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 Abstract : The piezoelectric polarization effect is dominant at the every GaN/InGaN interface in the MQW 

structure. In this paper we show that, how this piezoelectric polarization effect is useful in improving the open 

circuit voltage of GaN/InGaN MQW solar cell. For this purpose we have design a mathematical model of 

GaN/InGaN MQW solar cell and calculate the values of open circuit voltage with and without piezoelectric 

polarization effect. For simplicity of the model we are neglecting the current clouding effect, composition 

fluctuation and electro migration effect present in the device. Here we also assuming that, all the layers of GaN 

and InGaN material are terminated by Ga-face. Results indicate that the open circuit voltage of MQW solar cell 

improves by ~6.28% (at indium fraction in quantum well is 0.2 and quantum well thickness is 1 nm) and by 

~16.77% (at indium fraction in quantum well is 0.2 and quantum well thickness is 3 nm) by using piezoelectric 

polarization effect.   
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I.     Introduction 
The III-nitrides offer substantial potential to develop ultra high efficiency solar cells due to their direct 

band gap ranging from 0.7eV (InN) to 6.2eV (AlN) [1]. The InGaN material system offers a wide range of 

direct band gaps that spans the bulk of the solar spectrum. Additional advantages of this material system 

includes low effective mass of electron and hole, high mobility, high peak and saturation velocity, high 

absorption coefficient and radiation tolerance [2]. These features enable InGaN for third generation 

photovoltaics. A unique feature of the III-nitride is strong polarization and piezoelectric effect [3, 4]. It has been 

theoretically calculated and confirmed experimentally [5] that the III-nitrides are highly polar molecules due to 

the non-centrosymmetry of charge in the wurtzite structure and large ionicity of the covalent bonds. This 

polarization can be used constructively in MQW solar cell design.  

Multi quantum well structure is used for improving carrier confinement in active region for light 

emitting devices such as LEDs and laser diodes. The purpose of increasing carrier confinement is to increase the 

internal quantum efficiency of light emitters by increasing radiative recombination rate. In the case of solar cell 

the overall efficiency of the solar cell decreases due to radiative and non-radiative recombination, because 

recombination reduces the number of charge carriers reaches at the output terminals. Other than this the trapping 

centers (recombination centers) are present at the GaN/InGaN interface in the MQW structure which traps the 

photo generated charge carriers. Thus the overall efficiency of the solar cell decreases due to MQW structure.  

The GaN/InGaN MQW structure provide its own advantages. The biggest advantage is that it helps to 

absorb larger solar spectrum by arranging the absorption edges of the quantum wells in descending order (from 

3.42 eV to 0.7 eV) [1]. The piezoelectric polarization is dominant at the interface of GaN/InGaN layers in the 

MQW structure due to lattice mismatch and different thermal expansion coefficients. This piezoelectric 

polarization develops a potential across the each GaN/InGaN interface layer. If the direction of this piezoelectric 

potential is identical with the built-in potential of the solar cell than the open circuit voltage across the solar cell 

is the sum of both the built-in potential and the total piezoelectric potential develop across the all interface 

layers in the MQW. Therefore the overall external quantum efficiency of the solar cell increases due to 

piezoelectric polarization. In this paper we present a theoretical study for calculating the effect of piezoelectric 

polarization on the open circuit voltage of the GaN/InGaN MQW solar cell.  

 

II.    Model 
As mentioned earlier the MQW structure provides the facility to absorb the larger solar spectrum. This 

can be done by increasing the indium composition in the InGaN layer or by increasing the thickness of the 

InGaN layer in MQW structure from front end to back end. Both these methods have it own advantages and 

disadvantages. If we use the first method to absorb larger solar spectrum, then the trapping centers and 
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dislocation density at the GaN/InGaN interface increases with increasing indium composition which increases 

the absorption of the photo-generated charge carriers at the interface and decreases the shunt resistance of the 

MQW solar cell due to dislocation density. The advantage of this method is that, it helps to maintain the gradual 

increase in piezoelectric potential across each GaN/InGaN interface from front end to back end in MQW 

structure. If we use second method, the carrier confinement of photo-generated charge carriers decreases with 

increasing well thickness which increases the heat in the solar cell due to phonon generation. This method 

makes the device thicker in depletion region which decreases the electric field across the depletion layer 

therefore reduces the drift velocity of photo-generated charge carriers. By using this method it is very difficult to 

utilize the effect of piezoelectric polarization for increasing open circuit voltage because piezoelectric 

polarization decreases very sharply with increasing well thickness. There are two advantages of this method:  

1. Effect of composition fluctuation is minimized by increasing heat and  

2. It controls the number of trapping centers and dislocation density in the MQW structure.  

All the parameters of MQW solar cell such as trapping centers, dislocation density, shunt resistance, effect of 

composition fluctuation on radiative recombination rate, absorption range of solar spectrum, and series 

resistance is depend on the indium composition and well thickness. Therefore it is very difficult to optimize the 

value of indium composition and well thickness for GaN/InGaN MQW solar cell. Our aim is to utilize the 

piezoelectric potential developed across the GaN/InGaN interface in the MQW structure for increasing open 

circuit voltage of the solar cell. For the simplicity of theoretical analysis we are taking constant indium 

composition in each well region and identical well thickness (< ℓc) which provides the identical piezoelectric 

potential across each GaN/InGaN interface in the MQW structure. The GaN/InGaN MQW solar cell with 

orientation of piezoelectric potential and built-in potential is shown in fig. 1.   

 

 
Fig. 1 Piezoelectric field in GaN/InGaN MQW solar cell structure 

 

The spontaneous polarization (Psp) of Ga-face InGaN layer in terms of Indium composition (x) is given by equ. 

1. [6] 

Psp = – 0.003 × x – 0.029                                                                                                               (1) 

Spontaneous polarization is the inherent property of the InGaN layer and produced due to non-centrosymmetry 

property of the wurtzite structure. The piezoelectric polarization in InGaN layer is developed due to lattice 

mismatch and different thermal expansion coefficient between GaN and InGaN layers. These piezoelectric 

polarization charges are distributed identically in the entire thickness of the InGaN layer for the well thickness 

less than 3 nm. The value of piezoelectric polarization (Ppz) in terms of Indium composition (x) is given by equ. 

2. [7] 

Ppz = 0.176 × x                                                                                                                               (2)  

The net polarization is the sum of both spontaneous polarization and piezoelectric polarization in InGaN layer. 

P = Psp + Ppz                                                                                                                                    (3)   

The net polarization electric field across each quantum well is
 
given by equ. 4. [8] 

EP = – (P/ε)                                                                                                                                    (4) 

Where ε is the permittivity of the InGaN layer and calculated by ε = ε0 × εr where ε0 is the vacuum permittivity 

and εr is the relative permittivity and is calculated by εr = 10.4 + (3.9 × x) [9] where x is the indium composition 

of InGaN layer. 

The open circuit voltage (VOC1) of a simple homo-junction GaN solar cell is the maximum voltage available 

across the solar cell for zero current and is given by equ. 5. [10]   

VOC1 = × ln [(Isc / I0 ) + 1]                                                                                                          (5)  

Where K is the Boltzmann constant, T is the operating temperature of the solar cell, q electronic charge, Isc is the 

photo-generated current and I0 is the reverse saturation current in the solar cell.  The reverse saturation current in 

simple homo-junction GaN solar cell is given by [10] 

I0 = q A × [(Dn×ni
P-GaN

) / (Ln×NA
P-GaN

) + (DP×  ni
n-GaN

) / (Lp× ND
n-GaN

)]                                        (6) 

Where A is the cross section area of the solar cell, Dn and DP is the diffusion coefficients for electrons in p-GaN 

and for holes in n-GaN and calculated by Dn =  µn and DP =  µp Where                                                                  
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µn and µp is the mobility of electron and hole. The Ln and Lp are the minority carrier electron and hole diffusion 

lengths and calculated by Ln = [Dn τn]
1/2

 and LP = [DP τP ]
1/2

 Where τn and  τP is the average recombination time 

for electrons and holes and calculated by τn = 1/B NA
P-GaN

 and τP = 1/B ND
n-GaN

 Where B is the bimolecular 

radiative rate coefficient of GaN, ni
P-GaN

 is the intrinsic concentration in p-GaN, ni
n-GaN

 is the intrinsic 

concentration in n-GaN, NA
P-GaN

 is the external doping in p-GaN and ND
n-GaN

 is the external doping in n-GaN.  

 

The built-in voltage Vbi for a simple homo-junction GaN p-n junction diode is given by equ. 7. [10] 

Vbi =  × ln [(NA
P-GaN

 ND
n-GaN

) / (ni
P-GaN

 ni
n-GaN

)]                                                                      (7) 

This is the maximum value of the open circuit voltage in the ideal case of the GaN solar cell. The ratio of the 

practical value of open circuit voltage Voc1 and ideal value of open circuit voltage (built-in voltage) Vbi of a 

simple p-GaN/n-InGaN heterostructure solar cell gives the loss factor (F). 

F = VOC1 / Vbi                                                                                                                               (8) 

This loss factor (F) introduces in this study because different phenomena’s of carrier losses are occur in the 

entire structure of the solar cell which reduces the output voltage of the solar cell.  

When a MQW is inserted into the depletion region of homo-junction GaN solar cell an additional voltage is 

developed in the depletion region due to piezoelectric field at every GaN/InGaN interface. Then the total 

polarization voltage developed in MQW is the total of all the voltages develop in each individual interface and 

calculated by [8].  

VP = – EP * dw                                                                                                                                (9) 

Where dw is the total thickness of quantum wells and calculated by dw = d1 + d2 + d3 + d4 where d1, d2, d3 and d4 

are the individual thickness of each quantum well. The EP is the piezoelectric field in single quantum well. This 

polarization voltage (VP) develops in the same region where the built-in voltage (Vbi) is developed. Thus 

polarization voltage will suffer from the same carrier losses which work for built-in voltage. Then the increase 

in open circuit voltage due to net polarization electric field is calculated by multiplying polarization voltage (VP) 

with factor (F). 

VOC2= F * VP                                                                                                                               (10) 

Thus the total open circuit voltage (VOC) is sum of both the parts of open circuit voltage developed due to built-

in voltage and polarization induced voltage.  

VOC = VOC1 + VOC2    

                                                                                                                                                    (11) 

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

Fig. 2 shows the energy band diagram of GaN/InGaN MQW solar cell and according to that  the photons with 

energy greater than Eg2 is absorbed by the top p-type GaN layer and photons with energies between Eg2 and Eg1 

are absorbed by the smaller band gap InGaN well layer. Thus the resultant short circuit current of this MQW 

solar cell is limited by the smaller band gap region.  

ISC  = q × A × [1 – α(x)] × [1 – R] × (dnph/dλ) dλ                                                    (12) 

Where A is the front cross section area of solar cell, α(x) is the absorption of optical power with respect to 

distance. Studies indicate that in GaN ~ 99% optical power is absorbed at 500 nm distance [11], R is the 

reflectance at air-GaN interface (~18%) [12, 13],  is the Collection efficiency represents how many 

electron-hole pairs generate from the absorbed photons, dnph/dλ is the number of incident photons per cm
2
 per 

second at particular wavelength of solar spectrum and calculated using 2πνc
2
/ [exp (hν/KT) – 1],  is the 

Wavelength corresponding to band gap of GaN layer and is the Wavelength corresponding to band gap of 

InGaN well layer.  

 

III.   Calculation and Results 
We use the following parameters for calculating the open circuit voltage and short circuit current of the 

MQW solar cell listed in table 1. The calculated value of short circuit current in MQW solar cell is 1.8 mA/cm
2
 

for AM1.5D spectrum and the value of open circuit voltage without considering piezoelectric polarization field 

at the GaN/InGaN interface is 2.32V. For 1nm quantum well thickness, the open circuit voltage with 

considering piezoelectric polarization field at the GaN/InGaN interface is 2.48V and for 3nm quantum well 

thickness, the open circuit voltage is 2.79V. 
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S. No. Parameters Values 

1 Indium composition (x) 0.2 

2 External doping in p-GaN 5×017 cm-3 

3 External doping in n-GaN 5×1018 cm-3 

4 Intrinsic concentration in GaN[14] 2.35 × 10-10 cm-3 

5 Reflectance at air-GaN interface[12, 13] 0.18 

6 Collection efficiency 0.7 

7 Temperature equivalent voltage 0.026 V(300 K) 

8 Mobility of electron [14] 440 cm2/V.sec 

9 Mobility of hole [14] 10 cm2/V.sec 

10 Cross section area of solar cell 1 × 1 cm2 

11 Direct recombination capture coefficient 2.2 × 10-10 cm3/sec. 

12 Solar spectrum AM 1.5D 

13 Number of quantum wells 4 

Table1. Solar cell parameters with their values 

 
IV.    Conclusions 

The open circuit voltage of MQW solar cell increases with increasing indium fraction in InGaN 

quantum well region due to increase in piezoelectric field at the GaN/InGaN interface. But dislocation density 

and absorption centers also increases with increasing indium fraction in InGaN quantum well region, which 

reduces the efficiency of the MQW solar cell, Therefore this tradeoff between piezoelectric polarization field 

and dislocation density imposes the limit on the performance of GaN/InGaN MQW solar cell. Results indicate 

that the open circuit voltage of MQW solar cell improves by ~6.28% (at indium fraction 0.2 and quantum well 

thickness is 1 nm) and ~16.77% (at indium fraction 0.2 and quantum well thickness is 3 nm) by using 

piezoelectric polarization effect.  
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