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In this study, we performed a numerical theoretical simulation of single-junction and dual-
junction solar cells based on InGaN. This simulation calculates the electrical parameters,
characteristics of each of the studied cells, such as absorption, open-circuit voltage (V),
collection efficiency, short circuit density (Js.), and form factor FF. We have optimized the
cells top PIN (Ing.sxGag.3gN) and bottom PIN (Ing.g;Gag.19N), and a dual-junction cell. The
conversation efficiency of the single junction PIN cells exceeds 23%, while it is 38% for
the dual-junction cell. The temperature dependencies of single junction and dual-junction
solar cells have been studied at temperatures ranging from 300°K to 450°K. The variation
of the electrical parameters of each cell was simulated with increasing temperature and the
simulation result was detailed in this study. This study was done under standard conditions
(AM1.5, 1000mW/cm?) and the simulation was performed on an ANOC calculation code
(the latter is available as an application on android devices).
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1. Introduction

The material used in this work is the gallium indium nitride this material is a
semiconductor in the category of nitride Ill, which represents a new category of materials with
important properties for optoelectronics, such as light-emitting diodes and solar cells [1]. The
application of these alloys is predetermined by the very interesting absorption coefficient and the
high conversion efficiency (may exceed 40%) with super radiation resistance. The advantage of
this "InGaN" alloy is its forbidden band (gap) [2], possess the characteristic of a direct gap, which
allows it to absorb a fairly large part of the solar spectrum, such as the InN established with a
prohibited energy band of 0.7 eV [3]. For GaN, the prohibited band is 3.42 eV [3].
In this work, in the first place, an analytical study is proposed, to study the performance of tandem
solar cells based on InGaN (PIN). We evaluate the characteristics of the cell to define the optimal
structure of the device. In the second phase of this study, we are interested in the influence of
temperature on cell characteristics on the one hand, and on the other hand, we have studied the
effect of gaps energy is their influence on the electrical efficiency of the structure, in the case of a
single junction and tandem.

2. Theoretical modeling

Multi-junction PIN (tandem) solar cells represent some advantages over single PIN cells
or PN cells. The integration of an intrinsic layer to improve the absorption of the solar spectrum,
which is considered an important factor for the design of a photovoltaic cell based on a PIN
structure.
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Fig. 1 shows the structure of an InGaN-based multi-junction solar cell for simulation. The
thickness of the active P layer is assumed to be 250nm for the top cell, the thickness of the
intrinsic layer is optimized; so that the field remains important to separate the electron-holes
generated in this area. The characteristic parameters of the solar cells were simulated based on the
molar fraction, and the temperature. The numerical simulation of the InGaN-based multi-junction
solar cell was performed using an ' ANOC ' calculation code, under standard conditions (1 sun,
AM1.5, 300°K to 450°K). In this study, it was assumed that for the calculation of electrical
parameters it is assumed that there are no losses to the surface of the solar cell, that the effect of
the series resistance is negligible.

Light (solar radiation
AMLS)

W W

Fig. 1. (a) represents the top cell, (b) represents the bottom cell and
(c) represents the tandem structure.

By modifying the theory of the proposed amorphous model of the silicon-based solar cell
with PIN structure [4,5], the number of photons absorbed in a j™ layer as a function of the energy
is written as follows [4,5]:

_ Aj(B) F(B)
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where F(E) represents the incident flow of solar radiation AM1.5 (1000w/cm?), E(=hv) is the
photon energy, Aj(E) is the absorption j™ layer it gives as a follow [6]:
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I the light intensity which decreases exponentially with thickness, so before reaching the
intrinsic layer [1]:

I(E,z) = Iy(E)e~*(E)z ©))

I, the incident intensity of solar radiation AM1.5 (1000w/cm?), z the thickness of the layer
P, and a(E) absorption coefficient as a function of energy is given by [7]:

’E—E (%)
a(E) = Qy fo) (4)

Eg4(x) is the gap energy of In,Ga,.N and ay = 2 * 105cm™* (a, InGaN is supposed to be
the same as GaN)[1]. E, (x) is the bandgap energy of InGaN as a function of x of the ternary alloy
In,Ga;«N which depends on temperature using the Vegard law, and can be expressed as follows

[7]:
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E;(x,T) = (1 — x)E;“*N(T) +x E;™(T) = b x (1 — x) (5)

where E,"™", E;“*N are the forbidden energy bands of InN and GaN, respectively, x is the indium
concentration in In,Ga; «N and b=1.43 eV (the curvature parameter) [8].

The bandgaps of InN and GaN binaries as a function of temperature are expressed using
Varshini's law [9,10]:

0.909%x1073xT?

GaN (\—  GaN ;v _ (o

Eg"*(T)=E,"" (T = 0°K)- —— (6)
—p InN o _ o 0.245x1073xT?

Eg lnN(T)— Eg n (T =0 K)-W @)

With E;“*"(T = 0°K)=3.51 eV and E,"™" (T = 0°K)=0.72 eV [9,10].
The calculation of the absorption used in this simulation for the top cell given by equation
(2) is expressed by [6]:

Apr = [lo-Tox€Xp(— X 2)]/ Iy (8)
Ajr = [ToxXp(—X X z)-Igxexp(—o, X (z + 1))/ I )
Anr = [IoxeXp(— X (z + 1))-IgxeXp(—%: X (z + 1 + 11))]/ I, (10)

With z, [, 11 are thicknesses of each cell p, i, n for the top cell respectively.

The absorption in the bottom cell is defined by the product of the incident photons by the
fraction of photons absorbed by the top cell, by the fraction of photons that penetrate in the bottom
cell, we can express the absorption by:

App = [Io X (1 —exXp(—o, X (z + 1+ 11)) X (1 —exp(—, X (12))))/ I, (1)
Aig = [y Xexp(—=ocpy X (z + L+ 11 + 12)-Ipexp(—x, X (z+ L+ 11+ 12+ 13))/ 1, (12)

Anpg = [Io Xexp(—xXp X (z + L+ 11 + 12 + [3)-IpxeXp(—xpX (z + 1+ 11 + 12 + 13 + 14))]/ I,
(13)

With [2, 13, 14 are thicknesses of each layer p, i, n for the bottom cell respectively.
The short-circuit current density, Js, is obtained by the product of the number of load
carriers by the collection efficiency [11]:

AF(E)
Isc = CIXf]E—j dE (14)

where q electronic charge (1.6%10™ C)

And, y is the collection efficiency of free carriers, defined by the ratio of the number of
load carriers contributing to the photovoltaic current to the total number of photogenerated charge
carriers. The efficiency of the collection is an important parameter to determine the performance
of a solar cell. The collection efficiency in the intrinsic layer is obtained by [4,5].

_ JiG-Ryax N Gol—J R(x)dx
fiGax —  Gol

(15)

where G and R are the generation and recombination rate of load carriers respectively and [ is the
thickness of the intrinsic layer. The generation rate depends on the absorption of the intrinsic layer,
which assumes constant G, = G through the i layer.
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The R(X) recombination rate is calculated by [11]:

R(x) =28 4 20 (16)
Tn Tp
T, et T, are the lifetime of the load carriers of the electrons and the holes respectively,

n(x) and p(x) are the concentrations of electrons and holes respectively obtained by the
resolutions of the equations of continuity and the transport in permanent regime [11]:

0=Go — RG)+27-Jn(®) an
1d

0=Go — R()+_ 2 Jp(X) (18)

Jn(x) = quan(x)E (19)

]p(x) = QMpp(x)E (20)

Jn(x) and J,(x) are the current densities for the electron and holes respectively, E the
electric field which is considered constant, u,, w, are the mobility of electrons and holes
respectively. From the equation (17.16) and (19.20) we find [4.5]:

GolyT _

n(x) = =2 (1 —e™) (21)
p~in
GolnytT _ _

p(x) = =L (e —ePh) (22)
P~ In

With b=l,, — L,/ L,L, = —(2/1,);

1 _ (i | px) _ Golplp(e™P-1)
Jo Rx)dx = [ ( . + o Ydx = e + 1G, (23)
From equation (15) find [4,5]:
_ l lnlp L _ _L
=1 lnexP(i)_lpexp(_i) [exP (lc) exp( lc)] (4)

where 1, = /Dy pTnyp

D, and Dyare the constants of diffusion of electrons and holes. They are defined by
Einstein's relationship [12,13,14]:
__ KpT

Dn T Un (25)

KgT
Dp =2 (26)
With Kg Boltzmann's constant and T the temperature.
The model used is an analytical and empirical model proposed by Caughey and Thomas

[15] in which temperature is taken into account.
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where N is the total concentration of doping, T temperature, the parameters used in the equation
(26) are empirical to model the mobility of electrons and holes [16, 8, 17]. The parameters a, 8,y
are taken equal to 1[18] when they are not experimentally available.

The lifetime model accredited in this modeling is activated by the parameter SRH is
shown as followed [19, 20]:

(27)

To(n,p)
e 28
np 1+Ntozal/Ng§g) -

where Ty ) = 1.0 X 1077(s) the lifetime of electrons and holes,

NGRH = 5.0 x 10'(cm™3) constants defining recombinant defect concentrations for
electrons and holes.

Nyo14; total concentration of defects and doping (cm™3)

The open circuit voltage, V.t for the top cell and Vg for the bottom cell is determined

from the following expression [21]:
J =Jse = Jor (exp (£) = 1) = Jar(exp (=) - 1) (29)

J =Jsc = Jos (exp (2) = 1) = J1p (exp (5=) = 1) (30)

With ], is the saturation current of the upper cell

Jir s the generation-recombination saturation current of the upper cell.

Jog IS the saturation current of the bottom cell.

J1p 1S the generation-recombination saturation current of the bottom cell.
From the equation (14) the current density for each cell is determined.

Iscr = Jscpr + Jscir * Xt + scpr (31)

Jsce = Jscps T Jscie * X8 + JscpB (32)

Jsc We take into consideration that the minimum between the top cell and the bottom cell
will be the current density.

The solution of equations (29) and (30) for /=0, to obtain the open-circuit voltage V¢t and
Vg, this solution is non-linear and must be solved numerically, the open-circuit voltage for the
tandem structure is the sum of two voltages [22,23]:

Veo = Veor + Veon (33)

With V.1, Vs Open-circuit voltage for top and bottom cells respectively.
where Jo(r,g) saturation current of the top and bottom cells respectively is given by :

2 1 /Dnms) 1 Dp(T.B)]
= en; + 34
]O(T’B) i(T.B) [N amB)\ Tn(TB)  Nam,p)\ Tp(T.B) (34)

with N(7,5), Na(r,5) are electron and hole concentrations of top and bottom cell respectively, ,
Nacr,py = 2.5%10"°; Ny (r.= 5*10*° are the concentrations used in this study.
aturation current in the space load area is given e relationshi :
1(r,p) Saturati t in the space load is given by the relationship [24
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s =—5—— (3%)

ZT(T,B)

where n;r gy the intrinsic load carrier concentration given by:
-E
nér5) = NearsyNy(r,5yexp(—o) (36)

3 3 3
where NEWN = 4.82 x 1015 (ZD)2(T)z, NS = 8.9 x 1015(T)z
0

3 3 3
NI = 4.82 x 1015 x (ZE)2(T)2, Ny™ = 10 x (T)2 [25].
0

From a linear interpolation (Vegard law) between the expressions of GaN and InN we find
N. and N, of InGaN for the top and bottom cells.

We use in the modeling m=9.109x10"" Kg the mass of the electrons at rest,
Megan=0.2 Mg; Migan=0.8Mg; Mejon= 0.11Mg; Mpn=0.65 Mg [26].

The maximum power is a point on the current-voltage curve |-V, which is expressed by
the maximum output power P .

Prmax=ImVm (37)

where J,, Vi, correspond respectively to the values of | and V corresponding to the point Py, FF
the form factor calculated by [27]:

FF = Pmax — JmVm (38)
JscVeo JscVeo

The conversion efficiency of a solar cell is given by [23]:

Pmax FFX]s¢XVeo

n= = (39)

Pin Pin

where Py, is the optical incident power of the solar radiation AM1.5 (1000w/cm?) on the area of
the solar cells.

3. Results and discussion

In this work, the theoretical simulation of a tandem solar cell with dual junctions PIN
(Ing.62Gag3sN) PIN (Ing.s1Gag.19N) that correspond to the twinning of energy bandgap as the top of
the structure is 1.40 eV and the bottom of the structure is 0.99 eV at the temperature ranging from
300°K to 450°K, under illumination AM1.5.

Fig. 2 shows a strong absorption into the single bottom cell that increases with the
increase of temperature; the cell is exposed to a part of the solar scepter to improve absorption, the
deep penetration of photon in the infrared range improves the absorption of photons. The increase
in the molar fraction in the solar cell decreases the energy of the forbidden band that allows the
absorption of an only high-energy photon. The absorption in the cell top PIN (Ings,Gag3sN) is less
than the absorption in the cell bottom PIN (Ingg;GagigN) is due to the molar fraction that
influences on bandgap energy. The increase in temperature leads to a slight increase in absorption
in both cells.
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Fig. 2. Shows the absorption of the top and bottom cells, the single bottom cell, and the dual-junction
(tandem) structure under illumination AM1.5 (1000 w/cm?) calculated at temperatures ranging from
300°K to 450°K.

Fig. 3 shows that the current density of the bottom single cell is higher than the current
density of the top cell due to the increase of the molar fraction, which decreases the bandgap
energy that favors a strong absorption of the solar spectrum. The decrease of the bandgap gives a
strong absorption of the photons that generate electron-hole pairs that will be collected, and the
penetration of this quantity of photons to the bottom cell increases the current density as a function
of the temperature. The current density of the single bottom cell is higher than that of the bottom
cell, due to the reduction of the spectral light intensity illuminating the bottom cell. Since the
current density of the dual junction (tandem) solar cell is the lowest current density produced by
the two cells, which is similar to the top cell.
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Fig. 3. The variation of the short-circuit current density of the both cells (top and bottom), the single
bottom cell and the tandem structure as a function of temperature. The current density of each cell
was calculated at temperatures ranging from 300°K to 450°K.

Fig. 4 shows that the open-circuit voltage of each solar cell was inversely proportional to
the temperature, which means that the decrease of the open-circuit voltage with the increase of the
temperature due to the decrease of the bandgap energy and the increase of the saturation current
density of each cell. The open-circuit voltage of the top cell is higher than the open-circuit voltage
of the single bottom cell and the bottom cell for each temperature due to their different energy of
the bandgap of each solar cell; the higher the energy of the bandgap, the higher the open-circuit
voltage. So, the open-circuit voltage of the dual-junction tandem cell and the sum of two voltages
(top, bottom) cells is their decrease with the increase of temperature due to the decrease of the
addition of two cells.
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Fig. 4. Shows the open-circuit voltage of the top and bottom cell, single bottom cell, and the tandem
cell PIN (Ingg,GagsgN)/ PIN (InggiGag19N) as a function of temperature ranging from 300°K to
450°K.

Fig. 5 shows that the form factor of the solar cells decreases with increasing temperature;
this decrease is due to the decrease of the open circuit voltage. It is noticeable that the form factor
of the bottom cell and the single bottom cell is more affected by temperature than the top cell and
tandem, which explains a reduction on the intensity.

——Topeell
—— Battom sngle cell

Fill Factor (%)

Temperature (K)

Fig. 5. Shows the variation of solar cell form factor as a function of the temperature
ranging from 300°K and 450°K.

As the temperature increases, the conversion efficiency of the solar cells studied
decreased. This decrease occurs due to a decrease in open-circuit voltage. Figure (6) shows that
the efficiency of the bottom cell is lower than that of the single bottom cell due to the reduction in
the irradiation of the solar spectrum, which means as the single bottom cell is illuminated by the
whole solar spectrum. The effect of the thermalization and the temperature increase causes the
excess energy of the high-energy carriers. For this reason, the thermalization effect is limited to
the bottom cell because it is only illuminated by a part of the solar spectrum that low energy
photons will be absorbed since the top cell has absorbed the high-energy photons. When the two
cells PIN (Ing.s2Gag.3sN), PIN (Ing.g1Gag.19N) are in series contact to have a dual-junction tandem
cell, the decrease in efficiency with increasing temperature due to the decrease in the sum of the
open-circuit voltage which decreases with increasing temperature.
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Fig. 6. Shows the variation an efficiency of the dual-junction (tandem) solar cell PIN
(Ing.62Gag.3sN)/PIN (Ingg:Gag1gN), the top and bottom cells, and the single bottom cell, with the
temperature, was calculated for a temperature ranging from 300 K to 450 k.

4. Optimal structure

Based on the above results obtained using the ANOC calculation code, we can determine
the current-voltage and voltage-power characteristics of solar cells with different molar fractions,
the top cell PIN (Ino.s2Gao.3sN), the bottom cell PIN (Ing.s;Gao.19N), single bottom cell, and tandem
structure PIN (Ing.e2Gag.3sN)/PIN (Ing.g1Gag.1gN) with the optimal efficiency for the different
structures are illustrated in figure (7) at 300°K and under illumination AM1.5 (1000W/m?), and the
corresponding parameters are summarized in Table (1).

Table 1. The summary of the electrical parameters of the studied cells at 300°K.

PV Top cell Bottom single Bottom cell Tandem cell
cell
Jo(mA/cm?) 26.3 45.3 37.0 26.3
Vo(Volt) 1.007 0.619 0.615 1.614
FF(%0) 88.27 83.13 83.02 91.87
n(%) 23.35 23.36 18.88 38.92
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Fig. 7. The current-voltage and voltage-power characteristics of solar cells
as a function of temperature at 300°K.
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5. Conclusions

In this study the influence of temperature on the following structures was simulated:

- An top PIN cell Ing.e,Gag.sgN,

- A bottom PIN cell Ingg:Gag 19N,

- A tandem structure Ing g,Gag 3gN/ Ingg1Gag 19N.

Under AM 1.5 illumination varying the temperature from 300°K to 450°K.

The results obtained from the theoretical simulation show that the increase in temperature
reduces the electrical parameters of the solar cell such as a decrease in the open-circuit voltage and
efficiency of any cell and a decrease in the absorption and density of short circuit current.

This study allowed us to compare the performance of the PIN cells taken separately and
the tandem structure while placing the large gap cell above and the small gap cell below, which
allowed an increase in the total yield for the same area. Knowing that the temperature decreases
the performance of each cell taken separately it is clear that the tandem structure compensates for
this loss due to the increase in temperature. This is beneficial for small structures such as AM1.5
uses or even more so for use in AMO outside the atmosphere or every inch must be exploited to the
maximum, as in the case of space shuttles or promising solar cell aviation.
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