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The high efficiency solar cells are based on semi conductor technology. A tandem solar cell is 
simulated using the solar simulator Tcad silvaco. In this work, we aim to model the dual 
junction InGaP/GaAs solar cell with a single back surface field (BSF) to extract the main 
influence of this layer as well as the tunnel junction on the characteristics I-V. The considered 
InGaP/GaAs cell is composed of two BSFs InAlAsP BSF for the InGaP cell and AlGaAs BSF 
for the GaAs cell. The top cell (InGaP) and the bottom cell (GaAs are separated by an 
InGaP/InGaP tunnel junction (TJ) with the same doping concentration for both the emitter 
and the base. In a first stage, the InGaP\GaAs cell is simulated without both BSFs, then 
without the tunnel junction. We noticed an efficiency Ƞ of 17.80% and 10.98% respectively. 
Finally; the InGaP/GaAs cell is simulated with both BSFs and the tunnel junction. We have 
obtained an I-V characteristics with an optimum conversion efficiency Ƞ=34.44%, an open-
circuit voltage (VOC) of 2.62V and a short circuit current density (JSC) 14.49mA/cm2. The 
simulation respects the standard conditions AM1.5G illumination and a temperature of 300K.     
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1. Introduction 

 

The development of renewable energy is one of the challenges in the 21st century. 

Photovoltaic (PV) is one of the most popular renewable energy technologies. It is one of the 

fastest growing of all the renewable energy technologies [1]. 

Much research has been carried out to improve the efficiency of III–V compound multi-

junction solar cells. The InGaP/GaAs semi conductor structure will continue to be the focus 

of attention in the photovoltaic works owing to its absorption of the large part of the solar 

spectrum. 

Tandem solar cells have been studied by Wolf 1960. Fan et al. (1982) conducted 

research of tandem cells based on computer analysis [2], [3].  

Recently, InGaP/GaAs dual-junction solar cells have attracted several researches 

because of their high conversion efficiencies. An efficiency of 29.83 % has been achieved 

in a multijunction InGaP/GaAs solar cell using an InGaP BSF. This cell exhibited a Jsc = 

13.87 mA, Voc = 2.397 V and FF= 89.74 % [4].  

Other researchers [5] optimized a cell structure with an InAlGaP BSF exhibited a 

maximum conversion efficiency Ƞ= 32.1964%, Jsc = 16.10mA/cm2, Voc = 2.392 V and 

FF= 87.52% under AM1.5 illumination. 
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In this paper, we propose the design of InGaP/GaAs dual junction solar cell with a single 

InGaP cell’s BSF(InAlAsP) for InGaP cell, in comparison with the previously reported 

results by varying the doping level and thickness of each layer in both cells using TCAD 

Silvaco[4],[5]. The conversion efficiency and the fill factor are close to those found in 

literature under AM1.5 and 25°C. We additionally aim to study the effect of a back surface 

field on the electrical parameters (Voc, Jsc, FF and η). 
 

2.  Notation 

 

The notation used throughout the paper is stated below. 
 
Indexes: 

ɳ conversion efficiency 

ISC 

VoC 

T 
q 
I01 
FF 
PMP 
TL 

��  
��  

N 
 

short-circuit current 
open-circuit voltage  
temperature in Kelvin 
electrical charge 
dark saturation current 
Fill factor  
maximum power point. 
lattice temperature ( Kelvin) 
electron lifetimes 
hole lifetimes 
total impurity concentration 

Constants: 

Pin incident power (W/m2) 

K Boltzman constant 

 

3. Modeling process  

 

3.1. Device structure 

 

The numerical simulation of InGaP/GaAs dual junction solar cell is compared with the 

very similar characteristics obtained from the experimentally reported device structure [6] 

and those simulated previously [7-10] .Then, the structure is optimized to improve the 

conversion efficiency. Figure 1 shows the schematic diagram of In0.5Ga0.5P/GaAs dual 

junction solar cell structure used in this design. It displays detailed layers with all 

parameters including doping concentration. The solar cell structure consists of an InGaP top 

cell and a GaAs bottom cell. The InGaP top cell of a gap energy 1.86–1.9eV [11] absorbs 

the short part of the solar spectrum. This cell is remaining transparent to the light of longer 

wave length. This light is absorbed more effectively by the GaAs bottom cell of gap energy 

(1.42–1.435eV) [1], [7], [11]. The two layers are joined together with an InGaP/InGaP 

tunnel junction. The two cells are provided with a window layer InAlAsP for the top InGaP 

cell and InGaP for the bottom GaAs cell. Window layer prevents surface recombination and 

smooth out the lattice change by introducing a gradient between the materials [12]. The 

band gap of materials is selected to be higher than that of the cells below it. The thickness 

of the window is selected in a manner to not affect the photon efficiency greatly. The 
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window junction solves the problem of lattice mismatch [12], but that of connecting 

different cells with one another is solved by creating a tunnel junction. 

The different parameters of In0.5Ga0.5P/GaAs cell structure are assumed as follows in 

figure 1: 

 
Figure 1: Schematic diagram of an InGaP/GaAs dual junction cell structure. 

 
Figure 2: Schematic diagram of incident light on the top solar cell layer. 

 

The spectrum of the used AM1.5G is shown in Figure 3. 
 

4. Conversion efficiency 
 

The power conversion efficiency (ɳ) is the most important parameter for a solar cell. It 
is defined by the following equation [13] [14]: 

 

� = ���	
�
�

= �������
�
�

             (1) 

 
Where, Pin is the incident power. It is determined as (solar irradiance incident upon the solar 
cell). In the terrestrial applications Pin=1000W/M2. 
 ISC :is the short-circuit current and is calculated as follow: 
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��� = ���� � ���� � ����          (2) 
 

 The sum of the three currents (ISCN ,ISCD , and ISCP is the contribution of  n-type region, 
the depletion region, and the p-type region (ISCP) respectively. 
The open-circuit voltage can be determined as 
 

��� = ��
� �� ���

� !
           (3) 

K: Boltzman constant, T: temperature in Kelvin, q: is the electrical charge, I01: the dark 
saturation current. 
 

The Fill factor (FF) gives how the squareness I-V characteristic is. It is defined as  
 

"" = �#$
�����

= #$�#$
�����

           (4) 

 
Where: PMP: is the maximum power point.  

 

 

Figure 3: An AM1.5 spectrum used to illuminate the model. 

 

5. Physical models 

 

To describe the structure and the suitable phenomena as near to reality as possible, 

TCAD Silvaco provides models in five categories: carrier statistics, mobility, 

recombination, impact ionization, tunneling, and carrier injection.  

A numerous mechanisms of generation-recombination are used to simulate a solar cell 

among them Shockley-Hall-Read theory which is the most useful.  

The models used in this work are the following: srh, fermi, conmob, optr, auger, and bgn 

(Shockley-Read-Hall recombination with fixed carrier lifetimes and Fermi Dirac statistics 

models should be used). The Shockley-Read-Hall model provides the best results which are 

close to the experimental results [15] [16]. 
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5.1. Recombination Model  
 

In this simulation, Shockley-Read-Hall recombination (SRH) model is used to analyse 
the recombination effects occur inside the various part of the device surface. Namely bulk 
and back surface. SRH recombination model takes into account the electrons being emitted 
or captured by donor and acceptor like traps in the device [17] 

The SRH is modelled as follows: 
 

%�&' = (pn − n,
-.)/(�� [� � �34  exp (E89:;/KT>) ] � �� [� � �34 exp @− ABCDE

FGH
I]          (5) 

�� = ��J/((1 � L) ⁄ L�&'� )                                    (6)                          

 �� = ��J/((1 � L) ⁄ L�&'�)         (7)                          

Where E89:; is the difference between the trap energy level and the intrinsic Fermi 

level, NO  is the lattice temperature in Kelvin and �� and �� are the electron and hole 

lifetimes. N is the total impurity concentration. L�&'  is a constant which determines the 

concentration from which the electron and hole lifetimes start to deteriorate. L�&'�, L�&'� 
are constants which specify the srh concentration parameter for electrons and holes. Each 
material has different default value [15]. 

6. Model simulation  

 

Building a solar cell and testing it is too expensive and time consuming. Especially this 

process may have to be repeated numerous times until a solar cell is built and provides the 

desired results. 

In this paper, TCAD Silvaco is used extensively to simulate the dual junction 

InGaP/GaAs solar cell with a single BSF and input the parameters accordingly to maximize 

the output efficiency. TCAD Silvaco is used to model the solar cell with the physical 

parameters of materials, their compositions, thicknesses, and doping concentrations. 
 
6.1. Material Properties for different Layers 
 

Table 1 presents different material parameters which are used to build the considered 
structure. These parameters have been produced by literature research and calculations. To 
produce an optical transparency and maximum current conductivity between the top and the 
bottom cells in multi-junction devices, all layers must have similar crystal, or lattice 
structures. It is extremely desirable to match the lattice constants of the various layers [1], 
[11], [15]. 
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Table 1: Parameters for InGaP and GaAs materials [1] [11] [16]. 

material   InGaP GaAs   InAlAsP                     AlGaAs 

band gap  Eg (V) 1.42                                    1.90 2.30 1.80 

lattice constant α(å) 5.65                                   5.65 5.65 5.64 

permittivity ɛs/ɛo 13.10 11.60 11.70 11.00 

Affinity K(ev 4.07 4.16 4.20 4.100 

e– mobility mun (cm2/v×s) 8800                                 1945 2150 2000 

h+ mobility mup (cm2/v×s) 400 141 141 138 

lifetime (e) (S) 1  10−09 1  10−09                     1  10−07 1.10−09                         

Life time (h) (S) 

2  10−08                      1  10−09                     1  10−07 2 10−08 

 

radiative recombination rate 
copt (cm3 s-1) 

0 1.5 10-10                 1.5  10-10 1.8 10-10 

electron auger coefficient 
augn ( cn-cm6 s-1) 

0 5   10-30 8.3  10-32 5 10-30 

hole auger coefficient augp 
(cn-cm6 s-1) 

0 1  10-31                   1.8  10-31 1 10-31 

     

7.  Simulation results  

 
An effective BSF layer is an important element used to achieve a high efficiency in a 

solar cell. These layers apply to III-V single junction or tandem solar cells. The key feature 

of the BSF layer is to contribute confinement for the photo generated carriers; and retain 

them within the extent of the p/n junction without increasing the series resistance of the 

device.[18][19] 

In a first stage we have eliminated the InGaP cell’s BSF. Figure 4 represents the I-V 

characteristics of the structure. This simulation gives an efficiency of 18.01% 

 

Figure.4. I-V curve for an InGaP/GaAs heterojunction solar cell (without the 1st BSF). 
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In a second stage, the considered structure is simulated with the first cell’s BSF (InGaP) 

and without the second cell’s BSF (GaAs). I-V characteristics are shown in Figure5. 

 

Figure.5. I-V curve for an InGaP/GaAs heterojunction solar cell (without the 2nd BSF). 

Then, we have removed both InGaP and GaAs cell’s BSF. This elimination of a layer 

(BSF) on the back face of InGaP/GaAs cell made a remarkable decrease of the short-circuit 

current (Icc =13.49mA/cm2), in open circuit voltage Voc and output η which reached 

1.73V and 17.81 % respectively because the BSF layers act as a reflector of the minority 

carriers. The result of simulation is represented as follow: 

 

Figure. 6.  I-V curve for InGaP/GaAs heterojunction solar cell (without both BSFs). 

We then simulated the InGaP/ GaAs cell with both BSFs and without the tunnel 

junction. The I-V characteristics are shown in the following figure: 
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Figure. 7.  I-V curve for InGaP/GaAs heterojunction solar cell (without both a TJ). 

We notice high decrease in conversion efficiency ɳ=10.98%. We conclude that the 

tunnel junction has an important role in increasing the efficiency since it allows the current 

flow in two directions and ensures low resistance between the InGaP cell BSF and the 

window of the bottom cell (GaAs).[12] 

Then, we have simulated each cell lonely by maintaining the BSF layer. Figures 8 and 9 

show the I-V curves of the top InGaP cell and the bottom GaAs cell respectively. 

 

Figure. 8.  I-V characteristics of the InGaP cell. 
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Figure.9. I-V characteristics of the GaAs cell. 

The results of an InGaP cell, GaAs cell and full InGaP/GaAs cells efficiency, short 

circuit current, open circuit voltage, and fill factor obtained by simulation are given in 

Table.2 and figure 13: 

Table 2: InGaP/GaAs Solar Cell Performance, AM1.5 

  

 
Voc 

(Volts) 
Jsc 

(mA/cm2) 
FF 
(%)          

Ƞ  
(%) 

InGaP cell 1.63 14.02 91.23 20.87 

GaAs cell 1.00 28.64 88.11 25.25 

InGaP/GaAs 
cell 

2.62 14.49 90.68 34.44 
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Figure.10. Efficiency increase versus solar cell type. 

 

 

Figure.11. Fill Factor versus solar cell type. 

The corresponding conversion efficiencies are marked in the table 2. InGaP cell has the 

lowest conversion efficiency Ƞ=20.87%, and its open-circuit voltage is 1.63V. GaAs Cell 

has a better performance than InGaP cell Ƞ=25.25%, but its open-circuit voltage is lower 

Voc=1 V.  

In a last stage, a full InGaP/InGaP solar cell with both a tunnel junction and both cells’ 

BSFs is simulated. From the above graphs the proposed InGaP/GaAs solar cell structure 

was implemented in TCAD silvaco to obtain the main parameters namely Voc, Jsc, FF and 

efficiency. 

The full structure, the doping profile and the I-V characteristics of InGaP/GaAs cell’s 

design are illustrated in figures 12, 13 and 14 respectively: 
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Figure.12. Model of the InGaP/GaAs dual junction cell.     . 

 

 
 

Figure.13. Doping profile of the model. 

Staking the top cell (InGaP) and the bottom cell (GaAs) creates an InGaP/GaAs cell 
with a greatest conversion efficiency Ƞ=34.44%, an open-circuit voltage (VOC) and a short 
circuit current density (JSC) of 2.62V and 14.49mA/cm2, respectively. 
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Figure.14.   I-V curve of InGaP/GaAs cell model 

 

8. Conclusion 
 

In this paper, we aim to extract the effect of BSF on the electrical performance of 

InGaP/GaAs dual junction. We have simulated a dual junction InGaP/GaAs solar cell. The 

top cell is InGaP and the bottom cell is GaAs. The InGaP/GaAs cell is simulated and 

characterized with BSF and a tunnel junction. We focused on the extract of parameters 

(Voc and Isc) using TCAD Silvaco. The InGaP/GaAs cell with a single BSF for each cell 

and an InGaP/InGaP tunnel junction is simulated. The conversion efficiency and the fill 

factor have been improved up to 34.44 % and 90.68 % respectively. 

We notice that InGaP cell’s BSF has an important role in increasing the efficiency of 

InGaP/GaAs dual junction cell. Indeed; the back surface field (BSF) introduces another 

junction into the cell structure, creating n-p-p+ combination. The BSF layer, or p-p+ 

junction, makes two contributions to the cell structure. First, the built-in electric field in the 

p-p+ junction reflects the minority carriers, thereby decreasing the recombination velocity 

and consequently increasing the short circuit voltage of the solar cell. Second, the addition 

of the BSF layer shares the applied voltage between the n-p and p-p+ junction, which 

decreases the dark current in the cell [5], [20-22]. 

As perspectives, we aim to improve the conversion efficiency of tandem solar cells. We 
look for manipulating the external parameters that affect the cell performance as 
temperature. 
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