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Abstract: The insertion of optimized Window and a back surface field (BSF) layers on an /n.Ga;.
N p-n basic single junction (BSJ) solar cell is the chief reason behind the reduction of front and
back recombination. In this context, this work is focused on the selection of the suitable parameters
including the indium (/n) content, thickness and doping concentration for the /n.Ga;.xN inserted
layers, that gives the best photovoltaic performances. At this aim, numerical simulations were
performed using the computational numerical modeling TCAD Silvaco-Atlas to design, optimize
the In.Ga;xN BSJ and extract the above Window and BSF parameters that enhance the BSJ
performances. A short circuit current density (J.) of 26.15 mA/cm?, an open circuit voltage (V,.)
value of 0.904 V and a fill factor (FF) value of 79.67 % are obtained under AM1.5G illumination,
exhibiting a maximum conversion efficiency (1) of 19.62 %. Other parameters like the external
quantum efficiency (EQE), electric field developed, the current density-voltage (J-V) and the power

density-voltage (P-V) characteristics are also calculated and plotted for the designed solar cell.
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1. Introduction

As the demand of energy and emphasis on environmental protection increase, solar energy is
expected to become the major energy source [1]. Solar cells still remain the best way yet
determined to harness energy from the sun, which is literally the unlimited source of renewable and
clean energy [2]. To attain the expected breakthrough of photovoltaic technology as a competitive
energy source against fossil fuels, the cell higher conversion efficiency, low cost and stability are
the main factors [3]. Several materials were utilized to perform solar cells, the most common
material used for the production of photovoltaic cells is silicon which is now approaching his
theoretical maximum efficiency [4,5].

III-V group materials have been widely used for tandem solar cells for the space application,
such as Gads stacked with InGaP and Ge. The toxicity of arsenic in Gads, the InGaP low
resistance against irradiation damage and the indirect bandgap of the Ge are the biggest barriers of
these materials [3]. /nGaN is an alternative photovoltaic material, it has become a promising
candidate for high-efficiency solar cells due to its attractive features. Among these, the following
are of most interesting: First, the direct band gap lying from 0.7 eV (/nN, in the near IR) to 3.4 eV
(GaN, in the mid-UV), which can absorb the full solar spectrum by a single material /nGaN with
different indium contents [6]. In addition, /nGaN alloys exhibit a much higher resistance to high-
energy (2 MeV) photon irradiation than currently used PV materials such as Ga4s and GalnP and,
therefore, offer great potential for a radiation-hard high-efficiency solar cell for space applications.
Furthermore, /nGaN alloys have the advantages of high carrier mobility, high drift velocity, high
thermal conductivity, and high temperature resistance [7]. Finally, InGaN alloys display high
absorption coefficients (~10° cm™) [8,9]. Thus, only a few hundred nanometers of InGaN material
are required to absorb most of the incident light, thereby rendering moderately expensive indium

more cost effective [5].



Abdoulwahab Adaine et al. [10] have numerically studied an /nGaN p-n junction solar cell using
the Atlas device simulation software from the Silvaco suite, an optimum efficiency of 17.8% was
obtained.

In this paper, we conduct numerical simulations using same simulation environment to
investigate the effect of the back surface field (BSF) and window layers on the performance of
InGaN-based solar cells and calculate the physical properties of the p-n junction such as the short
circuit current density (Js.), open circuit voltage (V,.), fill factor (FF) and conversion efficiency

(n) by varying the indium content, the thickness and doping densities of each layer.

2. Modeling and simulations

2.1 Software and device structure

The device structure as designed in this work, represented schematically in Fig. 1, is an In.Ga;-
<N p-n basic single junction (BSJ) solar cell, in which we have introduced two /n.Ga;..N layers, one
acting as a back surface field at the bottom and the other as a window at the top.

This device is simulated under AM1.5G spectrum and a temperature of 300 K by using the Atlas
device simulation software, a physically-based device simulator from the Silvaco suite, in which we
implemented our physical models. It predicts the electrical characteristics that are associated with
specified physical structures and bias conditions. This is achieved by approximating the operation
of a device onto a two dimensional grid, consisting of a number of grid points called nodes. By
applying a set of differential equations, derived from Maxwell’s laws and solved by the Newton
coupled and Gummel decoupled methods onto this grid, the transport of carriers (including the

Poisson and continuity equations on electrons and holes) can be simulated through a structure [11].

Fig. 1. In.Ga;..N BSJ device structure. The parameter x represents the /n concentration, d is the

layer thickness, N is the doping concentration.



2.2 Physical modeling

Although the Poisson and continuity equations represent the fundamental laws governing the
operation of a semiconductor device, additional models are often necessary to properly account for
the dynamic nature of electrons and holes and to elaborate on the rich theory of device physics.
These models supplement the Poisson and continuity equations by determining or modifying the

variables contained in those laws. Among these:

2.2.1 Mobility model

The following expression based upon the work of Caughey and Thomas [12,13] is used to model

the doping and temperature-dependent mobility for electrons p, and holes p,,.
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where m is either n or p, N is the doping concentration in (cm™2), T is the absolute temperature in
degrees Kelvin (K). N, the n or p subscripted p;, u, and § which are summarized in Table 1,
are the model parameters which depend on the indium composition. The n or p subscripted o,

and y have been estimated to 1 [14,15].
Table 1. /nN, GaN material mobility parameters used in simulations [15, 16].

2.2.2 Recombination models

The Shockley-Read-Hall (SRH) model expressed by Eq. (2) [17,18] is used to model the indirect
recombination of charge carriers that occurs in the presence of traps (or defects) within the

semiconductors bandgap.

Renn = np-nf o
SRH p (n+nie(ETRAP/kT))+Tn (p+nie(—ETRAP/kT))




where ETRAP is the difference between the trap energy level and the intrinsic Fermi level
ETRAP = E; — E;, 17, and 7, are the electron and hole lifetimes. This model only presumes one
trap level which is ETRAP=0 and it corresponds to the most efficient recombination centre.

The second indirect recombination model we took into consideration is the Auger recombination,
described by the expression (3) [19]. It occurs through a three particle transition whereby a mobile

carrier is either captured or emitted.

RAuger = CAugn(pnz - nnlz) + CAugp (npz - pnlz) (3)

The radiative (optical) recombination model due to the direct bandgap transition is also taken

into account and it is modeled as follows (4) [13]:
Ryga = Copt (np - nlz) 4)

The minority carrier lifetime 7,, and 7, , the Auger and the radiative coefficients (Caygn, Caugp
and C,p,) are taken equal to 1ms, 1.4 x 1073% ¢m®/s and 2.4 x 107'* cm®/s respectively

[15,16,20].
2.2.3 Optical model

In Atlas, the complex index of refraction with its real (refractive index n) and imaginary
(extinction coefficient k) parts of the various material regions in the structure must be specified. For
many of the more common semiconductors, there are built-in tables of index versus wavelength that
do not include the /n.Ga;.N ternary alloys. To overcome this problem we used the absorption

coefficient model proposed previously [15].

a (em™1) = 10° x \/C(Eph —E,) + D(E,p, — E,)" (5)



To express the In.Ga;.xN real part of the complex refractive index, we used the Adachi's refractive

index model [11] given by Eq. (6).

— A _|p_ Eph |4 _ Epn
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where E,, is the incoming photon energy, E; is material bandgap at a given indium composition x.
The compositional dependence of the C and D parameters are given in Egs. (7) and (8), their
empirical values are listed in Table 2. Parameters A and B are linearly interpolated (Egs. (9) and

(10)) from those of the binary material which were experimentally measured (A™" = 13.55 and

BN = 2.05) for InN and (A" = 9.31 and BS% = 3.03) for GaN [16,21].

C =3.525 —18.29x + 40.22x2% — 37.52x3 + 12.77x* (7)
D = —0.6651 + 3.616x — 2.460x> (8)
A =13.55x +9.31(1 — x) 9)
B = 2.05x + 3.03(1 — x) (10)

Table 2. C and D empirical parameters values used to calculate the In.Ga;..N absorption

coefficient [8,22].

A Matlab code has been developed in order to implement optical properties in Atlas. It calculates
the refractive index, converts the absorption coefficient into extinction coefficient using the above
equations and creates a text file that contains ordered triplets of wavelength, refractive index, and

extinction coefficient.



2.2.4 Material parameters

The bandgap (E,), relative permittivity (€), electron affinity (), effective density of states in the
conduction and the valence band (N, and Ny), electron and hole effective mass (m, and m)) of the

GaN, InN and In.Ga;N materials are summarized in Table 3.

Table 3. GaN, InN, In:Ga,.xN material parameters used in simulations.

3. Simulations results and discussion

Numerical simulations have been carried out for choosing the best structure parameters, such as
indium composition, layers thicknesses and doping concentrations, which lead to an optimal
performance of the In,Ga;.xN single solar cell. BSJ photovoltaic parameters were determined first,
thereafter, the BSJ performance was enhanced by inserting a BSF and window layers, their
photovoltaic parameters have been calculated too. The solar cell current density-voltage (J-V)
characteristics (including J,. and V,.), the efficiency n , the external quantum efficiency EQE,
electric field and the power density-voltage (P-V) characteristics are extracted and also plotted

using TonyPlot Software, the interactive graphics and analysis package.

3.1 BSJ solar cell performance

The effect of the indium composition on the performance of the /n.Ga;..N p-n BSJ solar cell is
shown in Fig. 2. It is clearly seen that the efficiency increases first with the increase of indium
composition (due to the decrease in the bandgap), reaches a maximum value (at x = 56%) in the
range of 50% to 60% that coincides with the bandgap of 1.45 eV to 1.70 eV, corresponding to the
visible wavelengths which cover the most part of the AM1.5G spectrum and then decreases with the

increase of indium composition.



Fig. 2. Conversion efficiency of the /n:Ga;..N PN solar cell as a function of indium

composition.

Fig. 3 displays the short-circuit current density (Js.), the open-circuit voltage (V,.), and the
conversion efficiency (1) as a function of the acceptor doping concentration N, with various

thickness dj of the emitter.

On the one hand, the short-circuit current density (Js.) (Fig. 3) increases with the decrease of
the emitter thickness dg and reaches a maximum for dy = 10 nm. The effect of the thinner emitter
is to mask the effect of surface recombination by reducing distance between the surface and the
space charge region and enhance the photogeneration resulting from the increase in external
quantum efficiency EQE with the decreasing emitter thickness dp as shown in Fig. 4, this means
that as the emitter becomes thinner and thinner, a larger amount of photons throughout the
spectrum (from the near bandgap wavelength ~ 0.8 um to the shorter wavelengths) are able to

reach the base.

On the other hand, with 10 nm emitter thickness ;. increases first, reaches a maximum and then
decreases as the acceptor doping concentration N, increases. From Eq. (1), we could see that the
charge carrier mobility u decreases for high acceptor doping concentration (N, > 1 X 1018 cm™3),
this implies a decrease in both minority carrier diffusivity D and minority carrier diffusion length L

known by the equations (11) and (12), and so on a decrease in J..

D=(*)p (11)

q

L=+Dr (12)

Where 7 is the minority carrier life time, K is the Boltzmann’s constant, ¢ is the absolute

electric charge of electron.



Fig. 3. Short-circuit current density Js., open-circuit voltage V,. and conversion efficiency 7 as

function of the acceptor concentraion N, with various emitter thickness d.

Fig. 4. Ino56Gap.44N BSJ solar cell external quantum efficiency (EQE) with various emitter

thickness dE.

It can be seen also from Fig. 3 and proved by the Egs. (13) and (14), that the open-circuit

voltage V. increases with the acceptor doping concentration N,,.

_ KeT| (Jse

Voe = £ n(jo + 1) (13)
— 2 Dn Dp

Jo=qniln (anva * L;:Na) (14

Where N, is the donor doping concentration, J, is the saturation current density.

According to the previous study (]SC =f (dE)) and taking into account the Eq. (14), we
conclude that the decrease in dy causes an increase in both the photocurrent Jy. and the saturation
current J, , which leads to an insignificant variation of the open circuit voltage V,. as a function of
dg (Eq. (13)).

The conversion efficiency 1 represents the combined effects of J;. and V,.. On the one hand 7
increases as the acceptor doping concentration N, increases due to the increase in both J;. and V.,
reaches a peak value at N, =5 X 1018 cm™3 then decreases for further increase of N, this
decrease is mainly results from the decrease in J;.. On the other hand 7 increases with the decrease
of the emitter thickness dg, a maximum conversion efficiency of about 18,53 % is achieved for a
10 nm emitter thickness.

In order to study the influence of the base parameters on the efficiency, the thickness and the

3

doping concentration of the emitter were set to 10 nm and 5 X 108 ¢m™3 respectively. In this

context, thickness dgy and doping concentration N; of the base were varied in intervals [0.1 —



2] um and [1 x 10*5 — 1 X 1017 ] cm™3 respectively, the results obtained are reported in Fig. 5.
We note that the conversion efficiency 7 attains a maximum for N; =5 X 10'° cm™3, then
decreases with the increased base doping concentration. It increases also with the increased base
thickness and saturates for dg = 1 um, which represent a sufficient thickness that can exploit a

wide range of the solar spectrum.

Fig. 5. The efficiency # as a function of base thickness dz with various doping concentration Na.
3.2 BSF layer effect

To improve the performance of the device structure, additional layers such as back surface field
BSF, window (also known as front surface field FSF) are added to the BSJ solar cell by increasing
the doping in the semiconductor near the surfaces, creating two other junctions p*-p and n-n" at the
top and the bottom of the cell. Figure 6 illustrates the device efficiency 7 as a function of the BSF
thickness dggr with various doping concentration Nggr and different indium content xggr. From
Fig. 6, a maximum efficiency value of 19.30 % was found for dggr = 50 nm, Nggr =5 X

10 cm™3 and xzgr = 56 %.

Fig. 6. The efficiency # as a function of BSF thickness dsr and doping concentration Nasr.

The BSF layer generates an electric field across the n-n" junction that repel minority carriers
from the surface towards the junction and prevent them from recombining at the surface. This
electric field gets a maximum for 56 % of indium content and decreases with the increase of xpgf
as it is shown in the cutline view of Fig. 7.

Fig. 7. Cutline view of electric field developed across n-n" junction.
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The short-circuit current density /g, and the open circuit voltage V. as a function of the BSF
thickness dggr and the doping concentration Nggp are plotted in Fig. 8. Their values corresponding

to the best efficiency mentioned in Fig. 6, are 25.784 (mA/cm?) and 0.900 V respectively.

Fig. 8. Short-circuit current density Js and open-circuit voltage V,. as a function of dpsr with

various doping concentration Npsr for xgsr= 0.56.

3.3 Window layer effect

The effect of the /n.Ga;..N window layer was studied by varying its thickness d,,;;, and doping
concentration N,,;,, for adjusted value of indium content x,,;,,. Figure 9 shows the variations of the
solar cell conversion efficiency as a function of the window thickness and the doping concentration
for various indium content, while Fig. 10 shows the variations of Jsc and Vo. with d,,;,, and N,,,;;, for

Xwin = 30 %.

Fig. 9. The efficiency # as a function of window thickness dwi» and doping concentration Nwix

with various indium content xi.

Fig. 10. Short-circuit current density Ji and open-circuit voltage V. as a function of window

thickness dwi» and doping concentration Nwi, for xwin = 30 %.

From these figures it is clear that, our device shows a maximum efficiency (n = 19.62 %) along
with highest short-circuit current (J;, = 26.15 mA/cm?) and open-circuit voltage V,. = 0.904 V
for an indium content, a window thickness and doping concentration of 30 %, 10 nm and 1 X
108 cm™3 respectively.

This can be explained by the fact that low indium content x,,;;, = 30 % (high bandgap) first,

exhibits a higher EQE leading to high photogeneration, second creates a highest electric field across

11



the p"-p junction that reflect and accelerate minority carriers towards the p-n junction thus reducing
surface recombination effects and increasing efficiency, compared to the other ratio of indium

40,50,56 %, as it can be seen in Fig.11 and Fig.12.

Fig. 11. External quantum efficiency (EQE) with various indium content xwi, of window layer.
Fig. 12. Cutline view of the electric field developed across p'-p junction.
Fig. 13. The J-V characteristic of the optimized cell.

Fig. 14. The power density curve of the optimized cell.
4. Conclusion

In this work, an /n.Ga;.xN p-n BSJ homojunction solar cell was, initially, performed by changing /n
content, thickness and doping concentration of the emitter and the base, using the Silvaco-Atlas

simulation software. For the optimized cell with a 0.01 um emitter thickness, 1um base thickness,

3 3

an acceptor concentration of 5 X 108¢m™3, a donor concentration of 5 X 10'°¢cm ™3 and an indium
content of 56%, an optimal conversion efficiency, a short-circuit current, an open-circuit voltage
and a fill factor of 18.53% (corresponding to a maximum power density of 17.79 mW /cm?),
25.26 mA/cm?, 0.895 V and 78.68 % were respectively obtained, as shown in the J-V (Fig. 13)
and P-V (Fig. 14) characteristics. These results are comparable favorably with those of the single
junction in [10]. An improvement of the conversion efficiency has been observed by adding an
InyGa;xN BSF and a wide bandgap window layers to the above optimized cell, it was removed up
to 19.62 % (corresponding to a maximum power density of 18.84 mW /cm?), with an In content
3

of 56 % and 30 %, a thickness of 0.05 um and 0.01 um, a doping concentration of 5 X 10%cm™~

and 1 X 1028¢m™3 for the BSF and window respectively.
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