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Abstract --- In this paper, InGaN/GaN a multiple quantum well solar cell (MQWSC) with an indium content of 0.05 is 
studied. The results indicate that the InGaN/GaN MQWSC offers an effective way for increasing the performance of a 
GaN based solar cell. The introduction of 5 periods of undoped InGaN quantum wells within the active layer with 5nm 
width improves the open-circuit voltage, short-circuit current, fill factor and efficiency by 0.025%, 2.61%, 0.12% and 
2.74% respectively. The photovoltaic performance of the device can be further improved by optimizing the structure 
of the InGaN/GaN multiple quantum well. 
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I.  INTRODUCTION AND LITERATURE REVIEW 

The multiple quantum well (MQW) is a very practical approach to design high efficiency solar cells. Quantum 
well structures enable photons of energy lower than the bandgap energy of the semiconductor to be absorbed. The 
carriers generated in the quantum wells can easily thermally escape to the conduction band (electrons) or the 
valence band (holes) to contribute to the photo-generated current.  The InGaN/GaN QW system is therefore a 
useful technique for enhancement of photon absorption in ultra thin cells designed for optimum photovoltaic 
response. The Quantum well thickness and period of the MQW active region need to be optimized for maximizing 
light absorption. InGaN-based ternary alloys showed an optical match to most part of the solar spectrum (0.7–
3.4eV) and have been of particular interest to researchers because they were suitable for photovoltaic (PV) 
applications [1-4]. The properties of III-nitrides include large carrier mobility, high drift velocity, strong optical 
absorption, and resistance to radiation, making them ideal for the development of photovoltaic cells [5]. 

Extensive research has been done in the past to optimise the performance of InGaN/GaN based MQW solar cells 
to explore their potential. For an indium content of 0.15 the obtained values of the short circuit current density 
(JSC), open circuit voltage (VOC), Fill Factor (FF) and Efficiency (ɳ) were 1.05, 2.30, 63% and 1.52% respectively. 
However when the indium content was increased to 25% the performance of the cell deteriorated. The increased 
indium content led to greater strains creating misfit dislocations which acted as non-radiative recombination 
centres [6]. An efficiency of 1.30% was reported for InGaN/GaN MQW based solar cell was reported by the 
introduction of copper-doped indium oxide (CIO) layer at the interface between ITO p-electrode and p-GaN [7]. 
A significant improvement in the open circuit voltage (VOC = 2.22V) was demonstrated for a relatively low indium 
content of 0.15 [8]. InGaN/GaN MQW based solar cell fabrication was reported incorporating indium fractions 
of 30% and 40% delivering external quantum efficiency of 40% at 420nm and 10% at 450nm [9]. 

II. MODELING AND NUMERICAL SIMULATION 

AMPS-1D (Analysis of Microelectronic and Photonic Structure) is a very general program for analyzing and 
designing transport in microelectronic and photonic structures. The principal equations solved by AMPS-1D 
(using finite differences and Newton-Raphson technique) are: the Poisson’s equation, the continuity equation for 
free electrons and holes together with the electron and hole current density equations. To determine the transport 
characteristics AMPS solves the first three of these coupled non-linear differential equations which have with 
each of them two associated boundary conditions. In AMPS, these three coupled equations are solved 
simultaneously to obtain a set of three unknown state variables at each point in the device: the local vacuum level, 
the electron and hole quasi-Fermi levels. From these three state variables, the free carrier concentrations, fields, 
currents, etc. can then be computed. 
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Fig. 1 Schematic of the InGaN/GaN MQW solar cell 

 

Fig. 2 Energy band diagram of the InGaN/GaN MQW solar cell 

The Fig. 1 shows the schematic diagram of the MQW solar cell under investigation. The structure consists of an 
emitter at the top with variable p-type doping and thickness separated from the bottom layer which has an 
adjustable n-type doping concentration and thickness. Sandwiched in between is the active layer or the absorber 
layer having 5 periods of undoped InGaN quantum wells of 5nm each with intrinsic GaN barriers of the same 
thickness (Fig. 2). Simulations were performed under AM1.5G one sun illumination having an intensity of 
100mW/cm2 at an operating temperature of 300K. The electron and hole recombination velocities were set to 
107cm/s. The reflection at the front contact and the back contact were set to 0 and 1 respectively. Both the front 
and the back contact were assumed to be flat-band for simplicity. The effect of changing the various parameters 
viz. the thickness and doping concentration of the top and the bottom layer were taken into consideration to 
determine the overall performance of the MQW solar cell. Only one parameter was varied at a time keeping the 
other parameters constant. Also during the simulation for the sake of simplicity it was ensured that there were no 
defect states at the interface. 

III. RESULTS AND DISCUSSION 

The parameters that can best describe the performance of a solar cell are as discussed. 

The External Quantum Efficiency (EQE) is defined as the ratio between the number of collected charges and the 
number of incident photons for each wavelength. The short-circuit current density Jsc depends on the useful 
absorption fraction EQE(λ) integrated over the whole spectral range and weighted by the incident spectral power 
density per unit area P(λ): 

     (1) 

where, q is the electron charge, h Planck’s constant, c the speed of light. 
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The open-circuit voltage Voc is the voltage measured for a perfect balance between photo-generated current and 
dark current in a cell: 

   (2) 

where, k is the Boltzmann constant, T the temperature, q the elementary charge, n, and J0n are respectively the 
ideality and the saturation current of the diode. The Voc is thus intrinsically defined and limited by the dark current 
in a cell. 

The fill factor FF relates the maximum power Pmax obtainable from the cell to the product of the open-circuit 
voltage Voc and short-circuit current Isc of the cell. 

       (3) 

The efficiency of the solar cell is the ratio between its electrical power output and the incident power of the light 
entering the device. 

      (4) 

Initially the thickness of the bottom layer (n-GaN) was set to 2µm with a doping concentration of 2x1018/cm3, 
while the doping concentration of the top layer (p-GaN) was kept constant at 5x1017/cm3 [6, 8]. The thickness of 
the p-GaN layer was then varied from 100 to 250µm. The change in the electrical parameters of the MQW solar 
cell were recorded (Fig. 3). From the result it is evident that there is a steady increase in the open-circuit voltage, 
the short-circuit current and the efficiency of the solar cell. This is expected as the increase in the overall thickness 
of the cell enhances the absorption of photons which generate photo-generated carriers in the solar cell thereby 
improving the performance of the solar cell. 

The doping concentration of the top p-GaN layer has a significant effect in determining the performance of the 
solar cell because of its contribution to the number of photo-generated charge carriers. To gain an insight as to 
how the doping concentration affects the performance it was varied from 1x1017 to 1x1020/cm3 (Fig. 4). With the 
increase in the doping concentration the mobility of the charge carriers and their carrier lifetime decrease. 
Therefore the minority carrier diffusion length decreases resulting in a degradation of the current density. Also 
because the reverse saturation current density decreases with the increase in the doping concentration, therefore 
the open-circuit voltage increases. As shown in Fig. 4 there is also an increase in the fill factor and the efficiency 
with the increase in the doping concentration of the top p-GaN layer. 
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Fig. 3 Variation of different electrical parameters as a function of the thickness of p-GaN 
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Fig. 4 Variation of different electrical parameters as a function of the doping concentration of p-GaN 
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Fig. 5 Variation of different electrical parameters as a function of the thickness of n-GaN 
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Fig. 6 Variation of different electrical parameters as a function of the doping concentration of n-GaN 

The Fig. 5 shows that all the electrical parameters of the cell increase with the increasing thickness of the bottom 
n-GaN layer. This trend in the parameters is similar to that observed in Fig. 4. It can be attributed to the increased 
acceptance of photons due to an increase in thickness and consequently the number of photo-generated charge 
carriers. It is evident from the comparison that the effect of change in thickness of bottom layer which is greater 
as compared to the top layer is more pronounced on the parameters. 
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With an increase in the doping concentration of the bottom n-GaN layer the short-circuit current density, the open-
circuit voltage and efficiency decrease initially and then remain unchanged for doping concentrations greater than 
5x1018/cm3 (Fig. 6). This is because at higher doping concentrations the collection probability decreases due to 
the increase in the recombination of the generated charge carriers. From the observation it is clear that the role of 
the doping concentration on the reverse saturation current in this case is more dormant compared to the short-
circuit current density. Therefore in this case the open-circuit voltage decreases like the short circuit current. 

 

Fig. 7 I-V characteristics of the solar cell with and without the incorporation of InGaN MQWs 

The blue line in the Fig. 7 represents the current-voltage characteristics of the MQW solar cell with p-GaN 
thickness and doping concentration of 500nm and 5x1017/cm3 respectively, while the n-GaN thickness and doping 
concentration are set to 2µm and 2x1018/cm3. 

TABLE I 
COMPARISON OF THE SOLAR CELL WITH AND WITHOUT THE InGaN MQWs 

 

Cell/ Parameters VOC (V) JSC (mA/cm2) FF (%) Efficiency (%) 
Without InGaN MQW 2.7685 0.0765 93.0933 0.1971 
With InGaN MQW 2.7692 0.0785 93.2016 0.2025 

 

IV. CONCLUSION AND FUTURE SCOPE 

In this paper we demonstrated how the incorporation of InGaN/GaN multiple quantum wells improves the 
performance of the solar cell. Further improvement in the performance can be expected if the electron diffusion 
length can be increased improving the carrier lifetime. Also a large band-gap transparent conductive oxide (TCO) 
layer could be used which would act as an anti-reflective coating (ARC) as well a contact with reduced resistance. 
The indium content can be increased to decrease the band-gap of the quantum wells which can enhance the number 
of thermally generated charge carriers improving the photo-current. Furthermore the absorber layer thickness can 
be increased wherein more wells can be introduced to promote quantum confinement effects. The thickness of the 
quantum wells as well as the periodicity of the InGaN/GaN structures inside the active region can be altered. 
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