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In this study, Ga1-yInyP/Ga1-xInxAs monolithic dual junction (DJ) solar cells (SCs) were designed and optimized using 0.00, 
0.01, 0.05 and 0.30 values of Indium (In) content (x) for 0.58, 0.58, 0.62 and 0.72 values of (In) content (y), respectively. 
The short-circuit current density (Jsc), open-circuit voltage (Voc) and conversion efficiency (η) of the four modeling SCs were 
numerically calculated. The band gaps were aligned to obtain the best performance of the cells by optimizing the content of 
(In) into layers in each cell. It was determined that the band gap of the cells decreased as increasing the (In) content both of 
(x) and (y), but the η of the SCs reduced accordingly. To obtain high η, it was suggested that the modeling Ga1-yInyP/Ga1-

xInxAs structure on GaAs substrate could be grown as inverted to realize low cost hybrid SCs or DJ thin film SCs on a 
flexible substrate. Furthermore, the band gap alignment effects the Jsc, Voc and η of the SCs, as well as effect of the cell 
temperature on these parameters were also investigated. In addition, device performance of the SCs was also discussed 
under one-sun both AM1.5G and AM0 spectral conditions.  
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1. Introduction 
 
Solar cells (SCs), also called photovoltaic cells are 

optoelectronic devices that can directly convert the sun’s 
energy into electricity in the form of current and voltage 
by the photovoltaic effect discovered by the French 
scientist Henri Becquerel in 1839 [1-5]. III–V group-based 
SCs such as GaAs, InP and GaInP which are especially 
used in concentrator technology and for space applications 
[6,7]. These SCs can be designed at different architectures 
such as single junction (SJ), dual junction (DJ) and triple 
junction (TJ), etc. In multi-junction (MJ) SCs, interconnect 
in series of the cells is preferred to increase the output 
voltage and thereby the highest conversion efficiency of 
the SCs are obtained [8,9]. MJ SCs, which are sensitive to 
radiation of various wavelengths, consist of a stack of two 
or more junction SCs [10]. One top cell is selected from 
the materials with higher energy band gap, whereas a 
bottom cell is selected lower band gap materials. Whereby, 
bottom cell uses the photons which are not absorbed by the 
top cell of the structure [11,12]. 

III–V group compound semiconductors, such as 
GaInP, InGaN, InGaAsP and AlGaAs etc., are widely used 
as top cell materials of MJ SCs [13-15]. Among them, as 
one suitable candidate for the top cell material, GaInP has 
been demonstrated to be best option owing to its good 
material quality and appropriate energy band gap to 
absorb the visible part of the solar spectrum [4,16,17].  

In the literature, there are several studies on 
improving of efficiency of the SCs under one-sun, AM1.5 
global (AM1.5G), and concentrated illumination, called 

CPV, for terrestrial application and under AM0 
illumination for space application. K.A. Bertness et al. 
reported that Ga0.52In0.48P/GaAs DJ SCs was %27.3 
efficiency for AM1.5G and %25.7 efficiency for AM0 
under one-sun [8]. For DJ SCs, in another study, 
GaInP/GaAs DJ SCs, lattice-matched to GaAs, have 
already proved that efficiencies over %29.5 for AM1.5G 
and %25.4 for AM0 spectral conditions, under one-sun 
[16]. The theoretical efficiency of GaInP/GaAs DJ SCs 
can be optimized with top cell thickness and energy band 
gap [18,19]. The highest theoretical efficiency of the 
GaInP/GaAs DJ SCs occurs when GaInP top cell is 
thinned to about 0.6 µm and its energy band gap about 
1.86 eV [8,16,20]. Therefore, a sufficient part of the solar 
spectrum to produce photocurrent can pass into the GaAs 
bottom cell with 1.42 eV of band gap. In addition, 
theoretically higher efficiencies can be obtained by 
converting more of the infrared radiation of the solar 
spectrum with a lower energy band gap bottom cell [20]. 
To decrease the band gap of the bottom cell, it is a way of 
contains small amount of (In) of the structure. So, 
GaInP/Ga(In)As SCs are alternative structures to 
GaInP/GaAs SCs.   

The compound semiconductors Ga1-xInxAs have an 
energy band gap between 1.42 eV for GaAs and 0.35 eV 
for InAs. For instance, Ga0.99In0.01As with a band gap 
energy of 1.405 eV can be grown lattice-matched to a 
GaAs substrate. Recently, several researchers have 
conducted studies on the growth of the lattice-matched 
Ga1-xInxAs on GaAs substrates for the combination of 
optically active devices operating at different wavelengths 
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[21,22]. Ga0.35In0.65P/Ga0.83In0.17As DJ SCs grown on 
GaAs substrates have already showed that efficiencies 
over %25.1 for AM1.5G and %21.6 for AM0 spectral 
conditions, under one-sun [22].  

MJ SCs are affected under working condition such as 
cell temperature, wind speed, solar radiation intensity and 
characteristics of cooling system [23]. For instance, with 
the increase of the cell temperature, the energy band gap 
of the cell materials would decrease and so, the short-
circuit current density slightly would increase while the 
open circuit voltage strongly decrease [24]. Recently, 
Singh and Ravindra calculated temperature effects on 
photovoltaic performance of SCs produced several 
materials [25]. 

III-V high efficiency MJ SCs has generally grown on 
germanium (Ge) substrate that has high cost cell materials. 
In recent years, hybrid TJ SCs have been built mechanical 
bonding with III-V DJ SCs and Si SCs [26, 27]. In this 
way, without lattice matching, low cost and high 
efficiency SCs can be fabricated. In this hybrid device 
architecture, the GaInAs/GaInP DJ SCs on GaAs substrate 
can be grown as inverted with selective etching layer. 
After the bonding, GaAs substrate can be removed by 
wafer lift-off process and it can be again used another SCs 
structure growth. In addition, using the epitaxial lift-off 
technique, the III-V DJ SCs can be transferred any 
substrate as well as flexible, to obtain epitaxial thin film 
SCs [28].  

In our previous study, molecular beam epitaxy (MBE) 
grown GaInP/GaAs DJ SCs has performed with %13.52 
conversion efficiency without antireflective coating under 
AM1.5G illumination [7]. In this experimental study, the 
band gap of GaInP and GaAs layers was 1.86 eV and 1.42 
eV, respectively. It is known that the band gap of the 
bottom cell is sufficiently smaller; the SCs can produce 
more energy, especially, in TJ cells via the absorbing of 
the more part of the infrared region of the solar spectrum. 
In this presented study, we aimed to theoretically 
investigation of the effects on the conversion efficiency 
with band gap optimization of the cell structure via content 
of (In) into the layers in the cell structure. In this context, 
Ga1-yInyP/Ga1-xInxAs DJ SCs which has (In) content (x) 
ranging from 0.00 to 0.30 and (In) content (y) ranging 
from 0.58 to 0.72 were designed by using analytical model 
of the SCs. The performance of each SCs is determined by 
current density-voltage (J-V) measurements. Firstly, short-
circuit current density (Jsc), open-circuit voltage (Voc) and 
conversion efficiency (η) of the Ga1-yInyP/Ga1-xInxAs DJ 
SCs using 0.00, 0.01, 0.05 and 0.30 values of (In) content 
(x) for 0.58, 0.58, 0.62 and 0.72 values of (In) content (y) 
were calculated under one-sun AM1.5G and AM0 
illuminations, respectively. Secondly, to understand the 
effect of the cell temperature on the parameters Jsc, Voc and 
η of the Ga1-yInyP/Ga1-xInxAs DJ SCs were calculated at 
different temperatures (200–400 K). We also discussed the 
results of under 300 sun AM1.5G condition for 
concentrating photovoltaic (CPV) technology.  

 
 
 

2. Theoretical Approach 
 
The device architecture of the Ga1-yInyP/Ga1-xInxAs DJ 

SCs, which has a Ga1-xInxAs bottom cell and Ga1-yInyP top 
cell, are schematically represented in Fig. 1. In addition, 
this structure grown on GaAs substrate can be inverted to 
realize hybrid SCs or for transferring to any substrate 
using epitaxial lift-off technique. In this design, we 
considered two quantities to obtain current match for two 
junction SCs.  
 
 

 

 

 

 

 

 
 
 
 

Fig. 1. The device architecture of the  
Ga1-yInyP/Ga1-xInxAs DJ SCs 

 
 

Firstly, the thickness and also doping concentration of 
the layers in each cells were determined as: Ga1-xInxAs 
base is 2 µm thick with an n-type doping concentration of 
about 2x1017 cm–3 and Ga1-xInxAs emitter is 0.5 µm thick 
with an p-type doping concentration of about 2x1018 cm–3.  
For the Ga1-yInyP top cell, its base is 0.55 thick with an n-
type doping concentration of about 7x1017 cm–3 and its 
emitter is 0.05µm thick with an p-type doping 
concentration of about 2x1018 cm–3. Secondly, the energy 
band gap was optimized by changing of the Indium (In) 
content into the layer in the each Ga1-yInyP/Ga1-xInxAs DJ 
SCs as x=0, 0.01, 0.05, 0.30 and y=0.58, 0.58, 0.62, 0.72, 
respectively. These cells were named as SCs-1, SCs-2, 
SCs-3, SCs-4, respectively. 

The energy band gap of the layers in the cells were 
calculated by using Vegard law 
 ಸೌభషು=1.42+0.77(1-y)+0.648(1-y)2 for top cells andܧ)

 .(ಸೌభషೣೣಲೞ=0.36+0.63(1-x)+0.43(1-x)2  for bottom cellsܧ

Obtained band gaps were given in Table 1.  
 

Table 1. Calculated energy band gaps of the  
Ga1-yInyP/Ga1-xInxAs DJ SCs. 

 
SCs Top Cell Eg (eV)  Bottom Cell Eg (eV)  

SCs-1 1.86 1.42 

SCs-2 1.86 1.40 

SCs-3 1.80 1.34 

SCs-4 1.68 1.10 

 

Bottom Cell 

Top Cell 

n – Ga1-xInxAs                             2 µm 

p – Ga1-xInxAs                          0.5 µm 

p++ AlGaAs                         0.050 µm 

p – Ga1-yInyP                 0.055 µm 

n – Ga1-yInyP                        0.550 µm 

n  –  GaAs Substrate 

n++ AlGaAs                         0.050 µm 

Tunnel  
Junction 
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Electromagnetic radiation, including sunlight, is 
constituted of particles called photons. For the SCs, the 
absorption range of solar spectrum is defined by; 
 

ሻ݉ߤሺߣ ൌ
ଵ.ଶସ

ாሺሻ
                                     (1) 

 
Where  is photon wavelength. If the incident photon 
energy is higher than the band gap energy (Eg) of the 
semiconductor, the photons are absorbed and electron-hole 
pair are generated in the cell [9,29]. The photogeneration 
of the carrier depends on the absorption coefficient (α) of 
the light in SCs material as well as initial photon flux (0) 
[30]. The absorption coefficients of the GaAs, GaInAs and 
GaInP layers in the designed SCs structure, can be given 
as, respectively, 
 

ሻߣ௦ሺீߙ ൌ 3.3ට൫ܧ െ  ൯                              ሺ2ሻܧ

 

ሻߣభషೣூೣ௦ሺீߙ ൌ 3.3ට൫ܧ െ  ൯                     ሺ3ሻܧ

 

ሻߣభషೣூೣುሺீߙ ൌ 5.5ට൫ܧ െ  +൯ܧ

1.5ටሺܧ െ ܧ െ 0.1ሻ.                                    ሺ4ሻ 

 
Where E is the photon energy and Eg the fundamental 
energy gap, both in eV, and α in 1/µm [19,29]. 

The wavelength integral of the short-circuit density 
current of the SCs; 
 

ሻߣ௦ௌሺܬ ൌ න ߣ௦ఒ݀ܬ
ൌ

∞


න ሺܬ௦ா  ߣ௦ሻ݀ܬ
∞


.                  ሺ5ሻ 

 
Where JscE, JscB, emitter and base short-circuit current 
density, respectively. Emitter and base short-circuit current 
density of the SCs are given as, respectively, [31];  
 

ሻߣௌாሺܬ  ൌ
ሺ1߶ߙݍ െ ܴሻܮ
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ሿ     ሺ6ሻ 

 

ሻߣௌሺܬ  ൌ
Ԣሺ1߶ߙݍ െ ܴሻܮ
ሺܮߙሻଶ െ 1

 ሾ െܮߙ 

 
 

െ
ܵ
ܮ
ܦ

ቀ݄ܿݏ ܹ
ܮ
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 ܵ
ܮ
ܦ

݄݊݅ݏ ܹ
ܮ
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Where ܦ, ൌ μ, ݇ܶ ൗݍ   ሾ18ሿ,  ߬, ൌ ൣ1 ൗܰܤ ൧  and 

,ܮ  ൌ ඥ߬,ܦ,  [32]. 
Emitter and base saturation current density of the SCs 

are given as, respectively, [31]; 
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Where ݊ ൌ ඥ ܰ ܰ݁

ି
ா

ଶ்ൗ  [18] is used and saturation 
density current of the SCs is given ܬ ൌ ܬ   ,  q is theܬ
electron charge, ߶ is photon spectral flux at the emitter 
surface, ߶

ᇱ  is photon spectral flux at the base-emitter 
interface, α is the optical absorption coefficient, and R is 
reflection coefficient, ni is the intrinsic carrier 
concentration, and NA and ND are the concentrations of 
acceptors and donors. We and Wb are the emitter and base 
thickness, respectively. Lp is the hole diffusion length in 
the emitter, and Ln is the electron diffusion length in the 
base. Se and Sb are the hole and electron surface 
recombination velocity in the emitter and the base, 
respectively.   

 J-V characteristic of the SCs is given by 
 

ܬ ൌ ௦ܬ െ ܬ ൬݁

் െ 1൰                               ሺ10ሻ 

The open-circuit voltage is the maximum voltage 
available from the SCs. Equation (10) at J=0 yields the 
expression for Voc as; 
 

ܸ ൌ
݇ܶ
ݍ
ln ൬

௦ܬ
ܬ
 1൰                                 ሺ11ሻ 

 
As a consequence of the temperature variation, the 

band gap energy changes according to the equation giving 
by Varshni [33]; 
 

ሺܶሻܧ ൌ ሺ0ሻܧ െ
ଶܶߙ

ܶ  ߚ
                              ሺ12ሻ 

 
Where Eg(0) is the energy band gap at T= 0 °K, T is the 
absolute temperature in Kelvin, and α and β are the 
coefficients which are characteristic of a given 
semiconductor. 

Fill factor (FF) of the SCs is the ratio of the maximum 
power from the cell to the product of Voc and Jsc as 
Pmax/VocJsc. However, FF can be calculated using below 
equation defined by Green [34]; 
 

ܨܨ ൌ
߭ െ ln ሺ߭  0,72ሻ

1  ߭
                                ሺ13ሻ 
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Where, ߭ ൌ ݍ ܸ/݇ܶ is “normalized Voc”.  
Efficiency of a SCs as depending on the fill factor can be 
calculated using the following relationship: 
 

ߟ ൌ ܨܨ ܸܫ௦
ܲ

                                       ሺ14ሻ 

 
where, Pin is the intensity of the incident solar radiation. 
The parameters that are used to calculation of the 
quantities described in above equations were listed in 
Table 2. 
 

Table 2. The parameters that are used to calculation 
 for output of the PV cells. 

 
Symbol Ga1-xInxAs GaInP 

 x=0 x=0.01 x=0.05 x=0.30 

µn(cm2/Vs)* 8500 8327 7738 7618 4000

µp(cm2/Vs)* 400 200 200 200 200

Bn,p(cm3/s)* 
7.50 

x10-10 
9.60 

x10-11 
9.60 

x10-11 
9.60 

x10-11 
7.50 

x10-10

Dn(cm2/s) 219.93 215.46 200.22 197.11 103.5

Dp(cm2/s) 10.35 5.175 5.175 5.175 5.175

Ln(cm) 
1.21 

x10-3 
3.35 

x10-3 
3.23 

x10-3 
3.2 

x10-3 
4.44

x10-04

Lp(cm) 
8.31  

x10-5 
1.64 

x10-4 
1.64 

x10-4 
1.64 

x10-4 
5.87

x10-05

Sn,p (cm/s)* 5000 8x104 1x105 1x 105 1x106

*Taken from Ref [35]. 
 
 

3. Results 
 
Short-circuit current density (Jsc), open-circuit voltage 

(Voc) and conversion efficiency (η) of the four modeling 
Ga1-yInyP/Ga1-xInxAs DJ SCs (x=0, 0.01, 0.05 0.30 and          
y= 0.58, 0.58, 0.62 and 0.72, respectively) were calculated 
under AM1.5G and AM0 at 300 K. To evaluate the current 
matching of each SCs, obtained J-V variation of the 
bottom and top cells separately and together cells as 
device for every (In) content (x) and (y) values were 
presented in Fig. 2. As seen in this figure, the bottom and 
top cells which are DJ cells built up with their monolithic 
combination, are nearly current match. In addition, Jsc of 
the top cells in each DJ cells is slightly lower than the 
bottom cells. This means that the Jsc of the DJ device is 
limited by the top cell.  
 

 

 

 
 

Fig. 2. Current match of the bottom cells, top cells  
and Ga1-yInyP/Ga1-xInxAs DJ SCs 

 
Comparison of the four devices, J–V characteristics of 

the Ga1-yInyP/Ga1-xInxAs DJ SCs under AM1.5G at 300 K 
were detailed shown in Fig. 3. It was seen from the 
graphed figures that the Jsc, calculated based on Eq. (5, 6 
and 7), increased with increasing the (In) content both (x) 
and (y) of the SCs layers. For AM1.5G, the Jsc of 
Ga0.42In0.58P/GaAs(SCs-1), 
Ga0.42In0.58P/Ga0.99In0.01As(SCs-2),Ga0.38In0.62P/ 
Ga0.95In0.05As (SCs-3) and Ga0.28In0.72P/ Ga0.7In0.3As (SCs-
4) DJ SCs are 13.26, 13.26, 13.91 and 15.43 mA/cm2, 
respectively. For AM0, the Jsc of these SCs were 
calculated as 17.16, 17.16, 17.25 and 18.19 mA/cm2, 
respectively. In addition, increasing of (In) content in the 
SCs has led to a remarkable reduction in Voc. For instance, 
when (In) content was increased from 0.0 to 0.3, the Voc 
was decreased 2.5 to 2.0 V. 
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Fig. 3. Jsc versus Voc of the Ga1-yInyP/Ga1-xInxAs DJ SCs 
 

The output parameters of the Ga1-yInyP/Ga1-xInxAs DJ 
SCs under 1-sun and 300-sun for AM1.5G and 1-sun for 
AM0 radiation using above (In) content (x) and (y) values 
were given in Table 3. When the (x) and (y) value in the 
SCs layers increased, the Voc decreased although the Jsc 
minimally increased. These results are associated with a 
lower band gap as increasing the (x) and (y) value of the 
SCs layers. The decrease in η is mainly controlled by the 
decrease of Voc, while increase in Jsc does not affect η [36]. 
The η of the each SCs structure was increased about 
12.6% under 300-sun, as seen in the last two column in 
Table 3. For instance, the η of Ga0.42In0.58P/GaAs DJ SCs 
has reached 35.11% under 300-sun radiation. 
 

Table 3.  The theoretically calculated Jsc, Voc and η of the SCs 
 

 
SCs  

Jsc 

AM
1.5 

Jsc 

AM0 
Voc 

AM1.5
Voc 

 AM0 
η (%)  
AM0 

(1x) 

η (%) 
AM1.5

(1x) 

η (%) 
AM1.5 
(300x) 

SCs-1 13.26 17.16 2.49 2.51 30.04 31.24 35.11 
SCs-2 13.26 17.16 2.46 2.47 29.60 30.78 34.64 
SCs-3 13.91 17.25 2.33 2.35 28.19 29.30 33.25 
SCs-4 15.43 18.19 1.98 1.99 26.96 28.53 33.04 

 
External quantum efficiencies (EQE) of a PV cells is 

related with the ratio of the Jsc and the initial photon flux 
(q0): EQE = Jsc/q0(), where q is electron charge. In 
Fig. 4, calculated EQE of Ga1-yInyP/Ga1-xInxAs DJ SCs 
under AM1.5G has indicated that top cells have generated 
the current from 300 nm to 630, 630, 650 and 690 nm for 
y=0.58, 0.58, 0.62 and 0.72, respectively. The 
photocurrent generation of the bottom cells started at 630 
nm, 630 nm, 650 nm and 670 nm and terminated at 860 
nm, 890 nm, 925 nm and 1120 nm for x= 0, 0.01, 0.05 and 
0.30, respectively. The cut-off wavelength ((nm) = 
1240/Eg(eV)) of the cells was increased with values of (x) 
and (y) and total area under the EQE curves increased with 
incorporation of (In) into the cell structures. Result of this, 
the Jsc also increased. However, the η of the SCs decreased 

due to Voc decreased with lower band gap when increasing 
of (In) incorporation into the cells. 
 

 

 
 

Fig. 4. EQE of Ga1-yInyP/Ga1-xInxAs DJ SCs under AM1.5G 
 

In this study, it was also aimed to investigate cell 
temperature effects on the output parameters (Jsc, Voc and 
η) of the Ga1-yInyP/Ga1-xInxAs DJ SCs. The parameters of 
the DJ SCs were calculated as a function of the cell 
temperature, with changing between 200–400 K. Jsc of the 
SCs mainly depends on the optical absorption coefficient 
(α(ߣ)) which relies on the energy gap (Eg) of the 
semiconductor materials [37], as seen in Eqs.(6 and 7). In 
addition, increasing of temperature will make narrower Eg 
of the SCs that will widen the optical absorption 
coefficient slightly across the spectrum [37-39]. Thus, the 
more photon-generated carriers will be produced, which 
results of the increase of Jsc. Consequently, Jsc is 
approximately proportional to the incident spectral 
intensity at wavelength near the band edge [6]. 

Fig. 5 shows the Jsc of the Ga1-yInyP/Ga1-xInxAs DJ 
SCs for AM1.5G and AM0, depending on the temperature. 
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It was seen that the Jsc of the devices increased with 
increasing the temperature, as expected.  
 

 
 

Fig. 5. Jsc of the Ga1-yInyP/Ga1-xInxAs DJ SCs for 
AM1.5G and AM0, depending on the temperature 

 
Fig. 6 shows that the Voc of the Ga1-yInyP/Ga1-xInxAs 

DJ SCs for AM1.5G and AM0 at different temperatures. 
Voc was determined from the calculated Jsc and Jo using 
Eq.(11). The Voc linearly decreased when the temperature 
of SCs increased. Due to the decreasing in Voc was higher 
than the increasing in Jsc, it can be said that the high 
temperature has a negative impact on SCs performance. 
 

 

 
 

Fig. 6. Voc of the Ga1-yInyP/Ga1-xInxAs DJ SCs for  
AM1.5G and AM0, depending on the temperature 

 
Fig. 7 shows that the η of the Ga1-yInyP/Ga1-xInxAs DJ 

SCs for AM1.5G and AM0 at different temperatures. The 
η was calculated by using Eq.(14) corresponding to the 
obtained Voc and Jsc at each temperature. When the 
temperature of SCs increased from 200 to 400 K, the 

voltage, Voc, decreased although the current density, Jsc 
increased. Since the Voc decreases faster than the Jsc 
increases, so the η goes down. 

Therefore, the efficiency, η, increased at the 
temperatures below 300 K although it decreased at higher 
temperatures than 300 K, as seen in Fig. 7. Similar 
behavior for the GaAs solar cell output parameters 
depends on the temperature was determined by Sign and 
Ravindra [25]. 
 

 

 
 

Fig. 7. η of the Ga1-yInyP/Ga1-xInxAs DJ SCs for AM1.5G 
and AM0 , depending on the temperature 

 
The performances of the SCs at 200, 300 and 400 K 

were compared in Table 4 for investigation of high 
temperature effects on the Ga1-yInyP/Ga1-xInxAs DJ SCs for 
AM1.5G and AM0 spectra. As seen in Table 4, the Jsc and 
Voc of the devices for AM0 are higher than AM1.5G due 
to the incident power which was known as 1353 Wm-2 and 
1000 Wm-2 in the AM0 and AM1.5G conditions, 
respectively. In contrary, obtained SCs efficiencies for 
AM1.5G were slightly higher than for AM0 and this 
difference in efficiency may be attributed to incident 
power [6]. 
 

Table 4. Performance of the Ga1-yInyP/Ga1-xInxAs DJ SCs 
 

T 
(K) 

SCs  Jsc 
AM1.5 

Jsc 
AM0 

   Voc 
AM1.5 

Voc 
AM0 

η(%) 
AM1.5 

η(%) 
AM0 

 
200 

SCs-1 12.12 15.66 2.84 2.85 33.27 31.88 
SCs-2 12.12 15.66 2.81 2.82 32.92 31.55 
SCs-3 12.20 15.75 2.69 2.70 31.61 30.27 
SCs-4 13.88 16.65 2.34 2.34 31.08 27.65 

 
 

300 

SCs-1 13.26 17.16 2.49 2.51 31.24 30.04 
SCs-2 13.26 17.16 2.46 2.47 30.78 29.60 
SCs-3 13.34 17.25 2.33 2.35 29.33 28.19 
SCs-4 15.43 18.19 1.98 1.99 28.53 24.96 

 
 

400 

SCs-1 13.68 17.68 2.13 2.15 26.86 25.90 
SCs-2 13.68 17.68 2.09 2.11 26.33 25.37 
SCs-3 14.34 17.75 1.97 1.98 25.83 23.80 
SCs-4 16.05 18.71 1.61 1.63 23.35 20.29 
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4. Conclusions 
 
Ga1-yInyP/Ga1-xInxAs monolithic tandem SCs 

architectures were designed by band gap optimization with 
arranging the content of indium (In) atoms in bottom and 
top cells. The short-circuit current density (Jsc), open-
circuit voltage (Voc) and conversion efficiency (η) were 
theoretically calculated depend on band gap variation each 
layer or content of (In) into the layers under AM1.5G and 
AM0 illuminations. Maximum SCs conversion efficiency 
as well as current matched structure were obtained for x= 
0.00, 0.01, 0.05 and 0.30 and y= 0.58, 0.58, 0.62 and 0.72, 
respectively. For one- sun AM1.5G in terrestrial 
applications, the η values of Ga0.42In0.58P/GaAs, 
Ga0.42In0.58P/Ga0.99In0.01As, Ga0.38In0.62P/ Ga0.95In0.05As and 
Ga0.28In0.72P/Ga0.7In0.3As DJ SCs were obtained as %31.24, 
%30.78 %29.30 and %28.53, respectively. The efficiency 
of the each SCs was increased about 12.6% under 300-sun. 
For AM0 in space application, the η values of the same 
structures were calculated as %30.04, %29.60, %28.19 and 
%26.96, respectively. In addition, Ga1-yInyP/Ga1-xInxAs DJ 
SCs output parameters based on the temperature were 
investigated in the range of 200–400 K. The Jsc slightly 
increased and Voc strongly decreased, so the performance 
of the SCs decreased with increasing temperature.   

We believe that this presented studies on the 
optimization of the Ga1-yInyP/Ga1-xInxAs DJ SCs with 
different (In) content are guiding on epitaxially growth of 
the monolithic DJ SCs structure with current matching as 
well as lattice match with GaAs substrate. Besides for this, 
the designed SCs can be used to produce hybrid TJ SCs by 
mechanical integration or bonding to any SCs that have 
lower band gap energy than bottom cells in the designed 
SCs. In addition, for producing of low cost DJ SCs, the 
designed cells can be transferred to low cost substrate than 
GaAs such as Si by epitaxial lift-off technique. For this 
technique, the cell structure can be grown on GaAs 
substrate as an inverted and, after the bonding; the 
substrate can be reused for growth to another cell 
structure. By using this procedure, the designed DJ SCs 
can also be bond on any flexible substrate to produce low 
cost III-V monocrystalline thin film SCs such as thin 
stainless steel sheet or plastic substrate. This type SCs can 
be preferred to produce energy in air and space vehicles 
owing to their lightweight and high PV conversion 
efficiency. 
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