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ARTICLE INFO ABSTRACT

Keywords: The paper deals with the conception and feasibility of the device structure based on the optimized PIN-(In, Ga)N
Photovoltaic homojunction solar cells. A new and efficient model combining the most realistic ones considering the impacts of
(In, Ga)N band gap narrowing, collection efficiency, Shockley-Read-Hall recombination, and interface polarization is
:(Tar cell proposed to examine the solar cells’ performance numerically. The functioning processes of n-Ing 42Gag sgN/i-(In,
Performance Ga)N/p-Ing 42Gag sgN solar cells at room temperature were investigated by calculating their characteristics for

the AM1.5D, AM1.5G, and AMO American Society for Testing and Materials experimental data. Our results show
that the indium content, thickness, and defect density of the intrinsic layer strongly influence the characteristics
of the InGaN solar cells. As the In-mole fraction increases, V,., FF and efficiency diminish to reach an inde-
pendent regime for high In-content. A higher-quality 2um — Ing 43Gag 57N for 10'*cm 3 defect concentration can

Intrinsic layer

exhibit as high an efficiency as = 11.3%, dropping to = 4.12% for 10'%cm

~3 one.

1. Introduction

Renewable energy is a critical topic that must be addressed to solve
many issues, such as environmental and energy use. This type of energy
has the potential to work out numerous matters related to the current
production scheme, which is primarily based on fossil fuels. Solar energy
is regarded as the best alternative for dealing with the problems caused
by fossil fuels owing to its availability and ease of implementation [1-3].
Today, the leading and most rapidly expanding manufacturing industry
is extracting limited energy resources. Abundant solar energy can meet
the world’s vast energy demands. According to the European Photo-
voltaic Industry Association (EPIA), solar energy production will reach
1845 GW by 2030, powering 4.5 billion people, mainly in industrialized

* Corresponding author.
** Corresponding author.

nations [1]. By the end of 2021, overall global set-up photovoltaic (PV)
installations had surpassed 940 GW, up from 772 at its beginning. It
increased from 230 GW in 2015 to only 40 GW in 2010 to reach such a
level. During the last decades, the increasing rate is about 2250% [2]. In
a short period, worldwide energy consumption would grow to 10 TW
(TW) per year, and it is expected to reach 30 TW in just over twenty-five
years [2]. To lower the CO5 levels in the earth’s atmosphere by 2050, the
world would require approximately 20TW (Tera Watt) of non-
—COy-related energy [3]. Because of the numerous materials and
structures available, reducing the fabrication cost, time, and complexity
of solar cells has become required. These manufacturing challenges can
be overcome by acquiring insight into the devices’ functioning and
behavior through appropriate simulation software applications and
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modeling. The II-nitride semiconductor materials, involving their al-
loys, are direct bandgap materials encompassing the whole visible range
of the solar spectrum. Mainly, InGaN ternary is a good traveler on the
road to forthcoming high-efficiency solar cells because it permits
coverage of the entire solar spectrum via adjustments in its Indium
composition [4,5]. Moreover, InGaN has a high absorption coefficient of
10°cm™! [6-8], a substantial radiation resistance [9], allowing it to
operate in harsh environments, increased carrier mobility, excellent
thermal conductivity, as well as low effective mass, which renders it a
promising material for solar photovoltaic [7-19]. For instance, Wahab
et al. [20] reported an Ing 59Gag 41 N-related PIN optimum cell efficiency
of 19% corresponding to SC characteristics equal to Vo, = 0.875V, J;. =
27.36mA.cm~2 and FF = 79.39%. Also, Feng et al. [21] have conducted
a numerical investigation of PIN SC performance, reporting that the
high-quality Ing 75Gag 25N SC with a 4um i-layer thickness can achieve a
high conversion efficiency of 23%. Experimentally, Fellip et al. [22]
reported the effects of In-content on the SC electrical characteristics of
PIN InGaN homojunctions synthesized by plasma-assisted molecular
beam epitaxy. They demonstrate a peak of external quantum efficiency
(EQE) of 14 4+ 2% in the blue-to-orange spectral region and extended
cut-off up to 600 nm. Moreover, (In, Ga) N-based homojunctions ob-
tained by metalorganic vapor phase epitaxy (MOVPE) achieve prom-
ising performance (peak external quantum efficiency EQE = 33%) but
with a spectral cut-off limited around 420 nm [23,24]. Despite signifi-
cant efforts to research nitride-based photovoltaics [25,26], InGaN solar
cells are showing conversion effectiveness of less than 4% for both
InGaN/GaN DHJ [26] and p-i-n homojunction devices [27] owing to
critical material concerns such as p-type doping, crystal quality, and
polarization effects.

The main objective of this paper is to investigate the impacts of
different external and internal parameters of the intrinsic layer on the p-
i-n SC photovoltaic performance. For this purpose, other SC character-
istics such as absorption, collection efficiency, short current density,
open circuit voltage, fill factor, and conversion efficiency are reported
concerning Content, defect concentration, and thickness of the unin-
tentionally doped layer. The remainder of this paper is organized as
follows: Section 2 outlines the physical modeling methodology for the
PIN-based InGaN solar cell buildings and addresses their main model
elements and required material parameters. The numerical results are
presented and discussed in section 3, and some essential conclusions
complete the paper.

2. Theoretical background

Compared to a PN diode, the PIN solar cells present some benefits.
Given that reverse current breakdown restricts PN diode achievement, a
thin intrinsic layer (i-layer) or absorption layer can boost the built-in
electric field and entirely deplete the charge carriers, resulting in a
substantial prompt current and high quantum efficiency [21]. Excess
electrons are donated from the n-type layer to the p-type layer in this
structure, leaving the layers positively and negatively charged (respec-
tively) and generating a significant "built-in" electric field (typically an
order of magnitude of 10°V.cm™1!). As an intrinsic layer is inserted be-
tween the (skinny) n and p regions, the depletion region size is the most
significant fraction of the total solar cell thickness. Carrier collection in
the depletion region is now aided by the electric field, which contributes
to making up for the low lifetimes of some materials, such as amorphous
silicon. Consequently, the i-layer thickness, defect, and chemical
composition are the critical parameters that influence extensively the
efficiency of PIN-related solar cells. The solar cell characteristics were
derived from the In-mole fraction, size, and defect density using Python
code for the incident light intensity of solar radiation related to AM1.5G,
AM1.5D, and AMO. The mathematical modeling employed during this
paper to execute the device models and improvements presented in the
following sections was designed with as few approximations as possible
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and was based on real-world measurements as often as feasible using
in-house written Python code. The following section summarizes it.

The generation of electron-hole pairs via absorbing sunlight is crit-
ical to the proper functioning of solar cells. Fundamental absorption is
the direct excitement of an electron from the valence band to the con-
duction band (leaving a hole behind) [28]. Modeling InGaN-based SC
necessitates the development of a highly accurate model of light ab-
sorption across the entire solar spectrum and for all x-Indium contents.
For that reason, we used the following phenomenological model for
InGaN that had been suggested previously [28]:

a(E,x) =2.2 10°/a(x) [E — Ey(x)] +b(x)[E— E,(x)]*  (em™) &)

Where: E is the photon energy, a(x) and b(x) are the Indium-mole
fraction-related coefficients. For this absorption modeling, a(x) and
b(x) are taken from the experimental reported results in Ref. [29]. We
have approximated their In-mole dependency by a polynomial adjust-
ment of the fourth degree for the first and quadratic for the second,
respectively. They are given as follows:

{a(x) =

The indium dependence of the In,Ga; ,N ternary band gap energy,
E,(x), is given in the literature using the nonlinear quadratic function
expressed as follows [30]:

12.87 x* —37.79 x* + 40.43 x> — 18.35 x + 3.52

b(x) = —2.92 " 4+ 4.05 x — 0.66 @

EPSN(x)=E(x) = x E)Y + (1 —x) E;V — 3.8 x(1 —x) 3)

Where, E;™N and E{®V are the band gap energies of InN and GaN at room

temperature, respectively. The band gap narrowing (BGN) due to high
doping level is considered through Klaassen model [31] as follows:

AE,—a [m@’) + (Ln <%’>>2 + y} @

Where @, 8, and y are the constants in Ref. [31].

When a solar cell gets sunlight, only photons with energies more
significant than the semiconductor band gap energy are absorbed,
creating electron-hole pairs [32]. This parameter determines the cut-off
(limit) wavelength of photons useful for carrier formation.

Assuming that the absorbed photon creates a pair electron-hole in
the i-layer (Internal Quantum efficiency equals unity), the short circuit
current density, J, directly proportional to the solar emission spectrum,
is defined for the i-layer by the following expression [28]:

i (x)

g =909 o

- [1 = r(A, )] (A, x,d). A . 2.d2 )
Ap

Where:

N
Axd:Z

k=1

—ax(Ax) ) d,
—a (A,%).di] } ; " (6)

& is the collection efficiency coefficient, dy and oy are the k-layer
thickness and corresponding absorption coefficient, .#? is the spectral
intensity (W.m~2.nm™1), s is the grid-shadowing factor, h is the Planck’s
constant, c is the light speed in the vacuum, q is the elementary charge, 1

is the photon wavelength, 4, (— IE%“) is the p-(top) layerwavelength and

Ai(x) is the Indium-mole related i-layer wavelength cut-off given as:

(um) %)

The Indium and wavelength-related reflectance coefficient under
normal light incidence is given as follows:
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, )] ®

r(2,x) = [m

The photon energy and In-dependent material refractive index, n(E,
X), is given as [28]:

2— 14— J1-E
n(E,x) = |AW) 50 NV EY L B ©)
E
(Ey(x)>

Where: E(=1) is the photon energy while A(x) and B(x) are the
In,Ga; _xN-related coefficient linearly interpolated from those experi-
mentally measured for GaN and InN (Agey = 9.31,Ajny = 13.55,Bgay =
3.03,Bpy = 2.05) [29,33].

The critical figure of merit determining the SC performance is the
collection efficiency relative to optical and recombination losses,
defined as the ratio of the number of charge carriers contributing to the
photovoltaic current to the total number of photogenerated charge
carriers. It is given by the following formula [34,35]:

_B6@ ~R@Wz | [y R@dz
Jy Glz)dz JEG()dz

P (10)

Where R(z) and G(z) are, respectively, the recombination and genera-
tion rates of charge carriers and L is the thickness of the solar cell device.
Generally, the generation rate is firmly absorption profile-dependent. In
this work, we restrict ourselves to a high level of illumination, which
enables us to assume that the generation rate is constant. (G(z) = Go).
The following expression can obtain the recombination rate:

(1)

7, and 7, are the electron and hole capture times by defects, n(z) and p(z)
are, respectively, the electron and hole concentrations obtained via the
solution of the steady-state continuity and transport equations as re-
ported in Refs. [34,35]. Because the electric field through the i-layer,
due to the ionized doping atoms in n- and p-type regions, is constant, the
electron and hole concentrations are given by:

n( ) M(l ,e”Z)

Tl — Lt
Gol, 12)
— 06nT bz bL
plo) = e (¢ &1
Where: b = l“l;,j" = %, In = pprnEo and I, = HpTpEo are drift lengths of free

electrons and holes. y,, , is the charge carrier mobility and Ej is the built-
in electric field, due a p(n)-doping layers, given as following:

EO:E:/(”_TL,(N“N") 13)

d; qL n?

i

Where: N, Ny, d; and n; are donor and acceptor doping levels in n- and p-
type regions and the i-layer thickness and carrier density, respectively.
This latter is given as follows [36]:

v E
w2 =231 10" (mim) T exp | — B a4
ks T

Where, m; and m;, are respectively the InGaNelectron and hole effective
masses given as the linear combination of those of InN and GaN, kg is the
Boltzmann constant and T is the absolute temperature. The carrier
mobility depends on the impurity concentrations, y;, can be obtained
based on the Caughey-Thomas’s equation [37]:
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Hinaxi + Hoini

Wi = Hoini v —— 7~ 7
1+ (%)

In the latter equation, i denotes electron or hole, and pt,, ;5 My i» Ngi and
y; Are the material parameters dependent on the specific material alloy
while N is the defect density.

In semiconductors, recombination at defects is typically dominant, as
described by Shockley-Read-Hall (SRH) lifetimes. The associated life-
time expressed in diffusion length increases for high-quality materials
compared to lousy quality. On the contrary, Auger and Band-to-band
direct recombination are fundamental processes that become impor-
tant at high carrier concentrations [38]. Because of Indium aggregation
and/or separation, high Indium fractions in InGaN alloys frequently
result in low crystalline quality [39]. A high density of drilling dislo-
cations, stacking faults, and V-shaped defects in the IlI-nitride epilayers
deteriorates device performance [39]. As a result, nonradiative recom-
bination is expected to govern the carrier lifetime at room temperature.
The non-radiative lifetime through defect-assisted recombination in
deep levels, based on SRH theory, can be stated as [38]:

(15)

1
T, =
" ovaN

(16)

Where: vy (= 107cm.s1) is the thermal velocity at room temperature,
on(=2.71072cm?) and o,(= 2.7 1071*cm?) are the electron and hole
capture cross sections, respectively, and N is the defect density (cm3)
[401.

Additionally, the AM1.5D, AM1.5G and AMO-related open circuit,
Vo, can be defined as follows:

kgT
Voc:n1 8

Ln {1 +ﬁ} a”
‘,S

Where, n; is the ideality factor. This latter is typically in the 1.1-1.5

range for real diodes based on III-V materials. In our modeling, we as-

sume n; to be equal to 1.2 [41].

The reverse bias saturation current density, J;, measures the leakage
of the minority carriers through the p-n junction [41]. This type of
leakage is caused by carrier recombination in the neutral regions on
either side of the intersection. III-nitride epilayers are significantly more
straightforward to grow with their hexagonal c-axis perpendicular to the
substrate surface. Still, the buildup of spontaneous and piezoelectric
polarization fields along this axis subjects the structure used in opto-
electronic devices to built-in solid electric fields that bend their potential
profiles and shift electrons and holes in the opposite sense, significantly
sinking the device’s performance. For PIN thin layer SC with L thickness,
the Sah-Noyce-Schokley approximation is valid, and taking into account
the spontaneous and piezoelectric polarization effect at the interfaces,
the J; can be expressed as following [42]:

L L
J= 4 n,».exp[qp’ p} (18)

7,7, ekgT

The discontinuity of the polarization from either side of the
In,Ga,_«N/Iny 42GaossN gives rise to polarization charges with interfa-
cial total density depending on the Indium-mole fraction and can be
obtained based on the ab initio calculation reported by Fiorentini et al.
[43] as:

_ pr©

_ P pz _ pP
0y = |P Ga_ N T P/In\(}al,AN P In.4yGa ssN

Iny In 4 Ga sgN

19

Because the charges spread near the interfaces, the polarization
charges are distributed in a few atomic layers with a thickness of L,
around 1nm [44]. Following that, we will assume that the polarization
charges can be described by a bulk charge density given as:
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Oy
=2 20)

L,

The polarization built at the In,Ga; ,N/Ing42GagssN can be calcu-
lated using equations listed below from (21) to (24):

P Ga_ v = —0.042x — 0.034(1 — x) + 0.038x(1 —x)
PP = —1.373¢ + 7.559¢2 @n
PL .y =—0918¢ +9.541¢

Where ¢ is the strain expressed according to the lattice parameter of the
top and bottom layers and given as:

e(x) _a —ax) (22)

a(x)

Where the top lattice parameter is given as:
a,(x) =0.31986 + 0.03862x (23)

The piezoelectric polarization dependence versus the In-fraction can
be expressed via Vegard’s law as follows:

Pl Garv =XPhye(0)] + (1 — x) PGy [e(x)] 24)

The Fill Factor, defined as the ratio of the maximum power output to
the product of the open circuit voltage and short circuit density current,
is another parameter that characterizes the solar cell. According to
Green et al. [41], it is defined by the following expression:

qVoc _ qVoc
nikgT Ln (n,kb-T + 072)

4Voc
1 + nikgT

FF = (25)
The final critical factor is the solar cell’s efficiency, which is calcu-
lated as the ratio of the generated electricity to input power and is stated
as follows [37]:
V,.eJ, oFF
_VYocoJs 2
n Piu ( )
Finally, we have chosen to shine on the cell the ASTM G173-03
reference spectra (SMARTS v.2.9.2) from the American Society for
Testing and Materials (ASTM) experimental database related to
AM1.5D, AM1.5G, and AMO spectra. Through this paper, different
material-dependent parameters for performing our modeling are
required. Most of them are summarized in Table 1.

3. Results and discussion

The design n-Ing42Gag 5gN/i-IngGy xaN/n-Ing 42Gag sgNstructure
under investigation is shown in Fig. 1. The three layers constituting the
structure under study are as follows: a very thin (Typically ten nm) p-
type layer, a much thicker (typically a few micrometers) unintentionally
doped absorption layer, and a 0.5um n-type layer. The p-type
Ing 42Gay ssN top layer absorbs all photons for which the energy is more
significant than 1.42 eV while the intrinsic layer one In,Ga; N absorbs
those for which the energy is smaller than 1.42 eV and more significant
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than the adjusted intrinsic layer band gap energy (E;(x): Eq. (3)). Our
main goal is to determine the optimum circumstances for unintention-
ally doped layers, such as In-content, defect concentration, and layer
thickness for proper solar cell operation, i.e., to calculate the PV effi-
ciency according to intrinsic parameters. Interestingly, our calculations
are carried out under the presumption that the entire area surrounding
the structure is flat land with no nearby buildings (Desert). This implies
that the shadow parameter is zero (s = 0).

Initially, because the absorption coefficient is vital in calculating
different solar cell characteristics, we have shown in Fig. 2 how it varies
with wavelength for various In-content values. By increasing the In-
content, the intrinsic layer can readily absorb a broad wavelength
spectrum from 900 nm to 1900 nm. Additionally, the absorption coef-
ficient is of a magnitude of 10°%cm™! and decreases quickly below the
band edge. Furthermore, it can be seen that increasing the In-
composition causes the absorbance of low photons, which is advanta-
geous for PIN-based SC. Also, considering the BGN influence due to
unintentional and/or intentional doping leads to more broadening of the
absorption spectrum toward higher wavelengths. Interestingly, the BGN
influence is more prominent than the defect concentration and the in-
mole fraction augment.

To have enough components to investigate the behavior of the SC
electrical characteristics, particularly the photovoltaic efficiency, in
response to various input conditions on the structure, we first deal with
the collection efficiency parameter. Its changes versus the intrinsic
thickness are illustrated in Fig. 3 for multiple values of defect concen-
trations (a) and In-mole fractions (b) for n(p)-type doped layer con-
centration of 10'8(10'7cm=3). It is seen that the collection efficiency
strongly depends on the intrinsic characteristics (thickness, In-mole, and
defect concentrations). This indicates that an effective InGaN alloy must
be used for manufacturing high-efficiency sunlight-generating cells. The
collection efficiency is practically unity and independent of the intrinsic
layer’s thickness in the low-defect density range up to 10*cm~3. Good
quality InGaN alloys may exhibit high-collection effectiveness, making
them more appropriate for manufacturing powerful solar cells. Gener-
ally, a thicker i-layer-related photovoltaic cell leads to a smaller built-in
electric field (Eq. (13)) and, as a consequence, shorter drift lengths of
free carriers. Even though faster drift lengths make it more difficult for
charge carriers to get to the electrodes, good sample quality prevents
them from being captured by defects. This enhances the carrier’s
diffusion to reach the electrodes to be collected. As a result, in a good
quality InGaN solar cell, high collection efficiency and a lower defect
capture rate were expected. However, it is evident from Fig. 3 that for a
high defect density range (> 10'°cm™3), as the i-layer thickness of SC
rises, the collection efficiency declines. When the defect density reaches
10Y7cm~3, the IngsGassN related collection efficiency falls drastically.
Carriers created in the i-layer cannot successfully drift to the device’s
contacts before recombination, thus failing to contribute to the photo-
current. Consequently, the separated charge carriers were effortlessly
captivated by high-density defects, leading to low collection efficiency.
Additionally, for fixed defect density and i-layer thickness values, the
collection efficiency decreases for high indium-content cells. Generally,
high In-content (small band gap) leads to a small built-in electric field
(built-in voltage), and the carriers show shorter drift lengths. The In-

Table 1

Material parameters of InN and GaN [45-51].
Parameter InN GaN Parameter InN GaN
Eg(eV) 0.78 3.42 £ (e /e0) 10.5 8.9
m;(m, /mo) 0.07 0.2 m;, (my, /mo) 06 1.25
Vnine (em?/(V.S)) 30 55
Hmingn(cm?.Vs™h) 3 3 Himax.e (cm2/(V.S)) 1100 1000
Hmaen(cm?.Vs™1) 340 170 Ye(h) 1(2) 1(2)
Nge(em™3) 8.107 2.10"7 Ngp(cm™2) 8.10V7 3.10V7
Nc(cm’s) 9.15.10%7 1.22.10'8 N, (cm™3) 5.21.10° 4.21 10"
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Fig. 1. The solar cell structure under study.
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Fig. 2. Semilog plot of the absorption coefficient of the unintentionally doped
layer (InGa;_xN) Versus wavelength for different values of Indium-mole
composition (x > 0.43). The BGN impact is included (0 = Without, 1 = With).

content impact is more marked for thick i-layers than for thin ones.

The variations of the collection efficiency according to i-layer
thickness under the effects of n(p)-type doping concentration are illus-
trated in Fig. 4. Similar behavior is displayed as n(p)-type doped con-
centration increases. Our modeling results show that increasing the
doping concentration increases the collection efficiency, particularly for
thick i-layers.

The short circuit current density variations of single homojunction
SC are depicted on panels (a) and (b) of Fig. 5 versus the In-composition
for three different values of i-layer thickness. As illustrated, J. shows a
strong dependence on the intrinsic characteristics. Our results reveal an
integrated maximum short circuit current density for InggsGagpisN
intrinsic layer. Also, it can be seen that by increasing the i-layer thick-
ness, Jy. Illustrates a nonlinear enhancement. To get a good picture of
this behavior, we have reported in Panel (b) the changes of J,. optimum
value versus the i-layer thickness for two different values of its defect
concentrations. It is clear that whatever the defect concentration, The
optimum value of J; Increases significantly to converge to the saturation
regime. Such a behavior can be assigned to the collection efficiency and
generation charge carrier’s rate for which the product defines J,. as
stated in Eq. (5). Additionally, for a fixed i-layer thickness, J;. optimum
value increases as the quality of the structure augments (defect density

decreases). For instance, it is equal to 17.8 mA.cm™2 and 42.1 mA.cm™2
for defect concentration of about 10'®cm 3 and 10'%cm 2 respectively,
showing an enhancement of about 136.5%. This can be attributed to the
inefficient collection, leading to Js falling when the quality of the
structure is degraded. Moreover, it is interesting to mention that as the
defect concentration increases, the required thickness decreases to reach
the optimum value. For instance, it is equal to 1um for defect concen-
tration similar to 10'2cm~3 while it is equal to 0.6um for defect con-
centration equal to 10'°cm~3.

Generally, owing to the logarithmic relationship between V,. and J,
Vo should exhibit an analogous pattern but with less variation than Jy.
For cells with identical input conditions. Panel (a) of Fig. 6 illustrates the
variations of V,, according to the In-mole fraction of the unintentionally
doped layer for three different values of defect concentrations. It is
observed that V,, is not monotonic but decreases for vanishing at high
in-mole fraction. Our findings show that this critical in-content increases
with the enhancement of the structure’s quality. For instance, it is equal
respectively to 78% and 64% for defect concentration equal to 10'2 and
10cm~3. Compared to J. results, V,. ones should only be explained by
the fact that in PIN SC, the reverse saturation current density enhance-

ment masks that of Jy (JSCNJS) Which leads to a V,, It is declining, espe-
cially for high In-content. This finding correlates with the reality that
InGaN PIN homojunction solar cells with higher defect and dislocation
densities have a more prominent dark current, leading to lower. V.
Moreover, the variations of V,, maximum versus the i-layer thickness is
illustrated on Panel (b). It is revealed that V,, behavior versus i-layer
thickness is strongly governed by that of J.. Our results don’t show
significant variations for thicker structures when increasing the i-layer
thickness compared to thinner ones. The saturation regime, illustrated in
Panel (b), may also be understood as a result of equilibrium between
solar light absorption, which rises with thickness, and the carrier’s
mobility, diffusion length, and collection efficiency, which decline with
increasing i-layer thickness. In addition, it is observed that similar
behavior is displayed with varying defect concentrations for fixed i-layer
thickness. As mentioned earlier, this result can be ascribed to collection
efficiency behavior. Our results are more consistent with the J;. trends
versus the i-layer thickness and defect concentration.

The obtained results regarding the changes of the fill factor (FF)
according to In-mole fraction, thickness, and defect concentration are
displayed in Fig. 7. For solar cells with identical input conditions and
compared to earlier results of V,., FF should exhibit similar trends but
with fewer changes when adjusting i-layer input parameters. The main
feature of Panel (a) is that our modeling results display two different
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Fig. 4. (Online color) The collection efficiency versus the unintentionally doped layer thickness at room temperature. The impacts of n(p)-type concentration are
included. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

behaviors. For low In-content, it appears that with increasing In-
fraction, FF decreases to reach a minimum value while remaining
intact for high one. It should be noted that the In-critical value depends
strongly on defect concentration. For instance, with increasing defect
concentration from 10'2 to 10“cm~3, the critical minimum value is
displaced to lower In-contents from 0.69 to 0.63. It is evident that for
high In-content, FF is In-independent and equals 32.8%. Also, Panel (b)
revealed that FF is enhanced with increasing the i-layer thickness,
particularly for the thinner layer, regardless of the defect concentration.
However, it drops as the i-layer quality is degraded apart from its

thickness. These results can be understood and interpreted quickly based
on those of V. Our findings revealed that FF can reach 89% for high-
quality structures. (108cm~3) and drops significantly to be equal to
40% for 10'8cm~2 defect concentration (Not shown here). Generally, the
FF-related thin films based III-V SC is very high, ranging from 80 — 86%
[52]. Moreover, the reported FF of low-indium InGaN/GaN multiple
quantum well (MQWs) solar cells is currently around 72% [53], whereas
that of low-indium InGaN PIN homojunction solar cells falls between
64% and 69% [54]. Also, it is reported by Feng et al. [21] that FF can be
adjusted within the range of 40 — 80% as the 2ume-intrinsic layer
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(Ing 75Gag 25N) defect concentration varies from 10'® to 10 cm~3.

Fig. 8(a) shows the variations of the PV efficiency versus in-content,
whereas Panel (b)shows its changes according to the thickness for
different defect concentrations. Compared to V. and FF results, similar
trends are illustrated, demonstrating that these latter are overriding
factors when evaluating the effectiveness of PIN InGaN solar cells. Panel
(a) shows that whatever the defect density of the i-layer is, the efficiency
drops versus the in-content. On the one hand, as In-content increases,
the degree of lattice mismatches of the absorber with the p(n)-
InGaNtemplates increases, stimulating the possibility of nonradiative
recombination due to high defect density formation. This can also be
observed via the collection efficiency drop versus In-content. On the
other hand, the formation of a heterojunction at the interface of n(p)-

InGaN and i-InGaN due to the significant difference in band gap en-
ergy, particularly as In-content augments, also disrupts the flow of
charge carriers. These enable us to overcome the potential barrier built
at the interfaces. These two parameters act in the same sense to reduce
efficiency by increasing the intrinsic layer’s In-content. Also, it is illus-
trated that the conversion efficiency vanishes for high In-content
regardless of the defect concentration and thickness. This can be only
attributed to a considerable value of the reverse saturation current
density enhanced by the built-in electric field due to spontaneous and
piezoelectric polarizations (Eq. (18)). Moreover, it is interesting to state
that the optimal i-layer thickness, as shown in Panel (b), is about of 1ym.
This is a result of the trade-off between two effects acting in the opposite
sense,i.e., the solar light absorption, rising with the thickness on the one
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hand, and the carrier’s mobility, diffusion length, and collection effi-
ciency that have to remain relatively higher with the increasing-layer
thickness on the other hand.

Finally, we present in Fig. 9 the optimum photovoltaic conversion
efficiency versus the i-layer thickness of different sun spectra under
defect concentration impacts. Notice that the best PV efficiency is ob-
tained for large i-layers regardless of the sun spectrum. Our data show
that excellent PV performance is accepted for the AM1.5D spectrum,
especially for low defect concentration, while the AM1.5G one is the best
as the i-layer quality is degraded. Comparing panels (a) and (b), it is
noticeable that the SC performances drastically degrade as the defect

concentration increases. For instance, as the defect concentration in-
creases from 10'2 to 10'%cm~3. The AM1.5G-related optimum SC effi-
ciency decreases from 16.5% to 4.12%, showing a declining rate of 75%.

In contrast to some works reported in the literature, our obtained
data broadly agrees with the major trends, even if some discrepancies
remain due to different material parameters, software-based simula-
tions, and mathematical modeling [12,13,20,21,55,59,60]. For
instance, numerical simulation has been performed by Pal et al. [55] to
investigate the PIN GaN/InyGa;.xN heterojunction solar cell. The im-
pacts of In-content in the absorber layer have been studied thoroughly
considering polarization charges. The authors reported that the PV



H. El Ghazi et al.

N=102cm—3

Results in Engineering 21 (2024) 101909

N=10¥cm—3

17 4.2 4
- 4.0
3.8 -
15
8 3.6 -
S 14
£ 141 3.4 -
ke
&=
woq3 3.2 1
3.0 -
25 —+— AM1.5G —— AM1.5G
—— AML5D || 5 o —o— AM1.5D
—¥— AMO ' —¥— AMO
11 A

0.5 1.0 1.5
i-laver thickness (um)

2.0

]

0.5 1.0 1.5 2.0

i-laver thickness (um)

Fig. 9. (Online color) The AM1.5G, AM1.5D, and AMO related photovoltaic conversion efficiency, 7, according to i-layer thickness for two defect concentrations
10'2cm=3 (Panel (a)) and 10'°cm=3 (Panel (b)) at room temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

efficiency increases versus the In-content to reach 4.97% for
0.2um-Ing 35Gag7sN intrinsic absorber. Also, Anirudha et al. [56]
calculated p—GaN(5.1017)/ InGaN/1 n—GaN(6.1018cm’3) SC characteristics
under the impacts of intrinsic parameters. The authors reported that the
efficiency increases nonlinearly to reach a value of 4.16% by adjusting
the intrinsic layer thickness from 50 up to 550nm. Experimentally,
Kywahara et al. reported an optimum efficiency of n = 2.5% by growing
In0_17Gao,83N (3 IlIIl)/ Il’lo_()7Ga()_93N (06 nm) on GaN-substrate with
incorporation of 10 x Ing;GagoN (3 nm)/n-GaN (3 nm) to adjust the
strains [57]. Similarly, Dahal et al. [58] reported the growth, fabrica-
tion, and characterization of SC-based Ing 35Gag 6sN/GaN MQWs leading
to a PV efficiency of about 2.95%. Based on our modeling (Fig. 9), such
experimental results, which don’t exceed 5%, generally show that
defect density (Quality) is the significant disability to obtaining
high-efficiency SC. Lastly, when viewed alongside earlier simulation
results that did not consider defect density, polarization influences, and
collection efficiency, the lower established conversion efficiency con-
firms that sample quality considerably impacts SC performance and that
a high-quality InGaN alloy is necessary for device manufacturing.

4. Conclusion

Numerical modeling was performed to optimize the design and
practicability of InGaN p-i-n single homojunction solar cells. A new and
efficient model considering the impacts of band gap narrowing, collec-
tion efficiency, Shockley-Read-Hall recombination, and interface po-
larization, which are generally ignored in the literature, is proposed to
investigate the PIN solar cells’ performance. Summing up our findings, it
can be concluded that the defect density, thickness, and indium content
of the unintentionally doped layer have essential influences on absorp-
tion, collection efficiency, short-circuit current density, open circuit
voltage, and conversion efficiency. The combined effects of y, Voc, Jpn, FF
and absorption show that the conversion efficiency drops with
increasing the In-content up to a critical value. However, the solar cells’
efficiency vanishes for high In-content, regardless of the i-layer thick-
ness and quality. Also, our data reveal a 2um-Ing43GagsyN AM1.5G-
related solar cells optimum efficiency of about = 11.3% for 10™*cm~3

defect concentration, which is degraded to = 4.15% for 10'6cm~2 one.
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