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Abstract
On the road towards next generation high efficiency solar cells, the ternary Indium Gallium Nitride (InGaN) alloy is a good
passenger since it allows to cover the whole solar spectrum through the change in its Indium composition. The choice of the main
structure of the InGaN solar cell is however crucial. Obtaining a high efficiency requires to improve the light absorption and the
photogenerated carriers collection that depend on the layers parameters, including the Indium composition, p- and n-doping, device
geometry. . . Unfortunately, one of the main drawbacks of InGaN is linked to its p-type doping, which is very difficult to realize
since it involves complex technological processes that are difficult to master and that highly impact the layer quality.
In this paper, the InGaN p-n junction (PN) and p-i-n junction (PIN) based solar cells are numerically studied using the most
realistic models, and optimized through mathematically rigorous multivariate optimization approaches. This analysis evidences
optimal efficiencies of 17.8% and 19.0% for the PN and PIN structures. It also leads to propose, analyze and optimize p-layer free
InGaN Schottky-Based Solar Cells (SBSC): the Schottky structure and a new MIN structure for which the optimal efficiencies are
shown to be a little higher than for the conventional structures: respectively 18.2% and 19.8%.
The tolerance that is allowed on each parameter for each of the proposed cells has been studied. The new MIN structure is
shown to exhibit the widest tolerances on the layers thicknesses and dopings. In addition to its being p-layer free, this is another
advantage of the MIN structure since it implies its better reliability. Therefore, these new InGaN SBSC are shown to be alternatives
to the conventional structures that allow removing the p-type doping of InGaN while giving photovoltaic (PV) performances at least
comparable to the standard multilayers PN or PIN structures.
Keywords:
Simulation, Solar cell, InGaN, Schottky, SBSC
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1. Introduction

The InGaN alloy also counts among its advantages a high absorption coefficient [3, 4] as well as a good radiation tolerance

The Indium Gallium Nitride (InGaN) ternary alloy has at-

[5], allowing its operation in extreme conditions.

tracted attention as a potentially ideal candidate for high effi-

However, one of its main drawbacks is the difficulty of its

ciency solar cells. Indeed, its bandgap can cover the whole so-

p-doping, owing mainly to the high residual donors’ concentra-

lar spectrum, solely by changing its Indium composition [1, 2].

tion, the lack of ad. hoc. acceptors [6] and the complex technological processes that are difficult to master and that highly
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impact the layer quality [7, 8]. The other drawbacks concern the
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tent high enough to allow the optimal covering of the whole

expressions [14]:

solar spectrum [9, 10]. For these reasons the InGaN based so-

µm = µ1m

lar cell is still in early development stages and the reported PV
efficiency is still very low to be competitive with other well established thin films technologies [11].
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where m is either n or p, µn being the electrons mobility and

That is the reason why we present a comprehensive compar-

µ p that of holes. T is the absolute temperature. N is the doping

ative study of PN, PIN and p-layer free Schottky Based So-

concentration. N crit and the n or p subscripted α , β , δ and γ are

lar Cells (SBSC) structures using realistic physical models and

the model parameters which depend on the Indium composition

rigorous mathematical optimization approaches and propose a

[15].

new efficient p-layer free solar cell design with performances

In addition to the mobility model, were taken into account

higher and tolerances wider than the previously studied Schot-

the bandgap narrowing effect [16], as well as the Shock-

tky structure [12].

ley–Read–Hall (SRH) [17] and direct and Auger recombination

The following section 2 describes the physical modeling and

models using the Fermi statistics [18].

simulation methodology for the InGaN solar cell structures and
2.1.2. Light absorption modeling

discusses their main physical models and material parameters.
Section 3 presents the optimal results for the PN and PIN struc-

Modeling InGaN based solar cells also implies the need for

tures and discusses the impact of the p-layer parameters. Sec-

a precise model of light absorption in the whole solar spectrum

tion 4 propose the replacement of the p-layer by a Schottky

and for all x Indium composition. We used a phenomenological

contact and discusses the performances of the resulting Schot-

model for InGaN that was proposed previously [15] as

tky based solar cells, evidencing, in particular, better fabrication tolerances for the new MIN structure. Section 5 presents

α (cm

−1 )

= 105

(cm−1 )

the results obtained using actual recently published InGaN ex-

q
2

C E ph − Eg + D E ph − Eg ,

(2)

where E ph is the incoming photon energy, Eg is the material

perimental composition[13], before section 6 concludes.

bandgap at a given Indium composition, C and D are empirical
parameters depending on the Indium composition.
2. Modeling and Simulation

For the refraction index we used the Adachi model [19], de-

out the device simulations and optimizations presented in the

fined for InGaN and for a given photon energy as
v
s
s
"
#
u
 u
E ph
E ph
A
u
+ B,
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n E ph = t  2 2 − 1 +
E ph
Eg
Eg

next sections has been conceived with the less possible ap-

where A and B are also empirical parameters depending on the

proximations and based, whenever possible, on actual measure-

Indium composition.

2.1. Physical Modeling
The physical modeling used throughout this paper to carry

Eg

(3)

ments. It is summarized in this section.

2.1.3. Material parameters
The material dependent parameters have been determined for

2.1.1. Transport modeling

GaN and InN binaries, either from experimental work or ab
initio calculations [15, 20]. A review of their values is given in

The mobilities for electrons and holes, needed for the drift-

Table 1.

diffusion model, were calculated using the Caughey-Thomas
2

Nc (cm

ε

in [15] and summarized in Table 2. We approximated their de-

4.6 × 1019

8.9

pendency on the Indium composition x by a polynomial fit, of

5.3 × 1019

15.3

the 4th degree for the former, and quadratic for the latter:

−3 )

Eg (eV)

χ (eV)

Nv (cm

GaN

3.42

4.1

2.3 × 1018

InN

0.7

5.6

9.1 × 1017

−3 )

(a) Data from ref [15].

µn1
GaN

(cm2 /Vs)

µn2

295

InN

(cm2 /Vs)

1460

1982.9

Nncrit

δn

7.7 × 1016

0.71

10885

(cm−3 )

0.7439

1.0 × 10

17

(b) Data from refs [20, 21].
(cm2 /Vs)
µ p1

(cm2 /Vs)
µ p2

GaN

3.0

InN

3.0

C

=

3.525 − 18.29x + 40.22x2 − 37.52x3 + 12.77x4,

D

=

−0.6651 + 3.616x − 2.460x2.

The A and B parameters in the refraction index equation (3)

δp

(cm
N pcrit

−3 )

are experimentally measured [15, 20] for GaN (AGaN = 9.31

170

2.0

1.0 × 1018

and BGaN = 3.03) and InN (AInN = 13.55 and BInN = 2.05) and

340

2.0

8.0 × 1017

linearly interpolated for InGaN.

(c) Data from ref [15].

Finally, we have chosen to shine on the cell the ASTM-G7503 solar spectrum taken from the National Renewable Energy

Table 1: Experimental or ab initio data used in the simulations. Owing to the

Laboratory database1.

absence of any experimental data, αn , βn , γn , α p , β p and γ p have been estimated
to 1.

2.2. Simulation Methodology
(eV−1 )

(eV−2 )

Indium Composition

C

1

0.69642

0.46055

diffusion model using the Atlas R device simulation software

0.83

0.66796

0.68886

from the Silvaco R suite, in which we implemented our physical

0.69

0.58108

0.66902

models. Atlas R solves, in two dimensions, the drift-diffusion

0.57

0.60946

0.62182

nonlinear partial differential problem using the Newton coupled

0.5

0.51672

0.46836

and the Gummel decoupled methods [24]. The solar cell ana-

0

3.52517

-0.65710

lyzed characteristics were the spectral response, the I-V char-

D

The devices are simulated in the framework of a drift-

acteristics, the inner electric field and potential distributions as
Table 2: Values for C and D in equation (2) as found by Brown et. al. in [15].

well as the recombination rate variations.
We used mathematically rigorous multivariate optimization

In the following, the values for the material parameters of

methods to find the optimum efficiency with respect to a given

InGaN, for any Indium composition x ∈ [0, 1], were linearly in-

set of parameters (as later shown in tables 3 and 4). This

terpolated in between the GaN and InN binaries, except for the

methodology is far more rigorous than the usual single para-

bandgap Eg and the electronic affinity χ where we used the

metric analysis, where one parameter is varying while the other

modified Vegard Law with a bowing factor b = 1.43eV for the

parameters are kept constant. It yields for instance the absolute

bandgap and b = 0.8eV for the affinity [15, 22] respectively.

optimum efficiency as a function of the physical parameters.

For the recombination models, we chose a relatively low car-

We have used three mathematical optimization methods that

rier lifetime value of 1ns, much lower than the value of 40ns

give very similar results within a comparable amount of com-

reported for GaN [23], in order to get as realistic results as can

puting time (typically a few hours per simulation with a highly

be.

optimized code): the truncated Newton algorithm (TNC) [25],

For the light absorption model, the values of C and D in equa1 http://rredc.nrel.gov/solar/spectra/am1.5/astmg173/astmg173.html

tion (2) are taken from the experimental measurement reported
3

developed growth techniques of InGaN on GaN/sapphire sub-

Ohmic

strates and the device realization techniques [30].

InGaN P

The first device, shown on figure 1(a), is an InGaN PN structure. Its optimization, and eventually its practical realization

InGaN N

with a competitive efficiency, is the sine qua none condition to
actually manufacturing the high efficiency multijunction next-

Ohmic

Ohmic

GaN

generation solar cells [31–33]. The physical parameters for

N+

which the optimum was sought are shown on table 3: the rele-

Substrate

vant five parameters for the PN structure are the thickness and
dopings of the two layers, along with their common Indium
composition.

(a) PN InGaN based solar cell.

The second design is based on a PIN structure where the
Ohmic

”intrinsic” layer consists in an n-doped layer with a relatively

InGaN P

low doping concentration. The standard intrinsic layer (i-layer)

InGaN N-

has been replaced by a slightly doped n-layer for two reasons:
on the one hand, the elaborated InGaN usually exhibits residual
n-doping [34, 35] and, on the other hand as we will demonstrate

InGaN N
Ohmic

Ohmic

GaN

later in this section, the optimal efficiency for a PIN solar cell

N+

is obtained for an intermediate n-doped layer and not for the
quasi-intrinsic layer. The resulting structure is shown on figure

Substrate

1(b). The seven optimization parameters are shown in table 3,
with the thickness and dopings of the three layers along with
(b) PIN InGaN based solar cell, where the the quasi-intrinsic layer is slightly

their common Indium composition. The minimum value of the

n-doped.

quasi-intrinsic layer doping has been set lower than the usually
reported residual doping value in InGaN [34].

Figure 1: Schematic views of the InGaN based PN and PIN solar cells structures.

To optimize these devices, we used the mathematical optimization methods presented in section 2.2. These methods are

the Sequential Least SQuares Programming (SLSQP) method

constrained and therefore need a parameter range, and, as for

[26] and the L-BFGS-B quasi-Newton method [25]. The opti-

the non-constrained methods, a starting point. We defined the

mization work has been done with a Python package we devel-

parameter range to ensure the physical meaning and the techno-

oped in the SAGE [27] interface to the SciPy [28, 29] optimiz-

logical feasibility of each parameter. The range chosen for each

ers, using the Atlas R simulator as the backend engine.

parameter is shown on the second line of table 3. We then chose
to run the optimization with several randomly chosen starting

3. Optimization of PN and PIN structures

points to get an insight into the precision of our computation
and ensure that the found optimum is absolute.

3.1. Optimal Results

For the PN structure, we found a maximum cell efficiency

The PN and PIN solar cells are schematically shown in Fig-

of 17.8% and optimal values for the physical parameters. The

ure 1. These devices could be realized in practice using the

optimal thickness of the P layer is found to be L p = 0.01µ m.
4

η ( %))
L p (µ m)

Li (µ m)

L n ( µ m)

N a ( c m −3 )

N i ( c m −3 )

N d ( c m −3 )

x

V OC (V )
J SC ( m A / c m 2 )
F F ( %))

Range

[ 0. 1 0 − 1 .0 0 ]

[ 1 . 0 × 1 0 16 − 1 . 0 × 1 0 19 ]

0 .0 1

1 . 00

[0 . 01 − 0. 0 4]

[ 0. 4 8 − 1 .0 0 ]

[0 . 10 − 1. 0 0]

[0 . 10 − 1. 0 0]

[ 1 . 0 × 1 0 14 − 1 . 0 × 1 0 17 ]

[ 1 . 0 × 1 0 16 − 1 . 0 × 1 0 19 ]

[0 . 00 − 1 .0 0]

1 . 0 × 1 0 19

3 . 9 × 1 0 16

0 .5 6

0. 8 55

[ 4 . 4 × 1 0 16 − 1 . 0 × 1 0 19 ]

[ 1 . 0 × 1 0 16 − 3 . 5 × 1 0 17 ]

[0 . 50 − 0 .7 2]

26 . 75

17 . 8
PN

77 . 85
19 . 0
0 .0 1

0 .5 4

0 . 50

1 . 0 × 1 0 19

5 . 8 × 1 0 16

5 . 0 × 1 0 17

0 .5 9

0. 8 75

[0 . 01 − 0. 0 4]

[0 . 18 − 1. 0 0]

[ 0. 1 0 − 1 .0 0 ]

[ 5 . 9 × 1 0 16 − 1 . 0 × 1 0 19 ]

[ 1 . 0 × 1 0 14 − 1 . 0 × 1 0 17 ]

[ 1 . 9 × 1 0 16 − 1 . 0 × 1 0 19 ]

[0 . 47 − 0 .7 1]

27 . 36

PIN

79 . 39

Table 3: Optimum efficiency η obtained for the PN and PIN structures and associated open-circuit voltage VOC , short-circuit current JSC and Fill Factor FF,
along with the corresponding physical and material parameters. These results are obtained from several optimizations with random starting points ensuring the
absoluteness of the optimum efficiency η . x is the Indium composition. L p , Li and Ln are the thicknesses of the P, I and N layers respectively and where applicable.
Na , Ni and Nd are the dopings of the P, I and N layers respectively where applicable. For each parameter, a range and a tolerance range are given. The range is on
the second line of the table. It is the range within which the optimum value of a given parameter is sought. The tolerance range is given just below each parameter
optimal value. It corresponds to the set of values of that parameter for which the efficiency η remains above 90% of its maximum, the other parameters being kept
at their optimum values.

That of the N layer thickness is Ln = 1.00µ m. The optimal

which is the range of values of a given parameter for which the

doping of the P layer is Na = 1.0 × 1019cm−3 . That of the N

efficiency η remains above 90% of its maximum value. The tol-

= 3.9 × 1016cm−3 .

The optimal Indium composition

erance range is shown on table 3, just below the optimal value.

is x = 0.56. The corresponding open-circuit voltage (VOC ) is

For instance, for the PN structure, the efficiency value remains

layer is Nd

2

0.855V with a short-circuit current (JSC ) of 26.75mA/cm and

between 16.0% and 17.8% for a p-layer doping Na varying be-

a fill factor (FF) of 77.85%.

tween 4.4 × 1016 cm−3 and 1.0 × 1019 cm−3 , the other param-

For the PIN structure, we found a maximum cell efficiency

eters remaining at their optimal values. Table 3 shows that,

of 19.0% for the optimal values of the following parameters:

on the one hand, the PIN solar cell has an efficiency slightly

a P layer thickness of L p = 0.01 µ m, an I layer thickness

higher than that of the PN solar cell and, on the other hand, the

of Li = 0.54µ m, a N layer thickness of Ln = 0.50 µ m, a P

tolerance ranges for layers thicknesses in the PIN structure are

layer doping of Na = 1.0 × 1019cm−3 , an I layer doping of

wider than in the PN structure. This latter property is a consid-

Ni = 5.8 × 1016cm−3 , a N layer doping of Nd = 5.0 × 1017cm−3

erable advantage of the PIN structure in the practical cell real-

and an Indium composition of x = 0.59. The corresponding

ization. For instance, the PIN structure has a tolerance range of

PV parameters are VOC = 0.875V, JSC = 27.36mA/cm2 and

[0.10 − 1.00]µ m for the n-layer thickness, almost twice wider

FF = 79.39%.

than that of the PN structure. The wider tolerance range for the
n-doping in the PIN structure also allows increasing the n-layer

All these parameters with their tolerance range, as defined

doping value without noticeably impacting the efficiency, for

below, are reported in table 3.

designing low resistance ohmic contacts [36].
In practice, it is indeed necessary for an optimal parameter to
3.2. Impact of the p-layer parameters

have a wide tolerance range in which it can vary without lowering the cell efficiency too much. We have performed the tol-

Figures 2(a) and 3(a) show the efficiency as a function of the

erance analysis on each parameter, while keeping all the others

p-layer doping for various p-layer thicknesses (p-thicknesses)

at their optimal value. We have thus defined a tolerance range,

for PN and PIN structures respectively. These results show that
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(a) InGaN PIN solar cell efficiency as a function of the p-layer doping with var-

ous thicknesses. The other parameters are kept at their optimal value.

ious thicknesses. The other parameters are kept at their optimal value.
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(c) InGaN PN solar cell current-voltage characteristics for different p-layer dop-

(c) InGaN PIN solar cell current-voltage characteristics or different p-layer dop-

ing/thickness optimal couples corresponding to points shown in figure 2(b).

ing/thickness optimal couples corresponding to points shown in figure 3(b).

Figure 2: Impact of the p-layer parameters in the optimal InGaN PN solar cell

Figure 3: Impact of the p-layer parameters in the optimal InGaN PIN solar cell

electrical characteristics. The optimal parameters are given in table 3. All 3

electrical characteristics. The optimal parameters are given in table 3. All 3

sub-figures are drawn from a set of calculated points approximately 10 times

sub-figures are drawn from a set of calculated points approximately 10 times

larger than actually displayed. This allow better readability. For each curve, the

larger than actually displayed. This allow better readability. For each curve, the

hidden points lie on the displayed line.

hidden points lie on the displayed line.
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the efficiency is optimal for a given p-doping which increases

concerning the tolerance range, as previously underlined for

when the p-thickness decreases.

PN and PIN solar cells, is of great importance for the practical solar cell realization and it will be discussed for SBSC in the

Figures 2(b) and 3(b) display the optimal p-doping variation

following section.

with the p-thicknesses for the PN and PIN structures respectively. For the PN structure, the corresponding efficiency varies

Figures 2(c) and 3(c) show that the efficiency variation with

from 17.8% down to 15.6% with the thickness of the p-layer

the p-layer thickness and doping is mainly due to variations

varying from 0.01µ m to 0.10µ m. The corresponding efficiency

in VOC . Indeed, the short-circuit current JSC remains almost

for the PIN structure, varies from 19.8% down to 16.5% with

constant owing to increasing p-doping associated to decreasing

the thickness of the p-layer varying from 0.01µ m to 0.10µ m.

thickness, whereas VOC increases owing to increasing p-doping
only.

Figures 2(c) and 3(c) display the I-V characteristics for some
p-thicknesses values, for the PN and PIN structures respec-

All these results show that the optimal performances of

tively. The I-V curves for the PN structure were obtained for the

both the PN and PIN structures are obtained for a relatively

thicknesses of the p-layer of 0.01µ m, 0.04µ m and 0.10µ m cor-

thin p-layer (10 nm) with a relatively high p-doping value of

responding to the optimal p-doping values of 1.0 × 1019cm−3 ,

1.0 × 1019cm−3 . Considering on the one hand that the optimal

1.3 × 1017cm−3 and 3.0 × 1016cm−3 respectively. For the PIN

thickness is much lower than the mean penetration depth and

structure, the I-V curves were obtained for the same thick-

diffusion length in InGaN and on the other hand that the op-

nesses corresponding to the optimal p-doping values of 1.0 ×

timal doping is relatively high, we propose an alternative that

1019 cm−3 , 1.8 × 1017cm−3 and 2.9 × 1016cm−3 respectively.

allows the removal of the p-layer. These alternatives are Schot-

For both the PN and the PIN structures, the short-circuit cur-

tky Based Solar Cells (SBSC), which correspond on the one

rent JSC remains almost constant while the open-circuit voltage

hand to a Schottky junction and, on the other hand to a new

VOC increases when decreasing the p-thickness and increasing

structure.

the p-doping along the optimal curve of figures 2(b) and 3(b).
4. Schottky Based Solar Cells

For a given thickness, say 0.10µ m, the maximum electric
field value obviously increases with the p-doping while the

As demonstrated in the previous section, the optimal PN and

space charge region (SCR) width decreases, as well as the re-

PIN solar cell efficiencies were obtained for p-layer thicknesses

combination rate. This is mainly due to the SRH recombination

much lower than the light penetration depth and for a relatively

mechanism. These two variations lead to an increase of the VOC

high p-doping. The Schottky solar cell, obtained by replacing

and, in the same time, to a decrease of JSC . These two opposing

the p-layer in the PN structure by a relatively high workfunction

trends of JSC and VOC lead to maximum efficiency points de-

metal, was previously demonstrated as a reliable alternative to

pending on the p-doping and thickness of the p-layer, as shown

the InGaN PN solar cell [12]. Similarly, replacing the p-layer

in Figures 2(a) and 3(a).

in the PIN solar cell by a rectifying metal/InGaN contact leads

Figures 2(b) and 3(b) summarize this variation showing that

to the new MIN (Metal-IN) structure. Figure 4 schematically

even if the absolute optimal doping is high, the efficiency re-

displays these Schottky and MIN structures.

mains relatively high for wide doping and thickness ranges. For

The Schottky and MIN solar cells were optimized with re-

instance, for the PIN structure, a p-thickness of 0.04µ m and a

spect to their most important parameters: Li and Ln , the thick-

p-doping of 1.8 × 1017cm−3 lead to an efficiency of 17.5%. It

nesses of the I and N layers respectively and where applicable,

remains relatively close to the optimal one obtained for a thick-

Ni and Nd , the doping levels of the I and N layers respectively

ness of 0.01µ m and a doping of 1.0 × 1019cm−3 . This point

and where applicable, the Indium composition x and the metal
7

η ( %))
Li ( µ m)

Ln ( µ m)

N i ( c m −3 )

N d ( c m −3 )

W f ( eV )

x

V OC (V )
J SC ( m A / c m 2 )
F F ( %))

Range

[ 0.10 − 1.00]

[0. 10 − 1.0 0]

14

17

[1 .0 × 10 − 1 .0 × 10 ]

16

19

[1. 0 × 10 − 1.0 × 10 ]

[ 5.50 − 6 .30]

[0.0 0 − 1.00 ]
18.2

16

0.86

Schottky

6.5 × 10
16

[0. 53 − 1.0 0]

17

[1. 0 × 10 − 3.0 × 10 ]

6.3 0

0.56

0.863

[ 6.15 − 6 .30]

[0.5 0 − 0.72 ]

26.80
78.82
19.8

MIN

0.61

0.83

6 . 1 × 1 0 16

3 . 6 × 1 0 17

6.3 0

0.60

0.835

[ 0.10 − 1.00]

[0. 10 − 1.0 0]

[ 1 . 0 × 1 0 14 − 1 . 0 × 1 0 17 ]

[ 1 . 8 × 1 0 16 − 1 . 0 × 1 0 19 ]

[ 6.11 − 6 .30]

[0.4 8 − 0.72 ]

30.29
78.39

Table 4: Optimum efficiency η obtained for the Schottky and MIN structures and associated open-circuit voltage VOC , short-circuit current JSC and Fill Factor FF,
along with the corresponding physical and material parameters. These results are obtained from several optimizations with random starting points ensuring the
absoluteness of the optimum efficiency η . x is the indium composition. Li and Ln are the thicknesses of the I and N layers respectively and where applicable. Ni and
Nd are the dopings of the I and N layers respectively where applicable. For each parameter, a range and a tolerance range are given. The range is on the second line
of the table. It is the range within which the optimum value of a given parameter is sought. The tolerance range is given just below each parameter optimal value. It
corresponds to the set of values of that parameter for which the efficiency η remains above 90% of its maximum, the other parameters being kept at their optimum
values.

workfunction W f . The optimization was conducted in the same

structure has a lower JSC and a higher VOC compared to the MIN

way as in the previous section. As was also done in the previ-

structure. This is due to the different optimal Indium composi-

ous section, the optimum efficiency is reported in table 4, along

tion: the Schottky structure has an optimal Indium composi-

with the associated photovoltaic parameters as well as the cor-

tion of 56%, that is lower than the optimal value for the MIN

responding parameters and their tolerance range, with the same

structure (60%). VOC increases as the Indium concentration de-

definition as in the previous section.

creases, owing to the widening of the bandgap. Simultaneously,
JSC decreases as the direct consequence of a lower solar light

For the Schottky structure, we found a maximum cell ef-

absorption.

ficiency of 18.2% for the following optimal parameter values: Ln = 0.86µ m, Nd = 6.5 × 1016cm−3 , x = 0.56 and W f =

Figure 6(a) shows the variation of the PV efficiency as a func-

The corresponding open-circuit voltage is VOC =

tion of the i-layer thickness (i-thickness), whereas figure 6(b)

6.30eV.

0.863V with a short-circuit current of JSC

= 26.80mA/cm2

and

shows it as a function of i-doping, for different i-thicknesses.

a fill factor of FF = 78.82%.

The optimal i-thickness value, as shown in figure 6(a), is about

For the MIN structure, the maximum cell efficiency is

0.60µ m as a consequence of the trade-off between the solar

19.8% for the following parameters values: Li = 0.61 µ m,

light absorption, increasing with the thickness, and the diffu-

Ln = 0.83µ m, Ni = 6.1 × 1016cm−3 , Nd = 3.6 × 1017 cm−3 ,

sion length that need to remain relatively higher than the layer

x = 0.60 and W f = 6.30eV. The corresponding open-circuit

thickness. The same figure 6(b) shows that the optimal i-doping

voltage is VOC = 0.835V with a short-circuit current of JSC =

value is 6.1 × 1016 cm−3 , corresponding to the optimal Space

30.29mA/cm2 and a fill factor of FF = 78.39%.

Charge Region (SCR) in the device.

Figure 5 shows the current-voltage characteristics of the

In addition to its main advantage of being p-layer free, the

Schottky and MIN solar cells. We observe that the Schottky

MIN structure has another decisive advantage over the PN and
8
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InGaN N
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GaN

N+
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Efficiency (%)
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(a) InGaN based Schottky solar cell.
Schottky

18

17.5

0.2

InGaN N-

0.4

0.6

0.8
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1

(a) MIN PV efficiency as a function of the i-layer thickness.

InGaN N
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GaN

0.60

19.5

Ohmic

Efficiency (%)

Ohmic

N+
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0.80
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1.00

19
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10

(b) InGaN based MIN solar cell.

14
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cm−3 )
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16
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(b) MIN PV efficiency as a function of the i-doping for various i-layer thick-

Figure 4: Schematic views of the Schottky and MIN solar cells structures.

nesses.

Figure 6: InGaN MIN solar cell efficiency for the optimal parameters given in
table 4, varying only the i-layer parameters. Only part of the points is plotted

Current (

mA/cm2 )

30

for clarity’s sake.
20

10

0

-10
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Figure 5: Current-voltage characteristics for the InGaN Schottky and MIN solar cells.
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even the Schottky structures: the wider tolerance ranges of its

Indium Composition x Defect energy (eV ) Concentration (cm−3 )

optimal parameters, as Table 4 shows. This is due to the ad-

0.09

3.05

2.7 × 1016

0.13

2.76

8.5 × 1015

0.20

2.50

6.1 × 1016

ditional degree of freedom obtained with the i-layer. Indeed,
for the Schottky structure, the tolerance range of the n-layer

Table 5: The dominating deep-level defect parameters in InGaN as experimen-

thickness is [0.53 − 1.00]µ m, while for the MIN structure, it

tally measured and reported in [40, 41] for the x = 0.09 Indium composition,

is [0.10 − 1.00]µ m. This gives the MIN structure a wider n-

in [42] for x = 0.13 and in [43] for x = 0.20. The defect energy is measured

layer manufacturing tolerance than the Schottky structure. This

relatively to the conduction band edge.

tolerance range is important when actual device fabrication is
considered.
For the n-doping, the Schottky structure has a tolerance range
of [1.0 × 1016 − 3.0 × 1017]cm−3 , while, for the MIN structure,
the tolerance range is [1.8 × 1016 − 1.0 × 1019 ]cm−3 . This allows to design heavily dopped n-layer to elaborate low resistance ohmic contact on InGaN, one of the major challenges in
the III-Nitride solar cell processing [1], and without noticeably
impacting the PV performances.

Figure 7: The photovoltaic efficiency of the InGaN MIN solar cell with the
actual experimental Indium composition, with defect density for two Gaussian
distributions. The cell parameters are fixed to their optimal values shown in

5. MIN structure with actual experimental InGaN compo-

table 6.

sition, thickness and metal workfunction
The above presented optimisation work lead to an optimal

State PhotoCapacitance (SSPC) and the Lighted Capacitance-

InGaN composition of x = 0.60 which is not yet experimentally

Voltage (LCV) techniques [40–43] as summarized in table 5.

achieved with sufficient material quality, although some very

The capture cross section that we chose to include in the simu-

recent papers suggest that these compositions are in the process

lation is the highest experimental value reported in [43].

of being accessible [13, 37–39]. In this section, we propose to

The optimization process was then run within these con-

use one actual recent Indium composition obtained by Fabien

straints and yield the optimal parameters summarized in table

et al. [13], that is x = 0.22 for large-area solar cells, and to

6. As could be expected the layer thicknesses as well as the

evaluate the maximum efficiency that it allows.

Indium concentration were found at their maximum authorized

Furthermore, a thickness constraint is linked to a composi-

value, 0.4µ m and x = 0.22 respectively, yielding a 7.25% max-

tion constraint. We therefore limited the reachable thickness to

imum efficiency. However, the computed tolerances deserve at-

0.4 µ m.

tention, since they are higher than one fourth, or even one half,
of the optimal values, as far as the thicknesses are concerned.

Even though, the actually grown layers can have a high density of defects[9]. To take it into account, we introduced, on the

As this was carried out without defects included, we then

one hand, valence and conduction band Urbach tails in the sim-

evaluated the MIN cell efficiency while varying the total den-

ulation, with an energy of 0.125eV as experimentally obtained

sity of states from 1.0 × 1013cm−3 to 1.0 × 1017cm−3 . This

in [44], and, on the other hand, a Gaussian distribution of de-

latter density is even higher than the dominating defects con-

fects in the bandgap. We used defects that were experimentally

centration reported in [40–43].

studied in the literature using the well known Deep Level (Tran-

Figure 7 shows the MIN solar cell photovoltaic efficiency,

sient & Optical) Spectroscopy (DLTS and DLOS), the Steady-

with the actual experimental Indium composition, with respect
10

η ( %))
Li ( µ m )

Ln ( µ m )

N i ( c m −3 )

N d ( c m−3 )

W f ( eV )

x

V OC (V )
J SC ( m A / c m 2 )
F F ( %))

14

17

16

19

Range [ 0 . 1 0 − 0 . 4 0 ] [ 0 . 1 0 − 0 . 4 0 ] [ 1 . 0 × 1 0 − 1 . 0 × 1 0 ] [ 1 . 0 × 1 0 − 1 . 0 × 1 0 ] [ 5 . 5 0 − 6 . 3 0 ]

[ 0 − 0.2 2]
7.2 5

MIN

0 .40

0.4 0

15

16

6.2 7 × 10
14

7.46 × 1 0
16

16

6.3 0
18

0 .22

[0.1 8 − 0.40 ] [0 .29 − 0. 40] [4.6 × 10 − 2.2 × 10 ] [ 2.0 × 1 0 − 1.0 × 10 ] [6 .20 − 6. 30] [0.1 9 − 0.22 ]

1.4 38
5.9 2
85.2

Table 6: Optimum efficiency η obtained for the MIN solar cell with a recently published actual experimental x = 0.22 Indium composition[13] and layer thicknesses
limited to 0.4µ m. The associated open-circuit voltage VOC , short-circuit current JSC and Fill Factor FF, along with the corresponding physical and material
parameters, are equally shown. For each parameter, a range and a tolerance range are given. The range, within which the optimum value of a given parameter is
sought, is on the second line of the table. The tolerance range is given just below each parameter optimal value. It corresponds to the set of values of that parameter
for which the efficiency η remains above 90% of its maximum, the other parameters being kept at their optimum values.

W f (eV ) η for x = 0.60 (%) η for x = 0.22 (%)

tion obtained in table 6 seems to be relatively high when com-

5.65

6.34

3.70

pared to the most reported values in the literature for Platinum

5.93

13.58

5.22

6.10

17.84

6.15

6.30

19.80

7.25

(Pt), which is the ideal candidate for the practical realization
of the MIN solar cell. However, a closer look at the reported
values reveals a large dispersion in the Platinum work function

Table 7: Optimum efficiency η obtained for a MIN solar cell with various usual

measurements, from 5.65eV in [45] to 6.35eV in the histori-

metal work functions W f , lower than the optimal 6.30eV yield by the optimization process; and for the optimal x = 0.60 Indium composition alongside the

cal works by Lee Alvin Dubridge from Caltech (see e.g. [46]),

x = 0.22 composition published in [13].

through 5.93eV [47] and 6.10eV [48]. To take these discrepancies into account, as well the possibility to use lower work

to the defect concentration for two decay energy δ values of

function metals for the practical realization of the MIN solar

0.05eV and 0.10eV. The efficiency remains close to its maxi-

cell, we have evaluated the foreseen efficiency for a set of pos-

mum value as long as the defect concentration is smaller than

sible work functions for both the optimal x = 0.60 Indium com-

the i-layer doping concentration

(6.1 × 1016cm−3 ).

When the

position and the x = 0.22 composition reported in [13]. The

defect concentration becomes comparable to the optimal i-layer

results are summarized in table 7.

doping concentration, the solar cell efficiency decreases within
a concentration range that depends on the distribution decay en-

6. Conclusion

ergy. This result means that the defects concentration must be
kept lower but not necessarily much lower than the doping con-

We investigated the photovoltaic performances of InGaN

centration. The demonstrated wide tolerance of the MIN struc-

based PN, PIN and SBSC structures, using rigorous multivari-

ture can allow keeping as low as possible the negative impact

ate numerical optimization methods to simultaneously optimize

of the defects on the overall solar cell efficiency, by adjusting

the main physical and geometrical parameters of the solar cell

accordingly the InGaN doping. A compromise can therefore be

structures. We have found optimal photovoltaic efficiencies of

found to limit the effect of the defects density that is relatively

17.8% and 19.0% for the PN and PIN structures respectively.

high in the presently elaborated InGaN layers.

The optimization results led us to propose a new p-layer free
SBSC structure called MIN, the optimal efficiency of which is

Finally, one may spot that the optimal 6.30eV work func11

a higher 19.8% for an Indium composition of a yet-to-reach

[11] N. G. Toledo, U. K. Mishra, InGaN solar cell requirements for high-

x = 0.60, and as high as 7.25% for a recent experimental In-

efficiency integrated III-nitride/non-III-nitride tandem photovoltaic devices, Journal of Applied Physics 111 (11) (2012) 114505.
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