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An ultra-thin film photovoltaic cell, which incorporates an Al
x
In1-xAs/GaAs heterojunction, is simulated using Adept 

1D simulation tool, and it is with an energy conversion efficiency of 20.06% (under 1 sun, AM1.5G illumination) for 

604 nm cell thickness (excluding the substrate thickness), and optimized layer thickness and doping concentration for 

each layer of the device. The device has an n-type AlAs window layer (highly doped), an n-type Al
x
In1-xAs emitter 

layer and a p-type GaAs base layer. Germanium (Ge) substrate is used for the structure. The device parameters are op-

timized separately for each layer. Based on these optimizations, the ultra-thin film solar cell design is proposed after 

careful consideration of lattice mismatch between two adjacent layers of the device. 
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III-V compounds have been widely used for fabricating 

ultra-high efficiency photovoltaic cells, especially multi-

junction solar cells. But these cells are very expensive, 

compared with the commonly used terrestrial solar cells. 

So the use of III-V solar cells is still limited to space 

applications[1]. Utilization of such solar cells for terres-

trial applications requires to reduce the costs of materials 

processing and fabrication. Ultra-thin film solar cells 

with high efficiency, which are fabricated with III-V 

compounds, can be an approach for the realization of 

terrestrial III-V solar cells. This paper presents a 1D 

simulation of an Al
x
In1-xAs/GaAs heterojunction thin 

film solar cell. Al
x
In1-xAs has recently gained attention as 

the absorber of single-junction and multi-junction solar 

cells[2].  

The window layer material is AlAs, which has a high 

indirect bandgap of 2.16 eV. It has a zincblende structure 

with a lattice constant of 0.566 nm. The emitter layer is 

composed of Al
x
In1-xAs, where x is finally adjusted to 

0.47. Al0.47In0.53As has a zincblende structure with a lattice 

constant of 0.58686 nm and a direct bandgap of 1.46 eV. 

The lattice mismatch between AlAs and Al0.47In0.53As is 

3.55%, which marginally allows the growth of 2 nm-

thick AlAs epitaxial layer on Al0.47In0.53As without con-

siderable amount of defects[3]. The base layer material of 

GaAs is a direct bandgap material with a bandgap of 

1.424 eV and an absorption edge at 870 nm. The high 

lattice mismatch between GaAs and Al0.47In0.53As is 

3.72%. Germanium is a widely-used substrate for hetero-

junction and multi-junction solar cells. Fig.1 shows a 

schematic diagram of the device. 

 

Fig.1 Schematic diagram of the AlxIn1-xAs/GaAs het-

erojunction thin film solar cell 

 

Adept[4] is a 1D simulation software which can simu-

late the electrical characteristics of heterostructured 

semiconductor devices. It is originally written to model 

solar cells fabricated from a wide variety of materials.  

After choosing the materials for each layer of the de-

vice, some default values of device parameters (layer 

thickness and layer doping) are chosen arbitrarily. Tab.1 

lists the default values. Simulation is conducted with 

these default values, and J-V characteristic curve is ob-

tained for the solar cell. For all the simulations in this 

work, AM1.5G illumination (1000 W/m2) at 1 sun is 

considered.  

From the J-V curve, values of open-circuit voltage (Voc) 

and short-circuit current density (Jsc) are obtained. Fill 

factor (FF) is calculated by[5] 
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where Voc is the open-circuit voltage (in Volt), n is the 

ideality factor (taken as 1), k is the Boltzmann constant 

and T=300 K. 

The efficiency (η) is given by 

oc sc
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where E is the solar irradiance on earth in W/cm2. Under 

AM1.5G, E= 0.1 W/cm2. 

 

Tab.1 Default values of device parameters 

Device parameter 
Window 

(AlAs) 

Emitter 

(AlxIn1-xAs)

Base 

(GaAs)

Layer thickness (µm) 0.01 100 5 

Doping type n n p 

Doping conc.(cm-3) 1×1018 1×1016 1×1019 

 

Using Eq.(3), the energy conversion efficiency is cal-

culated.  

Aluminium mole fraction (x) in Al
x
In1-xAs is varied 

between 0.2 and 0.6 in step of 0.1, and simulations are 

conducted for each of these alloy compositions. Tab.2 

lists the simulation results. The efficiency versus alloy 

composition of Al
x
In1-xAs is shown in Fig.2. 

 

Tab.2 Outcomes for large scale variation of alloy com-

position in AlxIn1-xAs 

x in AlxIn1-xAs Jsc (mA/cm2) Voc (V) FF 

0.2 49.83 0.3082 0.7261 

0.3 42.35 0.5409 0.8140 

0.4 33.18 0.7750 0.8571 

0.5 24.52 1.0123 0.8832 

0.6 17.84 1.2306 0.8996 

 

 

Fig.2 Efficiency vs. large scale variation of alloy com-

position in AlxIn1-xAs 

 

From Fig.2, it is evident that maximum efficiency is 

achieved when the aluminium mole fraction in Al
x
In1-xAs is 

between 0.4 and 0.5. In order to find out the optimum 

value of x in Al
x
In1-xAs, further simulations are con-

ducted by varying x from 0.45 to 0.49 in step of 0.01. 

The outcomes are given in Tab.3. Fig.3 shows the effi-

ciency against the small scale variation of x in Al
x
In1-xAs 

between 0.45 and 0.49. From the observation of Fig.3, x 

is adjusted at 0.47. 

 

Tab.3 Outcomes for small scale variation of alloy com-

position in AlxIn1-xAs 

x in 

AlxIn1-xAs 

Jsc 

(mA/cm2) 

Voc 

(V) 
FF 

0.45 28.90 0.8965 0.8719 

0.46 28.46 0.9115 0.8735 

0.47 27.72 0.9433 0.8768 

0.48 26.78 0.9582 0.8782 

0.49 25.68 0.9871 0.8809 

 

 

Fig.3 Efficiency vs. small scale variation of alloy com-

position in AlxIn1-xAs 

 

It has been observed that short-circuit current and op-

tical properties of a solar cell are improved with a thin-

ner window layer[6]. Moreover, the high lattice mismatch 

between AlAs and Al0.47In0.53As (3.55%) demands that 

the epitaxial AlAs layer grown on Al0.47In0.53As must be 

very thin. So a 10 nm-thick AlAs window layer is con-

sidered for further simulations. Now, a high doping level 

at the window layer reduces surface recombination of 

minority carriers coming from the emitter[7]. So high 

doping of 1×1018 cm-3 is maintained in the window layer. 

Emitter layer thickness is varied within a wide range 

from 100 nm to 50 µm. Tab.4 shows the outcomes, while 

Fig.4 shows a graph of efficiency versus emitter layer 

thickness. 

It is seen from Tab.4 that the open-circuit voltage in-

creases with reduced emitter thickness. This occurs due 

to a reduction of saturation current with reduced cell 

geometry, and it was reported previously[8]. The short-

circuit current initially increases with decreasing emitter 

thickness, but it goes down when emitter thickness is 

less than 2 µm. The highest efficiency of 27.28% is 
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achieved at a thickness of 1 µm, as shown in Fig.4. So 

the emitter thickness is adjusted to 1 µm. 

 

Tab.4 Outcomes for varying emitter layer thickness 

Emitter thickness 

(µm) 

Jsc 

(mA/cm2) 

Voc 

(V) 
FF 

50 29.08 0.9459 0.8770 

20 30.32 0.9601 0.8784 

10 30.61 0.9762 0.8799 

5 30.69 0.9900 0.8812 

2 30.70 1.0026 0.8824 

1 30.64 1.0084 0.8829 

  0.5 30.51 1.0118 0.8832 

  0.4 30.46 1.0124 0.8832 

  0.1 30.17 1.0168 0.8836 

 

 

Fig.4 Efficiency vs. emitter layer thickness 

 

Base layer thickness is varied between 1 µm and 50 

µm. Tab.5 gives the outcomes, while a graph of effi-

ciency versus base layer thickness is shown in Fig.5. 

The thicker base can absorb a greater number of pho-

tons. So the efficiency is drastically reduced at lower 

base thickness. Now, a trade-off must be made between 

base thickness and efficiency. Fig.5 shows that the rate 

of efficiency increment drops when base thickness is 

larger than 5 µm. So a base thickness of 5 µm is consid-

ered for further simulations. 

Doping concentration of the emitter layer is varied 

from 1016 cm-3 to 1019 cm-3. Tab.6 lists the simulation 

outcomes. A plot of efficiency versus emitter doping 

level is given in Fig.6. 

 

Tab.5 Results for varying base layer thickness 

Base thickness 

(µm) 

Jsc 

(mA/cm2) 

Voc 

(V) 
FF 

50 30.84 1.0300 0.8848 

20 30.83 1.0287 0.8847 

10 30.78 1.0175 0.8837 

5 30.64 1.0084 0.8829 

1 29.43 0.9724 0.8796 

 

Fig.5 Efficiency vs. base layer thickness 

 

Tab.6 Results for varying emitter doping level 

Emitter doping conc. 

(cm-3) 

Jsc 

(mA/cm2) 

Voc 

(V) 
FF 

1016 30.64 1.0084 0.8829 

1017 30.63 1.0176 0.8837 

1018 30.41 1.0188 0.8838 

1019 28.35 1.0225 0.8841 

 

 

Fig.6 Efficiency vs. emitter doping level 

 

Increasing the doping in the emitter enhances the elec-

tric field in the space-charge region of the n-p junction, 

which results in a higher open-circuit voltage. A higher 

electric field also increases the drift velocity of majority 

carriers, and increases the minority carrier recombination 

rate[9]. As can be seen from Fig.6, efficiency drops at 

very high emitter doping level (1018
-1019 cm-3), which 

reveals that the increase of recombination rate dominates 

the increase of drift velocity at high doping levels. So for 

further simulations, a doping level of 1017 cm-3 is consid-

ered for the emitter. 

Doping concentration at the base layer is varied be-

tween 1017 cm-3 and 1019 cm-3. Tab.7 gives the simula-

tion results, while Fig.7 shows the graph of efficiency 

versus base doping level. 

As can be seen from Fig.7, efficiency is improved sig-

nificantly at high base doping levels, which is a result of 
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simultaneous increment of Voc and Jsc with increased base 

doping. So a very high doping level of 1019 cm-3 is kept 

at the base layer.  

 

Tab.7 Outcomes for doping variation at the base layer 

Base doping conc. 

(cm-3) 

Jsc 

(mA/cm2) 

Voc 

(V) 
FF 

1017 28.77 0.7152 0.8483 

1018 30.42 0.8694 0.8689 

1019 30.63 1.0176 0.8837 

 

 

Fig.7 Efficiency vs. base doping level  

 

AlAs has a lattice mismatch of 3.55% with Al0.47In0.53 

As, 

which limits the growth of AlAs on Al0.47In0.53As by a 

critical layer thickness of 2 nm only[3]. As an ultra-thin 

window layer can provide the improved cell perform-

ance[6], a 2 nm window is acceptable for high efficiency. 

Lattice mismatch between Al0.47In0.53As and GaAs is also 

considerably high (3.7%). This gives a critical layer 

thickness of around 2 nm for the growth of Al0.47In0.53As 

on GaAs[3].  

The GaAs base can be grown to be any desired thick-

ness, as it is lattice-matched with Ge. But cost efficiency 

is a major issue. So the minimum cell thickness for 

achieving 20% efficiency is determined. Window and 

emitter layer thickness values are both kept as 2 nm, and 

simulations are conducted by varying the base thickness. 

Finally, an efficiency of 20.06% is achieved at a base 

thickness of 600 nm, which means a 604 nm-thick cell 

(excluding substrate thickness) achieves 20.06% effi-

ciency. The resulting short circuit current density for this 

ultra-thin film solar cell is 23.7 mA/ cm2, and the open-

circuit voltage is 0.9632 V with a fill factor of 0.8786. The 

J-V characteristic curve for this case is shown in Fig.8. 

 

Fig.8 Light J-V characteristic curve for the ultra-thin 

film solar cell 

 

This paper presents the introduction and detailed 

analysis of a thin film solar cell that utilizes a GaAs/ 

Al
x
In1-xAs heterojunction as the working p-n junction of 

the cell. The efficiency obtained for the proposed solar 

cell is quite high, compared with the existing ultra-thin 

film solar cells. This design can be applied in the fabrica-

tion of single-junction solar cells, as well as for sub-cells 

in multi-junction solar cells. 
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