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Abstract 

In this paper indium gallium nitride (InGaN) is used to design and optimize a dual junction (DJ) solar cell, 

which is series-connected via a tunnel diode, with a careful analysis of the current matching between the top 

and the bottom sub-cells. In particular, a bandgap combination of 1.76eV/1.13eV for an 

In0.48Ga0.52N/In0.74Ga0.26N structure is adopted and several numerical simulation results are presented. The 

doping concentration and the base thickness of each sub-cell are considered as fitting parameters in order to 

determine an accurate current matching condition. The In0.48Ga0.52N-based n++/p++ tunnel junction behavior is 

also taken into account. A maximum short circuit current density of 19.543 mA/cm2 is obtained for a 1µm-

thick base in both the sub-cells, and a p/n doping ratio of 5×1018 cm-3/5×1015 cm-3 and 

1.9×1019 cm-3/1.9×1016 cm-3 for the top and the bottom cell, respectively. The optimized DJ solar cell exhibits 

an open circuit voltage of 1.713 V, a fill factor of 82.49%, and a conversion efficiency of 28.78%. The external 

quantum efficiency and the current (power) density-voltage characteristics of different devices are investigated 

in detail.  
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1. Introduction 

The primary limitation in the design of high conversion efficiency solar cells, which are able to utilize the 

whole solar spectrum, is due to the fact that single p/n junctions can convert to electricity only the sunlight 

absorbed at a specific and limited range of photon energies lying close to the semiconductor bandgap. To 

exploit the solar spectrum very profitably and reach high efficiency results, single p/n junctions are integrated 

in multi-junction solar cells (MJSCs) based on mechanically stacked structures [1,2] or monolithic tandem 

systems [3,4] where the bandgap of each sub-cell is tailored to a different range of photon energies. Hence, 

MJSCs are useful to capture photons efficiently over a much wider spectral range.  

 The main technological issues in the MJSC design are the current and lattice mismatches between the sub-

cells that reduce the conversion efficiency significantly. These issues are addressed in the monolithic approach 

by introducing a tunnel junction (TJ) which connects the n-terminal of one sub-cell to the p-terminal of the 

adjacent sub-cell. On the other hand, the mechanically stacked structures circumvent the design challenges 

introduced above but they present some important drawbacks due to the complexity of a low-cost integration 

of the single sub-cells with minimal optical losses [5].  

 At this time, MJSCs are based on two or three junctions of different materials connected in series [6]. 

Practically, there are only few semiconductors that can be employed to realize these cells, namely ternary, 

quaternary, and pentanary alloys showing similar physical properties such as the thermal coefficient, electron 

affinity, and lattice matching [7-10]. For example, the most widely used MJSCs are III–V-based like the 

GaInP/GaAs/Ge triple-junction, and the GaInP/GaAs and the InGaN/Si dual-junction designs that allow 

remarkable conversion efficiency results. However, these tandem systems suffer for the use of expensive III–

V substrates and/or unmatched Si and Ge sub-cells with an indirect bandgap energy [11-14]. 
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Moving from the considerations introduced above, in this paper we study the opportunity of designing DJ 

structures entirely based on indium gallium nitride (InGaN) which in fact, thanks to its attractive properties for 

photovoltaics (PV) and its tunable bandgap energy, allows the realization of high-performance single junction 

(SJ) solar cells well suited, in principle, for tandem systems [15-18]. More in detail, we design and optimize 

an In0.48Ga0.52N/In0.74Ga0.26N dual solar cell with an accurate modeling of the current matching between the top 

and the bottom sub-cells that are series-connected via a n++/p++ In0.48Ga0.52N-based TJ. A bandgap combination 

of 1.76eV/1.13eV for the In0.48Ga0.52N/In0.74Ga0.26N structure is assumed and by using the Silvaco-Atlas 

physical simulator [19] the doping concentration and the base thickness of each sub-cell are considered as 

adjustable parameters. Recent manuscript of ours, which are addressed to the modeling of different 

photovoltaic devices, support the adopted simulation setup [20-28].  

The external quantum efficiency and the current (power) density-voltage characteristics of different solar 

cells are investigated at room temperature. During the simulations, we adopted a spectral irradiance consistent 

with the air mass 1.5 global (AM1.5G) data that refer to the American Society for Testing and Materials 

(ASTM) G-173 standard. In particular, by calculating the spectral irradiance numerical integral for optical 

wavelengths from 200 nm to 1800 nm, the assumed incident power density was 960 W/m2. With respecting 

the current matching condition, the optimized dual cell design exhibits a short circuit current density (Jsc) of 

19.543 mA/cm2, an open circuit voltage (Voc) of 1.713 V, a fill factor (FF) of 82.49%, and a conversion 

efficiency (η) of 28.78%. These results are compared with literature data focused on the theoretical 

performance of InGaN-based tandem systems.  

 

 

2. Modeling and simulation 

2.1 Photocurrent expression  

 The effective photocurrent density in a DJ solar cell is the lower value between the two photocurrent 

components generated in the single cells, namely JT for the top cell and JB for the bottom cell, given by [2,17]: 

𝐽𝑇 = 𝑞 ∫ 𝐼(𝜆)
𝜆𝑇

0
{1 − 𝑒𝑥𝑝[−𝛼𝑇(𝜆)𝑡𝑇]} 𝑑𝜆           (1) 

𝐽𝐵 = 𝑞 ∫ 𝐼(𝜆)
𝜆𝑇

0
𝑒𝑥𝑝[−𝛼𝑇(𝜆)𝑡𝑇] {1 − 𝑒𝑥𝑝[−𝛼𝐵(𝜆)𝑡𝐵]}𝑑𝜆 + 𝑞 ∫ 𝐼(𝜆)

𝜆𝑇

𝜆𝐵
{1 − 𝑒𝑥𝑝[−𝛼𝐵(𝜆)𝑡𝐵]} 𝑑𝜆 .      (2) 

Here, 𝐼(𝜆) is the photon flux density as a function of the wavelength 𝜆, and  𝛼𝑇 ,  𝛼𝐵, 𝑡𝑇, and 𝑡𝐵 are the top and 

bottom sub-cell absorption coefficients and thicknesses, respectively. The parameter 𝜆𝑇,𝐵 is in the form of 

𝜆𝑇,𝐵 = ℎ𝑐 𝐸𝑔𝑇,𝐵⁄   where ℎ is Planck’s constant, 𝑐 is the velocity of light, and 𝐸𝑔 is the bandgap of each cell. 

 The device open circuit voltage 𝑉𝑜𝑐 is the sum of the single contributions: 

𝑉𝑜𝑐 = 𝑉𝑜𝑐,𝑇 + 𝑉𝑜𝑐,𝐵 =
𝑘𝐵𝑇

𝑞
 [𝑙𝑛 (

𝐽𝑠𝑐,𝑇

𝐽0,𝑇
+ 1) + 𝑙𝑛 (

𝐽𝑠𝑐,𝐵

𝐽0,𝐵
+ 1)]       (3) 

where 𝐽𝑠𝑐,𝑇,𝐵 is the short circuit current density of the top and bottom sub-cell, 𝑞 is the electron charge, 𝑘𝐵 is 

Boltzmann’s constant, 𝑇 is the temperature, and J0 is the reverse saturation current density given by [17,29] 

𝐽0 = 𝑞𝑛𝑖
2 [

𝐷𝑛

𝑁𝐴𝐿𝑛
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𝑥𝑛
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)+𝑐𝑜𝑠ℎ(
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)]      (4) 

where 𝑥𝑛 and 𝑥𝑝 are the thicknesses of the n- and p-type layers, 𝑆𝑛,𝑝 is the surface recombination velocity in 

these regions, 𝐷𝑛,𝑝 and 𝐿𝑛,𝑝 are the diffusion coefficient and diffusion length for electrons and holes, and 



𝑁𝐴 and 𝑁𝐷 are the acceptor and donor concentrations, respectively. Finally, the intrinsic carrier concentration 

𝑛𝑖 is calculated by means of the density of states for electrons (Nc) and holes (Nv) as follows: 

𝑛𝑖
2 = 𝑁𝑐𝑁𝑣𝑒𝑥𝑝 (−

𝐸𝑔

𝑘𝐵𝑇
) .             (5) 

 

2.2 Mobility model 

The following expression based on the work of Caughey and Thomas was used to model the doping and 

temperature-dependent carrier mobility [30]: 

𝜇𝑛,𝑝 = 𝜇1𝑛,𝑝 (
𝑇

300
)

𝛼𝑛,𝑝

+
𝜇2𝑛,𝑝(

𝑇

300
)

𝛽𝑛,𝑝
−𝜇1𝑛,𝑝(

𝑇

300
)

𝛼𝑛,𝑝

1+(
𝑁

𝑁𝑛,𝑝
𝑐𝑟𝑖𝑡(

𝑇
300

)
𝛾𝑛,𝑝

)

𝛿𝑛,𝑝
         (6) 

where N is the total (local) doping concentration and 𝑁𝑛,𝑝
𝑐𝑟𝑖𝑡 is the value at which the mobility is halfway 

between its minimum (𝜇1) and maximum (𝜇2) assumed at room temperature. The reference parameters for 

GaN and InN regions are summarized in Table 1 [31,32]. The fitting coefficients 𝛼, 𝛽, and 𝛾 are equal to 1 

[32,33]. 

Table 1.  Carrier mobility parameters.  

  GaN  InN 

𝜇1𝑛  (cm2 V−1 s−1)  295  1982.9 

𝜇2𝑛  (cm2 V−1 s−1)  1460  10885 

𝛿𝑛  0.71  0.7439 

𝑁𝑛
𝑐𝑟𝑖𝑡  (1016 cm−3)  7.7  10 

𝜇1𝑝  (cm2 V−1 s−1)  3.0  3.0 

𝜇2𝑝   (cm2 V−1 s−1)  170  340 

𝛿𝑝  2.0  2.0 

𝑁𝑝
𝑐𝑟𝑖𝑡  (1017 cm−3)  10  8.0 

 

2.3 Recombination models 

The indirect recombination of charge carriers that occurs in presence of traps (or defects) within the 

semiconductors bandgap was modelled by the Shockley-Read-Hall (SRH) standard expression [34-36]:  

𝑅𝑆𝑅𝐻 =
𝑛𝑝−𝑛𝑖

2

𝜏𝑝 (𝑛+𝑛𝑖𝑒(𝐸𝑡𝑟𝑎𝑝 𝑘𝑇⁄ ))+𝜏𝑛 (𝑝+𝑛𝑖𝑒(−𝐸𝑡𝑟𝑎𝑝 𝑘𝑇⁄ ))
         (7) 

Where Etrap is the difference between the trap energy level and the intrinsic Fermi level (i.e., Etrap = Et – Ei), 

and 𝜏𝑛  and 𝜏𝑝  are the minority carrier lifetimes. The model assumes 𝜏𝑛,𝑝 = 6.5 ns [32], and Etrap = 0, namely 

only one trap level corresponding to the most efficient recombination center [37].  

During the simulations, the Auger and the radiative (optical) recombination models were also taken into 

account. In particular, the first occurs when a mobile carrier is either emitted or captured through a three-

particle transition in the form of [38,39] 



𝑅𝐴𝑢𝑔𝑒𝑟 = 𝐶𝐴𝑢𝑔𝑛(𝑝𝑛2 − 𝑛𝑛𝑖
2) + 𝐶𝐴𝑢𝑔𝑝(𝑛𝑝2 − 𝑝𝑛𝑖

2)         (8) 

whereas the latter is due to the direct bandgap transition [30]: 

𝑅𝑟𝑎𝑑 = 𝐶𝑜𝑝𝑡(𝑛𝑝 − 𝑛𝑖
2) .             (9) 

The Auger and radiative coefficients are CAugn,p = 1.4×10-30 cm6/s [29] and Copt = 2.4×10-11 cm3/s [40], 

respectively. 

2.4 Optical model 

The complex index of refraction with its real (refractive index, 𝑛) and imaginary (extinction coefficient, 𝑘) 

part for the different regions in the device structure need to be specified for simulations. Unfortunately, the 

built-in tables of index versus wavelength for conventional semiconductors do not include the InxGa1-xN 

ternary alloys. To overcome this problem we used the absorption coefficient model proposed in [32], i.e. 

𝛼 (𝑐𝑚−1) = 105 × √𝐶(𝐸𝑝ℎ − 𝐸𝑔) + 𝐷(𝐸𝑝ℎ − 𝐸𝑔)
2

         (10) 

which links the extinction coefficient as follows: 

𝑘 =
𝜆

4𝜋
 𝛼 .               (11) 

At the same time, in order to express the refractive index we used Adachi's model given by [17]  

𝑛(𝐸𝑝ℎ) = √
𝐴

(
𝐸𝑝ℎ

𝐸𝑔
)

2 [2 − √1 +
𝐸𝑝ℎ

𝐸𝑔
− √1 −

𝐸𝑝ℎ

𝐸𝑔
] + 𝐵  .        (12) 

In (10) and (12), 𝐸𝑝ℎ is the incoming photon energy and 𝐸𝑔 is the material bandgap dependent on the indium 

composition 𝑥. The x-dependence of the parameters A, B, C, and D is in the form of  

𝐴 = 13.55𝑥 + 9.31(1 − 𝑥)             (13) 

𝐵 = 2.05𝑥 + 3.03(1 − 𝑥)             (14) 

𝐶 = 3.525 − 18.29𝑥 + 40.22𝑥2 − 37.52𝑥3 + 12.77𝑥4        (15) 

𝐷 = −0.6651 + 3.616𝑥 − 2.460𝑥2.           (16) 

In particular, 𝐴 and 𝐵 are linearly interpolated starting from the parameters of the binary material, namely 

𝐴 = 13.55 and 𝐵 = 2.05 for InN, and 𝐴 = 9.31 and B = 3.03 for GaN, which were experimentally measured 

in [31,41]. Whereas, C and D are calculated from two empirical expressions [42,43] as summarized in Table 2.  

Finally, we implemented a Matlab-code that calculates the refractive index and converts the absorption 

coefficient into the extinction coefficient generating an input text file for the Silvaco-Atlas simulator.  

 

Table 2. Parameters used to calculate the InxGa1-xN absorption coefficient. 

Indium  

composition 
 𝑪 (eV−1)  𝑫 (eV−2) 



1  0.69642  0.46055 

0.83  0.66796  0.68886 

0.69  0.58108  0.66902 

0.57  0.60946  0.62182 

0.5  0.51672  0.46836 

0  3.52517  -0.65710 

 

 

2.5.  Tunnel model 

 In monolithically grown MJSCs, the individual sub-cells are interconnected via a tunnel diode (Esaki diode) 

which aids to counter the parasitic field that is formed if an n/p cell is directly grown on the surface of another 

n/p cell. This diode must be transparent to the wavelengths absorbed in the series-connected sub-cells to 

minimize the current losses resulting from light absorption. Also, it must form a low-resistance interface to 

ensure minimal voltage drops.  

 Tunneling phenomena can occur when a sufficiently high electric field originates within a p-n junction. The 

band energy levels may bend sufficiently to allow electrons to tunnel by internal field emission from the 

valence band into the conduction band, while the symmetric behavior occurs for holes. Additional carriers, 

therefore, transfer to the conduction and valence band.  

During the simulations, 1-D tunneling was assumed and the electric field was calculated at each node of a 

nanometer-sized rectangular mesh that was superimposed over the device regular mesh to give the carrier 

recombination-generation rate along the junction. By considering each energy level (E) in the energy range 

determined by the semiconductor band profiles, the net tunneling current per unit area is the form of [19]  

 

𝐽(𝐸) =
𝑞𝑘𝑇

2𝜋2ℎ3 𝑇(𝐸) (𝑚𝑒
∗ ln {

1+𝑒𝑥𝑝[(𝐸−𝐸𝑓𝑙
𝑒 ) 𝑘𝑇⁄ ]

1+𝑒𝑥𝑝[(𝐸−𝐸𝑓𝑟
𝑒 ) 𝑘𝑇⁄ ]

}) ∆𝐸 −

𝑞𝑘𝑇

2𝜋2ℎ3 𝑇(𝐸) (𝑚ℎ
∗ ln {

1+𝑒𝑥𝑝[(𝐸−𝐸𝑓𝑙
ℎ ) 𝑘𝑇⁄ ]

1+𝑒𝑥𝑝[(𝐸−𝐸𝑓𝑟
ℎ ) 𝑘𝑇⁄ ]

}) ∆𝐸     (17) 

where ∆𝐸 is a small energy increment, 𝑇(𝐸) is the tunneling probability, 𝐸𝑓𝑙
𝑒,ℎ

 is the quasi-Fermi level for 

electrons and holes, and the terms 𝑚𝑒
∗  and 𝑚ℎ

∗  are given by    

𝑚𝑒
∗ = 𝑚0 √𝑚𝑒(𝑥𝑒𝑛𝑑) 𝑚ℎ (𝑥𝑏𝑒𝑔)            (18) 

 𝑚ℎ
∗ = 𝑚0 √𝑚𝑒(𝑥𝑏𝑒𝑔) 𝑚ℎ (𝑥𝑒𝑛𝑑)  .            (19) 

Here, 𝑚𝑒 and 𝑚ℎ are the electron and hole effective masses, m0 is the carrier rest mass, and 𝑥𝑏𝑒𝑔 and 𝑥𝑒𝑛𝑑 

represent the beginning and the ending of the tunneling path calculated for each value of E. 

  

 

 

 

3. Device structure and material parameters 

 A schematic cross section of the proposed dual-cell structure is shown in Fig. 1. 



 

 

Fig. 1.  In0.48Ga0.52N/In0.74Ga0.26N dual cell structure. 

Basically, it consists of two p-n individual sub-cells interconnected both electrically and optically via a TJ. In 

more detail, the tunnel diode is a highly doped In0.48Ga0.52N-based n++/p++ junction where the n++ and p++ regions 

are both 10-nm-thick with a doping concentration of 1×1020 cm-3 and 5×1021 cm-3, respectively. The top cell is 

also designed in In0.48Ga0.52N whereas the bottom cell is in In0.74Ga0.26N. The doping concentrations and base 

thicknesses (dB) of the top and the bottom sub-cells were considered as fitting parameters to determine an 

accurate current matching condition. In addition, it is important to note that all the InxGa1-xN regions are 

arranged from bottom to top with lower to higher bandgap energies as reported in Table 3. Here, the 

fundamental material parameters used in the simulations for a different indium composition, such as the 

relative permittivity (𝜀), electron affinity (𝜒), effective density of states, and electron and hole effective masses 

are also listed. From Table 3, a bandgap ratio of 1.76 eV/1.13 eV is therefore calculated for the top and bottom 

sub-cells in Fig.1. 

 

Table 3.   InN, GaN, InxGa1-xN material parameters. 

  GaN  InN  InxGa1-xN 

𝐸𝑔(𝑒𝑉) at  300 K  [43]  3.42  0.77  0.77𝑥 + 3.42(1 − 𝑥) −  1.43𝑥(1 − 𝑥) 

𝜀 [44]  8.9  15.3  15.3𝑥 + 8.9(1 − 𝑥) 

𝜒 (𝑒𝑉) [44]  4.1  5.6  4.1 + 0.7(3.4 − 𝐸𝑔) 

𝑁𝐶  (1017cm−3) [44]  23  9.1  9.1𝑥 + 23(1 − 𝑥) 

𝑁𝑉 (1019cm−3) [18]  4.6  5.3  5.3𝑥 + 4.6(1 − 𝑥) 

𝑚𝑒  [41]  0.2  0.12  0.12𝑥 + 0.2(1 − 𝑥) 

𝑚ℎ [41]  1.0  0.17  0.17𝑥 + 1.0(1 − 𝑥) 

 

 

 

4. Results and discussion 
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 In order to design a high efficiency DJ solar cell with a clear understanding of the different device 

parameters, it is necessary to optimize the performance of the single junction (SJ) sub-cells used for cascading. 

Hence, the top and the bottom cell considered in this work were firstly investigated separately. The calculated 

short circuit current density (Jsc), open circuit voltage (Voc), and power conversion efficiency (η) of the two 

single cells as a function of both the emitter thickness and the acceptor concentration are shown in Fig. 2. The 

simulations were performed at room temperature by assuming an incident power density of 960 W/m2 in the 

200-1800 nm wavelength range. 

By fixing in the paper Na/Nd =103 and also dE = 0.01 µm, the conversion efficiency behaviors of the two SJ 

cells as a function of both the donor concentration and the thickness of the base region are shown in Fig. 3. 

 

  

Fig. 2. Short-circuit current density Jsc, open-circuit voltage Voc, and conversion efficiency η for the top and 

bottom single cell in Fig. 1. A doping concentration ratio Na/Nd  = 103 was imposed during the simulations and 

dB = 1 µm.  

 

From Figs. 2 and 3, the calculated photovoltaic parameters, which maximize the conversion efficiency, are 

summarized in Table 4. 

 

 



 

Fig. 3. Conversion efficiency as a function of the base thickness for different values of the donor doping 

concentration. Na/Nd =103 and dE = 0.01 µm.  

Table 4.  Single junction solar cell results. 

SJ solar cell 
 

𝑱𝒔𝒄(mA cm2⁄ ) 𝑽𝒐𝒄(V) 𝑭𝑭(%) 𝜼(%) 
 Emitter  Base 

  𝒅𝑬 (µm) 𝑵𝒂 (cm-3)  𝒅𝑩 (µm) 𝑵𝒅 (cm-3) 

In0.48Ga0.52N  19.1052 1.135 83.65 18.89  0.01 5×1018  1.00 5×1015 

In0.74Ga0.26N  37.8340 0.590 77.30 17.99  0.01 5×1019  1.00 5×1016 

 

Moving from the simulation results reported above, the DJ solar cell design was optimized taking into 

account the current matching condition between the two sub-cells.  

The energy band diagram of the DJ structure versus the distance from the top surface, namely from the 

In0.48Ga0.52N wide bandgap top cell (Eg = 1.76 eV) to the narrow energy value in the In0.74Ga0.26N bottom cell 

(Eg = 1.13 eV), is plotted in Fig. 4 (a).  

 

Fig. 4. (a) Energy band diagram. (b) Electric field profile.  



As we can see, the tunnel junction is located at ~1.02 µm. Here, the quasi Fermi levels tend to penetrate into 

the conduction and the valence band determining a tunneling region that leads to the carrier recombination 

phenomena between the two sub-cells. This scenario is supported by the cutline view of the electric field profile 

along the device as shown in Fig. 4 (b) which exhibits a maximum value just across the tunnel junction. 

In order to guarantee the current matching requirement, the effect of some fundamental geometrical and 

physical parameters was investigated in detail. In particular, the base layer thickness for both the sub-cells was 

assumed in the range 0.5-1.5 µm. At the same time, the acceptor doping concentration in the emitter region 

was ranged from 1×1017 cm-3 to 1×1020 cm-3 in the top cell and from 1×1018 cm-3 to 5×1019 cm-3 in the bottom 

cell. The Jsc behaviors of different SJ and DJ designs are shown in Figs. 5-7. From Figs. 5 and 6, we can see 

that the Jsc curves of the dual cell design are always determined by the top cell current capabilities. In particular, 

from Fig. 5, these curves increase with increasing the top cell acceptor concentration, reach a maximum value 

and then decrease for Na (top) exceeding 5×1018 cm-3 as a consequence of high-doping effects in terms of carrier 

mobility degradation (6). At the same time, the DJ Jsc behaviors are almost independent from the acceptor 

doping concentration in the bottom cell. By considering that the bottom cell Jsc decreases with increasing the 

Na (bot) concentration, in the DJ structure an almost perfect current matching value of 19.553 mA/cm2 is obtained 

in Fig. 5 (d) for Na (top) = 5×1018 cm-3 and Na (bot) = 1.9×1019 cm-3. On the other hand, from Fig. 6, the bottom 

cell Jsc increases for increasing values of the acceptor concentration, reaches a maximum of 21.2 mA/cm2 and 

then decreases for Na (bot) exceeding 1×1018 cm-3. At the same time, the DJ Jsc is slightly dependent on Na (bot).   

   

 

Fig. 5. Jsc as a function of the top cell acceptor concentration for different values of Na in the bottom cell.  

In each sub-cell Na/Nd =103, dB = 1 µm, and dE = 0.01 µm. 

   



 

Fig. 6.  Jsc as a function of the bottom cell acceptor concentration for different values of Na in the top cell. 

In each sub-cell Na/Nd =103, dB = 1 µm and dE = 0.01 µm. 

 

Figure 7 shows the Jsc behaviors versus the top and bottom cell base thickness. As we can note, the top cell 

Jsc increases with increasing the top cell base thickness dB (top). Also, by increasing dB (bot), the DJ Jsc curve more 

and more tends to overlap with that of the top cell, and for dB (bot) ≥ 0.9 µm the two curves can be considered 

coincident. In addition, the bottom cell Jsc behavior decreases as dB (top) increases (shadowing effect) and also 

for a thinner dB (bot).  

Summarizing the previous results, it is evident that the current matching condition in the DJ structure is 

achieved in correspondence of fine-tuned geometrical and physical parameters. For example, starting from the 

reference In0.48Ga0.52N SJ cell in Table 4 as top cell, we can perform a DJ optimized design assuming a bottom 

cell with an emitter acceptor concentration of 1.9×1019 cm-3 and 1-µm-thick base region. In our calculations, 

this doping level corresponds to a base donor concentration of 1.9×1016 cm-3.   

 The useful wavelength range of the proposed design can be determined by plotting the external quantum 

efficiency (𝐸𝑄𝐸) behavior of the top, bottom, and dual cell as shown in Fig. 8. The EQE(𝜆) was defined as 

the ratio of the effective photocurrent calculated through the solar cell divided by the source photocurrent 

imposed during the simulations. This latter is in the form of 𝐼𝑠𝑟𝑐 = 𝑞𝜆𝑃𝐵𝑊𝐵/ℎ𝑐 where PB is the power density 

of the incident beam and WB is the beam width clipped to the device structure. 

        

 



 

Fig. 7. Jsc as a function of the top cell base thickness for different values of dB in the bottom cell. 

Na(top) = 5×1018 cm-3, Na (bot) = 1.9×1019 cm-3, and dE = 0.01 µm in each sub-cell. 

 

 

Fig. 8.  External quantum efficiency of the top, bottom, and dual cell design. 

 The shortest wavelengths of the solar spectrum, which are lower than 0.69 µm, are absorbed by the 

In0.48Ga0.52N top cell with the highest bandgap material while the remaining photons are transmitted to the 



bottom cell. At the same time, the longest solar spectrum wavelengths in the range of 0.69-1.1 µm are absorbed 

by the In0.74Ga0.26N bottom cell with the narrowest bandgap. From Fig. 8, we can see that the maximum 

absorption of the DJ structure occurs within the 0.1-1 µm wavelength range where the average 𝐸𝑄𝐸 is around 

79% with a maximum value close to 98% at 0.64 µm. 
The current density-voltage (J-V) and the power density-voltage (P-V) characteristics of the different 

devices are shown in Fig. 9, and the extracted photovoltaic parameters are listed in Table 5. 

 

 

Fig. 9. (a) J-V and (b) P-V characteristics. 

Table 5.  Photovoltaics parameters. 

    Solar cells  𝑱𝒔𝒄 (mA cm2⁄ )  𝑽𝒐𝒄 (V)  𝑭𝑭 (%)  𝜼 (%) 

In0.48Ga0.52N/ In0.74Ga0.26N DJ cell  19.5532  1.713  82.49  28.78 

In0.48Ga0.52N top cell  19.5431  1.156  85.88  20.21 

In0.74Ga0.26N bottom cell  19.5516  0.548  75.52  8.428 

In0.48Ga0.52N SJ cell  19.1052  1.135  83.65  18.89 

In0.74Ga0.26N SJ cell  38.7712  0.569  77.41  17.78 
 

 

 

By comparing the SJ results in Table 5 with those reported in Table 4, we can note a different performance 

for the In0.74Ga0.26N cell due to the different doping levels, i.e.,  Na = 1.9×1019 cm-3 and Nd = 1.9×1016 cm-3. 

Also, it is worthwhile noting that, although the In0.48Ga0.52N SJ and top cell have the same geometrical and 

physical parameters the presence of the TJ in the DJ design determines different results. In fact, the n/n++ 

junction which originates in the top cell (see Fig. 1) acts as a back surface field interface leading to a slightly 

increase of the photogeneration phenomena.  On the other hand, the In0.74Ga0.26N bottom cell exhibits a sharp 

drop in the Jsc value (19.5516 mA/cm2) if compared with the In0.74Ga0.26N single cell result (38.7712 mA/cm2). 

This is because the bottom cell absorbs only the part of spectrum transmitted by the top cell (i.e. the part of 



wavelengths greater than 0.69 µm as shown in Fig. 8). At the same time, the bottom cell Voc value is slightly 

affected by the illumination intensity and it is reduced from 0.569 V to 0.548 V. 

As expected, the DJ design presents a Jsc value mainly limited by the current capabilities of the series-

connected top cell and a Voc of 1.713 V close to the sum of the Voc contributions of each sub-cell since the 

voltage drop across the TJ is lower than 10 mV. The DJ maximum power density in Fig. 9 (b) is 27.63 mW/cm2 

at a bias voltage of 1.5 V determining a FF of 82.49% and a power conversion efficiency of 28.78%. This 

result is consistent with literature data on InGaN-based tandem solar cells and, in fact, a maximum efficiency 

of 27.48% was simulated for several InxGa1-xN PV devices in [3]. For the sake of truth, other works reported 

values of η in excess of 30% [15-18]. There, however, different designs, material parameters, and physical 

models were used. In particular, in [15] and [16] the direct (radiative) and indirect (SRH and Auger) 

recombination models, which play a significant role in reducing the efficiency, were not taken into account 

achieving a conversion efficiency around 34%. In addition, in [17] and [18] the authors introduced additional 

layers in the device structure, such as antireflection coating, back surface field, and transparent conductive 

oxide interfaces to improve the conversion efficiency with a noticeable record in the order of 35%. 

 

5. Conclusion 

We have investigated the design of an In0.48Ga0.52N/In0.74Ga0.26N DJ solar cell in the 0.2-0.8 µm wavelength 

range by means of a numerical simulation study. A bandgap combination of 1.76eV/1.13eV has been assumed 

in the device structure. The geometrical and doping parameters of the different emitter and base regions have 

been carefully tuned to achieve the maximum short circuit current density determining an almost perfect 

current matching condition. The impact of the TJ has also been evaluated. 

The computed PV parameters extracted from the DJ J-V and P-V characteristics are Jsc = 19.553 mA/cm2, 

Voc = 1.713 V, FF = 82.49%, and η = 28.78%. The obtained results have been compared with literature data 

and turn useful to support the modelling efforts aimed at designing InGaN-based MJSCs by considering that 

the pure experimental optimization of these structures could be too expensive and time consuming. 
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