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Abstract 

 

 InxGa1-xN/GaN solar cells are ideal candidates for use in extreme temperature 

applications. The conversion efficiency potential of double heterostructure solar cells was 

investigated at high temperatures using physical simulation. For a targeted working 

temperature, optimized efficiency lies in a compromise between the absorber bandgap 

energy determined by In composition and the band offsets at the heterointerface directly 

correlated with the capability for the photogenerated carriers to cross through the barrier by 

thermoionic emission. An optimized efficiency of 18% is obtained for an In content of 50% 

at 400K and decrease down to 10% for an In content of 35% at 500K. As the operating 

temperature goes higher, the indium content needs to be reduced in order to limit the 

detrimental effect of increasing intrinsic carrier concentration. The consequence is a 

decreasing efficiency due to the reduced covered range of the solar spectrum. In the same 

time, the band offsets are no more a limiting parameter, as there are reduced as the In content 

decreases, and as higher temperature increases the thermionic transport probability. This 

result shows the interest of InxGa1-xN/GaN double heterostructure design for high 

temperatures applications.   

 
 

Index Terms - InGaN, solar cell, high temperature, wide bandgap semiconductor 

 

1. Introduction 

 

 New interest has recently been given to solar cells operating at high temperatures for 

their possible use in applications such as space missions [1], concentrated PV systems (CPV), 

photovoltaic/concentrated solar power (PV-CSP) hybrid system [2], hybrid solar thermal 

photovoltaic power plants, or optical power transmission [3]. The sensitivity to temperature 

of the efficiency is often expressed in terms of the normalized temperature coefficient [4]:  
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where Voc is the open circuit voltage, Jsc the short circuit current, FF the fill factor and  the 

conversion efficiency. Fundamentally for most conventional solar cells, the intrinsic PV 

efficiency is found to decrease with increasing temperature [5]. The main contribution is the 

loss of Voc due to an increase in the dark current. The decrease in bandgap with increasing 

temperature typically provides a small increase in JSC, the current variation being roughly 

proportional to the incident intensity at wavelengths near the band edges. For most cases the 

increase in Jsc is less than the decrease in Voc resulting in a net decrease in performance as the 

temperature rises. However, the efficiency sensitivity is reduced for wide bandgap materials, 

increase of Jsc can be proportionally larger than the decrease of Voc with temperature since the 

solar spectrum rapidly decreases at short wavelength near the band edge [1]. Therefore it was 

shown that optimum bandgap can be found as a function of operation temperature [6]. 

 

 Among potential wide bandgap compounds for high temperature operations, the ternary 

InxGa1-xN system has very promising properties. With bandgaps over a wide spectral region 

from 0.64eV (InN) to 3.4eV (GaN), full-spectrum-response multi-junction solar cells based 

solely on the III-Nitride materials were designed with near ideal bandgaps for maximum 

efficiency [7]. However, up to now, due to the degradation of crystalline quality with 

increasing In content caused by high lattice mismatched and InN segregation, the most 

promising applications remain confined to low In compositions, with therefore limited yields 

but of interest for extreme temperatures and harsh environment. Indeed, the InGaN alloys are 

one of few mature materials with direct bandgap greater than 2.5eV and offer high radiation 

resistance, strong absorption coefficient, as well as high carrier mobility, high drift velocity, 

high thermal conductivity and high temperature resistance [8]. 

 

 Since the earliest report on InGaN based solar cells with clear PV response reported in 

2007, fabrication of solar cells can be classified in two groups, the homojunction one including 

pin structures [9] and the heterojunction one including p-GaN/i-InGaN/n-GaN structures 

[7,10,11]. Detail review can be found in ref. [8]. However the best results are obtained on the 

heterojunctions, notably due to the difficulty to reach a high p-type doping level in InGaN 

[12]. A record-high In content of 22% was reported on such heterojunction structures [13]. 

When In content increases, the reduced bandgap of InGaN absorber improves the light 

absorption, leading to an increase of the conversion efficiency. However, when the indium 

composition further increases (larger than 20% at room temperature), the enlarged potential 

barrier height at the GaN/InGaN heterointerface can seriously degrade the carrier collection 

efficiency and consequently severely deteriorate the conversion efficiency [14]. 

 

 In this paper, the efficiency potential of p+-GaN/i-InGaN/n-GaN double heterojunction 

solar cells for high temperature operations are investigated using physical device simulation. 

An optimized indium composition is determined which depends on the targeted working 

temperature. Further improvements are discussed in terms of design and material parameters. 

 

2. Simulation model 

 

 The Silvaco® device simulation tools software which was employed in this study self-

consistency solves the Poisson equation and electron and hole current continuity equations [15]. 

The polarization charges caused by the spontaneous and piezoelectric polarization due to the 

wurtzite structure of InGaN are not taken into account in order to only focus on the effect of 

temperature. The physical parameter values used in the simulation are summarized in Table1. 

  

II.1. Electrical and optical parameter properties depending on temperature 
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Bandgap energy: 

 

 The temperature dependence of the bandgap is given using the commonly used 

Varshni’s law:  
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−

𝛼𝑇2

𝑇+𝛽
                                (2) 

 

where i stands for InN or GaN, 𝛼 and 𝛽 are empirical parameters [16,17]. The InxGa1−xN 

bandgap follows a simple quadratic form as a function of the In composition 

 

𝐸𝑔(𝑥, 𝑇) = 𝑥𝐸𝑔
𝐼𝑛𝑁(𝑇) + (1 − 𝑥)𝐸𝑔

𝐺𝑎𝑁(𝑇) − 𝑏𝑥(1 − 𝑥)                              (3) 

where 𝐸𝑔
𝐼𝑛𝑁and 𝐸𝑔

𝐺𝑎𝑁 are the bandgap energies of InN and GaN, respectively and b is the 

bowing parameter for InxGa1-xN. The theoretical and experimental values of the bowing 

parameter are discussed in the literature and it was mainly found to depend on the state of the 

layer (stain or relaxed) and on the presence of In cluster. It was also suggested that value is 

dependent on the In composition, larger for low In composite [18] In this work we used a mean 

value of 1.65 corresponding to strained-free material as determined in [19]. Bandgap narrowing 

effects are not considered. A band discontinuity ratio EC:EV=70:30 is used for the 

GaN/InGaN heterojunction [20] 

 

Low field mobility 

 

 The low field mobility is expressed following the expression proposed by Caughey-

Thomas [21], depending on the carrier concentration N:   
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The temperature dependence of the mobility is obtained by modulating each parameter of eq. 4 

by a factor (T/300)i [22], leading to a formula close to that proposed by [23]:   
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Optical properties 

 

 Light absorption is described in the whole solar spectrum by the phenomenological 

model proposed in reference [27] where 𝐸𝑝ℎ is the photon energy and with coefficients C and 

D extrapolated for all indium compositions by [28]: 

 

   𝛼 = 105√𝐶(𝐸𝑝ℎ − 𝐸𝑔) + 𝐷(𝐸𝑝ℎ − 𝐸𝑔)2                                           (6) 

 

The refractive index dispersion is given by the model proposed by Adachi [29] for phonon 

energies lower than the bandgap:  
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𝑛(𝐸) = √𝑎 (
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𝐸𝑔
)

−2

[2 − √1 +
𝐸

𝐸𝑔
− √1 −

𝐸

𝐸𝑔
] + 𝑏                                  (7) 

 

a and b are parameters dependent on the composition and for ternary compounds are obtained 

by linear interpolation with values given by [30]. Indeed due to the strong scattering of 

experimental data, the extraction of a bowing parameter is very difficult [30]. The imaginary 

portion of the refractive index is the extinction coefficient and is directly related to the 

absorption coefficient:  

𝑘(𝐸) =
𝛼(𝐸) 𝜆

4𝜋
                                                                (8) 

 

Radiative and non-radiative recombinations: 

 

 After electrons and holes are generated by photon absorption or thermally, they can be lost 

through a variety of recombination mechanisms which are temperature dependent processes. In 

this work, only radiative recombinations and non-radiative Shockley-Read-Hall (SRH) 

recombinations in the absorber are considered, other recombination processes as Auger or 

recombinations through interface states are not taken into account. 

 

The radiative recombination rate can be written as: 

 

 𝑅𝑟𝑎𝑑 = 𝐵(np − ni
2)                                                   (9) 

 

where B is the radiative coefficient. Due to lack of data, the same value is considered on the 

whole In fraction. In p (n)-type GaN, the radiative minority carrier lifetime is given by 

  𝜏𝑟𝑎𝑑 = (𝐵 × 𝑛0(𝑝0))−1 and is found increasing in proportion to the 1.5th power of 

temperature [32]. 

 

 The Shockley Rad Hall recombination rate is given by: 

 

Rsrh(𝑐𝑚−3𝑠−1) =
np−ni

2

τp
srh[n+ni.exp(

Etrap−𝐸𝑖
kT

)]+τn
srh[p+ni.exp(

𝐸𝑖−Etrap

kT
)]

                       (10) 

 

where τn
srh and τp

srh  are the minority carrier lifetimes.  Etrap is the position of the trap level from 

the intrinsic level. In this work Etrap~0 close to Ei (mid-gap defect). The minority carrier 

lifetimes are given by: 

τn,p
𝑠𝑟ℎ =

1

𝜎𝑛,𝑝 𝑣𝑡ℎ 𝑛,𝑝𝑁𝑡
𝑠𝑟ℎ                                                              (11) 

 

where 𝑁𝑡
𝑠𝑟ℎ is the concentration of non-radiative centers, n,p are the capture cross-sections for 

electron and holes respectively and vth n,p are the thermal velocities given by: 

  vthn,p = √
3 k T

𝑚𝑛,𝑝
∗ 𝑚0

                                                                (12) 

The non-radiative minority carrier lifetime decreases with increasing temperature following  

T-0.5. 

 

Charge transport 

 

 The carrier transport is modeled by standard drift-diffusion equations [15]. The transport 

over the heterointerfaces is taken into account using the thermionic field emission model [37]. 
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In order to simplify the model, the tunneling contribution is neglected as only high temperature 

modeling are studied [37]. For the same reasons, the carrier confinement at the heterointerfaces 

is not considered [38]. The net electron and hole current density Jn and Jp crossing at the 

heterointerface from region 1 to region 2 are expressed by:    

 

𝐽𝑛 = 𝑞 (𝑣𝑛2𝑛2(0+) − 𝑣𝑛1𝑛1(0−)𝑒𝑥𝑝 (
−∆𝐸𝑐

𝑘𝑇
))                          (13) 

𝐽𝑝 = −𝑞 (𝑣𝑝2𝑝(0+) − 𝑣𝑝1𝑝(0−)𝑒𝑥𝑝 (
−∆𝐸𝑣

𝑘𝑇
))                           (14) 

 

where n1(0
-) and n2(0

+) (p1(0
-) and p2(0

+)) are the electron (hole) densities at each side of the 

heterointerface and vn1,2 and vp1,2 are the mean electron and hole thermal velocities given by: 

 

𝑣𝑛1,2 =
𝐴𝑛

∗ 𝑇2

𝑞𝑁𝑐1,2
  and 𝑣𝑝1,2 =

𝐴𝑝
∗ 𝑇2

𝑞𝑁𝑣1,2
                                    (15) 

 

with Nc1,2 ad Nv1,2 are the effective densities of states in the conduction and valence bands in  

region 1 and 2, respectively.  A*n,p is the effective Richardson constant for electrons, holes: 

𝐴∗
𝑛,𝑝 =

4𝜋𝑞𝑘2𝑚𝑛,𝑝
∗ 𝑚0

ℎ3                                                   (16) 

 

2.2. Structure 

 The InGaN/GaN p-i-n double heterojunction solar cell studied in the simulation is 

shown in Fig.1. The structure is composed of a 100nm thick n-type GaN bottom layer, an 

intrinsic InxGa1-xN absorber layer and a 20nm thick p+-GaN top layer. The residual doping of 

the non-intentionally doped InGaN layer is assumed to be 2×1016 cm-3. The Si-doping 

concentration of the bottom layer is set at 5×1017 cm-3. The p+ region is obtained by Mg-doping 

concentration at 2×1019 cm-3. The ionized donor and acceptor impurity concentrations are given 

by: 

 

𝑁𝐴
− =

𝑁𝐴

1+𝑔𝐴𝑒𝑥𝑝(
𝐸𝐴−𝐸𝐹

𝑘𝑇
)
  and  𝑁𝐷

+ =
𝑁𝐷

1+𝑔𝐷𝑒𝑥𝑝(
𝐸𝐹−𝐸𝐷

𝑘𝑇
)
                                  (17) 

 

 Due to the deep activation energy of the Mg acceptor, higher temperature allows more 

complete ionization of the impurities, which should have a beneficial effect to increase the 

electric field in the intrinsic absorber region [14]. 𝑁𝑡
𝑠𝑟ℎ is set at 1014cm-3. The illumination 

employed in the simulation is the one sun AM1.5G solar spectrum at the top of the solar cell. 

 

 
Fig.1: Schematic view of the double heterojunction 

GaN/InxGa1-xN/GaN pin solar cell. 
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Table I. Parameters used in numerical simulation for InN, GaN and InxGa1-xN. 

 

Parameters GaN InN InxGa1-xN 

Eg(eV) à 0K 3.507 [16] 0.690 [17]   

(eV/K) 0.909×10-3 [16] 0.414 ×10-3 [17]  

 (K) 830 [16] 454 [17]  

bowing parameter b   1.65 [19] 

μmin,e  (cm2/V.s) 80-100[22] 485[24]  

μmax,e  (cm2/V.s) 1400[22] 10927[24]  

Nref
e  (×1017cm-3

) 0.8-1.6[22] 1.0[24]  

e 0.69-0.71[22] 0.6514[24]  

e -2.85[22] -2.1948[24]  

e -0.2[22] 0.3997[24]  

e 1.3[22] 1.3383[24]  

e 0.31[22] -0.5984[24]  

μmin,h (cm2/V.s) 0[25] 15[26]  

μmax,h (cm2/V.s) 31[25] 220[26]  

Nref
h  (×1018cm-3

) 18[25] 0.8[26]  

h 1.5[25] 1,25[26]  

h 0 0  

h -2.5[25] -2,5[26]  

h 0 0  

h 0 0  

µ µGaN(T,N) µInN(T,N) Linear interpolation 

C 3.525 [27] 0.705 3.525-18.29x+40.22x2-

37.52x3+12.77x4 [28] 

D -0.6651 [27] 0,4909 -0.6651+3.616x-2.46x2 [28]  

a 10.1±0.3 [30] 9.4±0.5 [30] Linear interpolation 

b 2.67±0.08 [30] 5.0±0.2 [30]           Linear interpolation 

B (cm3/s) ~5×10-9 [31] ~5×10-9  constant with x 

n (cm2) 5×10-13 [33]   

p (cm2) 7×10-14 [34]     

m*n 0.2[27] 0.05[27] Linear interpolation 

m*p 1.25[27] 0.42[35] Linear interpolation 

r 8.9[27] 15.3[36] Linear interpolation 

Ed (meV) 12-17 [39] [Si]   

gd 2[39] [Si]   

 

Ea (meV) 

208[40] [Mg]: low 

doping level 

  

118[41] 

[Mg]=2×1020cm-3 

  

 

 

3. Results  

 

3.1. Effects of the temperature and Indium content 
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 Some works in the literature reported on the modelling of double heterojunction 

GaN/InGaN/GaN solar cells at room temperature [14,42,43]. The results show that the 

efficiency first increases when the In content increases due to the decrease of the bandgap which 

results in short circuit current increase. However, after reaching a maximum for In content 

around 0.2 and 0.3 depending on the design parameters of the structure (doping level, absorber 

thickness…)[14,42], the efficiency sharply drops for higher In content. When regarding the 

evolution of the energy band diagrams of InGaN/GaN p-i-n solar cell under equilibrium and 

300K for different indium compositions (Fig. 2a-e), it can be seen that when the indium 

composition of InxGa1-xN increases, the absorber bandgap decreases, inducing higher band 

offsets at the heterointerfaces with GaN. For In content of 0.1 and 0.2 (Figs. 2a and 2b), the 

electric field in the intrinsic layer enables the collect and the transport of the photogenerated 

carriers towards the electrodes. For In composition of 0.3 and higher (Fig 2c-e), the band offsets 

becomes sufficiently high to prevent the transport of the carriers from crossing into the contacts 

and the electric field in the intrinsic absorber becomes flat.  
 

   

(a) (b) (c) 

  

 

(d) (e)  

Fig.2: GaN/InxGa1-xN/GaN pin solar cell energy bandgap profile under zero bias at two 

temperatures 300K and 700K for various indium composition: (a) 0.1, (b) 0.2 (c) 0.3, (d) 

0.4, (e) 0.5.   

 

 As observed on photocurrent versus voltage curve (Fig. 3a), the Voc decreases as 

expected when the In content increases from 0.1 to 0.3 due to the reduction of the bandgap 

However, in the same time, although the number of photogenerated carriers is expected to 

increase due to the wider covered portion of the solar spectrum, Jsc is strongly reduced, due to 

the enlarged potential barrier height at the GaN/InGaN heterointerface. The photogenerated 

carriers cannot surmount the potential barrier by thermionic emission and consequently cannot 

be collected at the contacts and contribute to the photocurrent. The carrier lifetime is generally 

described as a competition between recombination and escape mechanisms [44] following:  

 
1

𝜏
=  

1
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+

1

𝜏𝑛𝑜𝑛 𝑟𝑎𝑑
+

1

𝜏𝑡ℎ𝑒𝑟𝑚
                                                   (18) 
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(a) (b) 

Fig. 3 : Current-voltage characteristics for various temperatures and indium compositions. 

(a) – linear scale, (b) – logarithmic scale 

 

 Figs. 4a and 4b show the evolution of the radiative and non-radiative recombination 

rates with the In content. At 300K, a sharp increase in both recombination rates is observed 

when In content increases from 0.2 to 0.3. This can be attributed to the difficulty for the 

photogenerated carriers to escape from the absorption layer [14] 

 

 
0 50 100 150 200 250 300 350

1E10

1E11

1E12

1E13

1E14

1E15

1E16

1E17

1E18

1E19

1E20

1E21

1E22

S
R

H
 r

e
c

o
m

b
in

a
ti

o
n

 (
c

m
-3
s

-1
)

z(nm)

  10% In  300K

  20% In  300K

  30% In  300K

  40% In  300K

  50% In  300K

  10% In  700K

  20% In  700K

  30% In  700K

  40% In  700K

  50% In  700K

 
(a) (b) 

Fig. 4: Recombination dependence upon temperature and Indium composition: (a) radiative 

recombination, (b) SRH recombination 

 

 The thermionic emission mechanism is strongly dependent on temperature (Eqs. 13 and 

14). This effect is clearly seen on the energy bandgap diagrams of Fig 2a-e. For temperature as 

high as 700K, it can be noticed that the decrease of the electric field in the intrinsic layer when 

In content increases is mainly due to the decrease of the absorber bandgap and to the 

concomitant increases of the band offsets. Even for x=0.5, the electric field remains high 

enough to transport the carriers to the electrodes. This is also clearly seen in Fig. 3. Contrary to 

what it is observed at 300K, when In content increases from 10 to 30% at 500K and 700K, the 

current increases by a factor of around 5. This indicates that the additional photogenerated 

carriers due to the wider spectrum range covered by the decrease of the bandgap are well 

collected to the electrodes and can contribute to the photocurrent. Moreover, when regarding 

the evolution of the photocurrent with temperature for 0.1 In content, the increase is moderate 

and only due to the small reduction of the bandgap with temperature, this is in agreement with 

the low band offsets for such In composition which does not hinder the carrier transport at 

300K. On the contrary, for an In content of 0.3, a strong increase of the photocurrent is observed 

when the temperature increases from 300K to 500K, indicating that for this composition, the 

carriers can surmounted the band offsets by thermionic effect at 500K but not at 300K. 
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However, the benefit of this expected photocurrent increase with temperature on the conversion 

efficiency is counterbalanced by the reduction of the Voc, which is mainly caused by the increase 

of the dark current (linked with the increase of the intrinsic carrier concentration) as illustrated 

in Fig. 3b for both In compositions. 

  

 Contrary to what have been discussed previously concerning the recombination rates at 

300K, the radiative and non-radiative recombinations at 700K increase regularly by around two 

orders and one order of magnitude respectively when the In content increases by step of 0.1, in 

agreement with the associated decrease of the bandgap (Figs. 4a and 4b) and their dependence 

proportional to Eg and Eg/2 respectively (Eqs. 9 and 10). 

    

 The carrier escape mechanism of thermionic emission with temperature can be 

evidenced by applying a reverse bias voltage as illustrated in Fig. 5a-b for an In composition of 

0.5. In this figure Jph indicates the theoretical available photocurrent [15]. It can be seen that 

this limit is reached at 0Volt for a temperature of 650K and at a “knee voltage” of -2V for a 

temperature of 600K. At higher temperature, the photocurrent is dominated by the dark current. 

At temperature lower than 650K, Jsc drastically decreases (Fig. 5b). This extended figure 

illustrates also the degradation of the fill factor when the temperature increases. 

 

 

 

Fig. 5 : Photocurrent versus voltage characteristics for GaN/InGaN/GaN solar cell for various 

temperatures (xIn=0.5): (a) evidence of thermionic current contribution increase with 

temperature (The theoretical available photocurrent Jph slightly increases from 1.53×10-2 

mA/cm2 at 400K to 1.68×10-2mA/cm2 at 700K (@ xIn=0.5); (b) zoom of PV quadrant: evidence 

of the impact of the thermionic current on the fill factor (FF =  
Jmax Vmax

JSC Voc
), the crosses marked 

on the graph indicate the position of Pmax. 

 

 The evolution of the double heterojunction solar cell parameters with temperature shows 

that due to the band offsets and thermal escaping mechanism of the photogenerated carriers, the 

maximum conversion efficiency conjointly depends on the In composition and temperature.  To 

illustrate this, cartographies of the different parameters of the DHJ solar cells are plotted as a 

function of In content and temperature (Figs. 6a-6d). 

 

 For a fixed In composition, increasing the temperature leads to an increase of the Jsc up 

to the theoretical available photocurrent value. The transition between low and high Jsc levels 

is as marked and shifted towards high temperature as the In content is high. For a fixed 
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temperature, Jsc increases with In composition as the saturation photocurrent increases due to 

the extended absorption of the solar spectrum. However Jsc reaches a peak value due to the 

counterbalanced effect of band offset increase, the maximum Jsc value is reached for higher In 

content as the temperature increases. Voc variation varies more continuously with temperature 

and In content. Voc decreases with temperature due to the increase of the dark current and it 

decreases with the In content due to the reduction of the energy bandgap. The rollover 

phenomena observed in FF with temperature for fixed In content and with In content for fixed 

temperature can be ascribed to the trade-off between carrier escape and recombination as 

already proposed by Huang et al. [45]. The minimum of the fill factor is reached for the 

transition temperature at which only a part of the photogenerated carriers can overcome the 

potential barrier by thermionic effect to be collected to the electrodes, the other part being lost 

by recombination in the absorber. Degradation of the FF at very high temperature is related to 

the loss of photovoltaic effect due to high dark current and intrinsic carrier concentration. 

 

 On Fig. 6d, the conversion efficiency of the DHJ solar cell is found to reach a maximum 

for a given In content-working temperature pair. With the present simulation conditions, a 

maximum of 5% is obtained for an In content of 0.3 at 500K. When the In content increases, 

the position of the efficiency maximum is shifted towards the high temperatures, combining the 

need of higher temperature to surmount higher band offset and the decreasing efficiency with 

temperature commonly observed on conventional Si solar cells, due to Voc decrease. This result 

demonstrates that GaN/InGaN/GaN solar cells are suitable devices for high temperature 

operations but trade-off has to be solved between the targeted working temperature and the In 

content, and consequently the maximum expected efficiency.  

  
(a) Jsc (b) Voc 

  
(c) Fill factor (d) Conversion efficiency 
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Fig. 6 : Cartographies showing the evolution of the solar cell parameters with temperature 

and In composition: (a) Jsc, (b) Voc, (c) FF, (d) Efficiency  

 

3.2. Effect of the doping level of the n+-GaN bottom layer 

 

 The doping level of the n+-GaN bottom layer can change the potential barrier at the more 

limiting interface and therefore is a parameter which has to be carefully designed. The effect of 

the doping level of the bottom layer has already been studied at room temperature on InGaN 

quantum well solar cells [46,47] and it was shown that increasing the doping level of the GaN 

bottom layer leads to shift the “knee voltage” Vk (Fig. 5a) towards the positive voltages. Such 

effect is also illustrated on the band diagrams of the structure at 400K for an In content of 0.3 

(Fig. 7). When the doping level of the bottom layer increases from 5×1017 cm-3 to 5×1018cm-3 , 

the electric field is strongly enhanced, indicated that the photogenerated carriers are enable to 

go through the barrier and to be collected to the electrodes. This can also be linked with the 

marked reduction of the radiative and non-radiative recombinations observed (Fig. 8). Further 

increase of the doping level has no more additional effect. 

 

 
Figure 7. Effect of the doping concentration of the 

GaN bottom layer on the GaN/InxGa1-xN/GaN pin 

solar cell energy bandgap profile under zero bias 

at 400K and for xIn=30%. 

 

 

  
Figure 8: Effect of the doping concentration of the GaN bottom layer on the radiative and 

non-radiative recombination rates at 400K and for xIn=30%. 
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  In order to follow the evolution of the solar cell parameters with the temperature and 

indium composition, the cartographies are replotted with the doping level of the bottom layer 

as the sole varying parameter (Fig. 9: NdGaN=5×1018cm-3,  Fig 10: NdGaN=5×1019cm-3). When 

comparing Figs. 7b and 9b, as expected, Voc is not significantly affected by the variation of n+-

GaN. On the contrary, as a consequence of the shift of the knee voltage, at fixed In composition, 

Jsc reaches the theoretical available photocurrent value at lower temperatures (Figs. 7a and 9a). 

This effect is obviously more evident as the In composition increases; at low In content, the 

potential barrier is too low to block the current. Due to the same reason, the main effect is 

visible on the fill factor, for which the lowest values of FF are shifted to the lower temperatures 

(Figs. 7c and 9c). As a result, the maximum efficiency slightly increases from 5.15 to 6.94%. 

The maximum is reached at almost the same temperature of 500K but for higher indium content 

(around 0.4 compared to 0.3 when n+ increases from 5×1017cm-3 to 5×1018cm-3) (Figs. 7d and 

9d). It can also be noticed that the efficiency increases for almost all configurations. 

 

 When the doping concentration of the bottom layer further increases up to 5×1019cm-3, 

Voc still remains unchanged (Fig. 10b). From Fig 10a, it can be noticed that Jsc at fixed In 

content is no more dependent on temperature, even for high In composition. Just a slight 

decrease with increasing temperature is noted in relation with the decrease of the bandgap, as 

observed on conventional solar cells. No more additional degradation due to the potential 

barrier is observed. From the inset of Fig.7, it is worth to note that when the concentration of 

the GaN layer increases, carrier confinement on the absorber side increases, resulting in an 

apparent reduction of the potential barrier at the interface[48,49]. The efficiency maximum 

increases to 12,2% and its position is shifted toward the higher Indium contents and lower 

temperatures. This means that the choice of the working temperature is determinant in the whole 

optimization of the structure design.  
 

  

 
 

(a) Jsc (b) Voc 
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(c) Fill Factor (d) Conversion efficiency 

 

Figure 9. Cartographies showing the evolution of the solar cell parameters with temperature 

and In composition for a doping level of the GaN bottom layer of 5×1018cm-3: (a) Jsc, (b) 

Voc, (c) FF, (d) Efficiency . 

 

  
(a) Jsc (b) Voc 

  
(c) Fill factor (d) Conversion efficiency 

 

Figure 10: Cartographies showing the evolution of the solar cell parameters with temperature 

and In composition for a doping level of the GaN bottom layer of 5×1019cm-3: (a) Jsc, (b) 

Voc, (c) FF, (d) Efficiency.  

 

3.3. Effect of the density of non-radiative centers 
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 As shown by eq. 18, the carrier lifetime results from competition between carrier escape 

mechanism and carrier recombination. From this point, it is interesting to evaluate the impact 

of the concentration of non-radiative centers on the conversion efficiency. On Fig. 11a, the 

proportional dependence of SRH recombination rate with the concentration of non-radiative 

centers is illustrated. The consequence of the reduction of the SRH recombination rate on the 

conversion efficiency is shown on Fig. 11b for two configurations close to optimal cases. For 

the lowest SRH center densities, when the SRH recombination rate is no more a limiting 

parameter, the conversion efficiency can reach up to 9% at 500K for 0.35 In content and up to 

17% at 400K for 0.5 In content. On the contrary, a degraded quality of the absorber has a 

detrimental effect on the efficiency. 

  

 

  
(a) (b) 

 

Figure 11: Effect of non-radiative center density: (a) on the SRH recombination rate: 

xIn=0.5 T= 400K, n+
GaN=5×1019 cm-3  , (b) on the conversion efficiency for two conditions : 

xIn=0.5 T= 400K, n+
GaN=5×1019 cm-3  and xIn=0.35, T= 500K, n+

GaN=5×1018 cm-3   

 

 

4. Conclusion 

 

 Numerical simulations taking into account the temperature dependence of the main 

physical parameters of GaN/InGaN/GaN solar cells have been carried out for high temperature 

applications. For DHJ structures, the compromise at room temperature is between reducing the 

bandgap to enlarge the covered solar spectrum and limiting the band offsets that hinter the 

collection of photogenerated carriers. When the operating temperature increases, the thermionic 

emission is favored and therefore the limiting effect of the band offsets is less and less critical. 

However in the same time, the strong increase of the intrinsic carrier concentration with 

temperature becomes a more and more limiting parameter by causing a rapid increase of the 

dark current and therefore a rapid reduction of Voc. So, wider bandgap absorbers are needed 

for higher working temperatures, resulting in lower conversion efficiencies. The optimized 

structure design is therefore primarily depending on the targeted working temperature, which 

firstly determines the bandgap of the absorber and consequently the resulting expected 

efficiency. Intrinsically, DJH InGaN/GaN solar cells are found to be adapted devices for very 

high temperature applications, requiring nevertheless a high material quality to reduce 

recombinations related to bulk and interface traps and a high quality of contact electrodes. 
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