (with the negative slope) on temperature. A
higher temperature will produce a more substantial lattice
mismatch that eventually reduces V,. and the output
power. The V,. drop and power loss might also come from
the overlapping of the absorption region of two adjacent
subcells which reduces the amount of energy (photon)
absorbed in the next subcell. The linear behavior of V. to
temperature for the three subcells is shown in
Figures 2(b)-2(d). The negative slope of the plots indicated
the coefficient temperature of V,. for each subcell in
Figures 2(b)-2(d) and was found to be around —1.0 mV/°C
which is in a reasonable agreement with the results of other
III-V-based MJSC [15, 17, 18, 29, 30].

Multiplication of spectral irradiance will accumulate a
significant amount of photon (and energy) received by
M]JSC. Depending on the electronic structure of each ma-
terial, there is a limit of the number of absorbed photons by
each subcell. The excess unabsorbed photons will generate
the heat and raise the temperature of the subcell to the point
which potentially could melt the subcell itself. By assuming
that MJSC in this simulation equipped with a cooling system
that keeps the temperature of the subcell to be 25°C, 50°C,
75°C, and 100°C, we expect to only see the MJSC’s response
to the variation of spectral irradiance and intensity.

The total efficiency of the MJSC increases nonlinearly
(logarithmically) as a function of SIMF and reaches a peak at
around 100 suns solar intensity, before decreasing and tends
to saturate at a particular value as seen in Figure 3(a). The
same behavior is also found by other researchers in the III-
V-based-MJSC [15, 17, 18, 31, 32]. The logarithmic behavior
of this MJSC is in agreement with the existing model from
Nishioka et al. [33] which use a one-diode approximation
model. The amount of total efficiency enhancement within 1
to 100 suns and 100 to 200 suns spectral irradiance are
shown in Table 2. It was found that from 1 to 100 suns, the
total efficiency of MJSC increased by 22% on average, while
for 100 to 200 suns, the total efficiency dropped by 5% on
average. The application of solar concentrator to raise the
spectral irradiance exceeding the peak of efficiency is not
necessary since above the peak limit, the total efficiency will
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FIGURE 1: The incoming AM1.5d spectrum and the range of absorption of each subcell for (a) SIMF = 1 (1 sun) and (b) SIMF = 200 (200 suns).

TaBLE 1: The input parameters for the standard simulation (at one sun spectral irradiance and the temperature of 25°C).

Subcell Energy gap (eV) Thickness (ym) p-Doping (cm™) n-Doping (cm™) Absorption spectrum (nm)
Aly5Gag sAs 1.817 2.778 1.0x10' 1.0x10%° 280-685
InP 1.350 3.500 1.0x10'° 1.11x10" 598-841
Ge 0.664 4.000 1.0x10' 1.12x10" 872-1773
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F1GURE 2: The effect of temperatures on (a) the efficiency of Al 3Ga, ;As/InP/Ge multijunction solar cells. The effect of temperature on the
open-circuit voltage of (b) the first subcell Aly;Gag;As, (c) the second subcell InP, and (d) the third subcell Ge.
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FI1GURE 3: The effect of spectral irradiance multiplication on (a) the total efficiency of solar cells and (b) the efficiency degradation rate of
solar cells.

TaBLE 2: The efficiency enhancement at various temperatures and SIMF’s ranges.

Temperature (°C) Efficiency enhancement within 1 to Efficiency enhancement within 100 to 200
P 100 suns of SIMF’s range (%) suns of SIMF’s range (%)

25 18.73 -2.14

50 20.17 -6.37

75 21.52 -4.74

100 30.63 —-6.31




1.65 -
1.6
1.55
£ 15
>8
1.45
1.4
1.35 4 T T T 1
0 50 100 150 200
Spectral irradiance multiplication factor (suns)
-9 25°C - 75°C
- 50°C < 100°C
(@
0.5
0.45
0.4
£ 035
>8
0.3
0.25
0.2 + T T T 1
0 50 100 150 200
Spectral irradiance multiplication factor (suns)
-9 25°C - 75°C
- 50°C < 100°C

(c)

Modelling and Simulation in Engineering

1.2
1.15
1.1
1.05
N
>‘o’
0.95
0.9
0.85
0.8 T T T 1
0 50 100 150 200
Spectral irradiance multiplication factor (suns)
-9 25°C - 75°C
- 50°C —<- 100°C
()
70'4 T T T 1
50 100 150 200
-0.6 4

V. degradation rate (mv/°C)

Spectral irradiance multiplication factor (suns)

@ Aly3GaysAs
B InP
A Ge

-1.8 -

(d)

FIGURE 4: The effect of spectral irradiance multiplication to the open-circuit voltage (V,.) of (a) the first subcell Aly 3Gay ;As, (b) the second
subcell InP, and (c) the third subcell Ge. The degradation rate of V,, for each subcell is shown in (d).

slowly decrease and saturate to a particular value. In our
simulations, the peak of efficiency was reached at 100 suns,
so increasing the spectral irradiance above 100 suns eco-
nomically is not feasible and even reduces the total efficiency
and performance of Aly3Gag;As/InP/Ge solar cells.

The nonlinear behavior of MJSC to SIMF variation is also
reflected in the degradation rate of solar cells efficiency as
seen in Figure 3(b). The degradation rate of MJSC decreases
from —0.13%/°C to —0.07%/°C as the SIMF increases from 1
to 100 suns before increasing again to —0.10%/°C at 200 suns.
Those results are in the reasonable agreement with the one
found in another type of III-V-based MJSC which is around
—-0.15%/°C to —0.10%/°C [19].

As shown in Figure 3(a), the highest efficiency is ob-
tained at 100 suns and 25°C, but keeping the temperature of

the MJSC at 25°C will also increase the operational cost due
to the usage of additional cooling system instruments such as
active cooling, passive cooling, and spray cooling or utilizing
a phase change material [34]. To minimize this additional
cost, a higher operational temperature (7> 25°C) might be
used at the expense of a slightly lower MJSC efficiency.
Further studies to clarify this situation are still needed to be
done in the future.

The open-circuit voltage of each subcell as a function of
SIMF is shown in Figures 4(a)-4(c). As the value of SIMF
increases, the amount of V,,. also increases before saturating
to a particular point at the extreme SIMF value. Each subcell
tends to have a similar response to SIMF as shown by the
curve pattern which is almost identical in Figures 4(a)-4(c).
The increasing temperature to 75°C reduces V, in the first
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FIGURE 5: The comparison of I-V profile at 25°C (solid line) and 75°C (dotted line) and various SIMFs for (a) Aly 3Gag ;As, (b) InP, and (c) Ge

and (d) the short circuit current, Isc, at various SIMFs.

subcell (Al 3Gag;As) by 69 mV while in the second subcell
(InP) by 72mV and in the third subcell (Ge) by 69 mV. The
variation of SIMF also shows no significant change in the
value of V.. degradation rate (coefficient temperature of V)
in all subcells as shown in Figure 4(d). The variation of the
coefficient temperature of V. in the first subcell is only
0.6 mV and relatively small as compared to the maximum
Ve in the first subcell which is 1.61 V (about 0.04% variation
of V. for each degree Celsius). For the second subcell, the
variation of V. is only 0.05%/°C and for the third subcell
0.20%/°C. The application of spectral irradiance multipli-
cation has demonstrated a reduction of subcell’s sensitivity
to the temperature as indicated by a roughly similar trend of
curves in Figure 4(d). A similar conclusion was also reported
in Reference [19].

The current-voltage (I-V) characteristic of each subcell at
25°C and 75°C and various SIMFs (50, 100, 150, and 200
suns) are shown in Figures 5(a)-5(c). The temperatures of

25°C and 75°C were selected to represent the effect of in-
creasing temperature to the I-V characteristic of each sub-
cell. We have excluded the I-V curve for 1, 5, and 10 suns in
Figure 5 since the currents for those SIMFs were too small as
compared to other SIMFs values. The detail data for all
SIMFs are shown in Table 3. The short circuit current Isc of
each subcell depends linearly on the SIMF as seen in
Figure 5(d). The increasing rates of Isc for each subcell (as
indicated by the slope of plots in Figure 5(d)) were found to
be 33.0mA/sun for Al,;Gay;As/InP/Ge, 20.0 mA/sun for
InP, and 11.0 mA/sun for Ge. These results were expected, as
more electric current produced by the increasing number of
photon absorbed at high SIMF value. In general, Figure 5
describes that the rising temperature will reduce the open
voltage (V) of the subcell, while the increasing SIMF value
will linearly increase the short circuit current (Isc) of the
subcell. Similar features were also found experimentally in
Reference [18].



TaBLE 3: The I-V performances of each subcell at various SIMFs at
the temperatures of 25°C and 75°C.

Subcell SIMF Isc Voe at 25°C Voc at 75°C
(suns) (A) (Volt) (Volt)
1 0.033 1.473 1.404
5 0.167 1.510 1.453
10 0.334 1.532 1.473
Aly5Gag ,As 50 1.671 1.574 1.521
100 3.343 1.591 1.542
150 5.015 1.601 1.554
200 6.686 1.609 1.563
1 0.020 1.014 0.943
5 0.101 1.056 0.991
10 0.202 1.073 1.012
InP 50 1.010 1.115 1.061
100 2.022 1.132 1.081
150 3.029 1.119 1.094
200 4.038 1.150 1.103
1 0.011 0.381 0.318
5 0.056 0.413 0.356
10 0.113 0.412 0.357
Ge 50 0.563 0.429 0.378
100 1.122 0.447 0.399
150 1.670 0.456 0.409
200 2.217 0.463 0.417
4. Summary

We have simulated the performance of Aly3Gag7As/InP/Ge
multijunction solar cells under variation of spectral irradi-
ance and temperature with a reasonable agreement of result
as compared to other research studies on III-V-based MJSC
(experimental and simulation). The multijunction solar cells
have shown a linear response (with a negative slope) to V.
and total efficiency to the temperature and a nonlinear
(logarithmic) response to the multiplication of spectral ir-
radiance (SIMF). The application of spectral irradiance
multiplication has also demonstrated a reduction of subcell’s
sensitivity to the temperature. The nonlinear behavior of V.
and total efficiency to SIMF is in agreement with the one-
diode approximation model. Based on the material pa-
rameter assumptions used here, which in some cases might
be favorable compared to experimentally achievable results,
we find that illumination of AlysGag,As/InP/Ge multi-
junction solar cells at 100 suns and 25°C gives the highest
solar cell efficiency.
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