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Abstract: In this study, we investigated the influence of structural parameters, including active re-
gion dimensions, electric field intensity, In-composition, impurity position, and potential profiles,
on the energy levels, sub-gap transitions, and photovoltaic characteristics of a p-GaN/i-(In,
Ga)N/GaN-n (p-QW-n) structure. The finite element method (FEM) has been used to solve numeri-
cally the Schrodinger equation. We found that particle and sub-gap energy levels are susceptible to
well width, electric field, and impurity position. Particle energy decreases with increasing well size
and electric field intensity, while impurity position affects energy based on proximity to the well
center. Potential profile shapes, such as rectangular (RQW) and parabolic (PQW), also play a signif-
icant role, with PQW profiles providing stronger particle confinement. IB width increases with elec-
tric field intensity and saturates at higher In-content. Voc increases with field strength but decreases
with In-content, and the parabolic profile yields higher efficiency than the rectangular one. Photo-
voltaic efficiency is improved with an appropriately oriented electric field and decreases with higher
In-content and field intensity. These findings highlight the critical role of structural parameters in
optimizing QW-IBSC performance.

Keywords: nitrides; IBSCs; efficiency; electric field; impurity; confinement

1. Introduction

One of the most existing renewable energy projects is photovoltaic because it is the
most promising technology that directly converts solar radiation into electric energy. In-
deed, solar energy is non-polluting and abundant enough that the amount of energy emit-
ted by the Sun for one hour on the Earth’s surface is enough for the world’s energy re-
quirements for one year. However, the current solar energy production does not exceed
1% of the global energy consumed. As a result, one major challenge for this technology is
improving efficiency to exceed the Shockley—Quisser limit while maintaining a low pro-
duction cost [1,2]. Third-generation solar cell technology based on different approaches,
such as hot carriers, intermediate band, and multi-junction cells, has recently targeted the
thermodynamic SC efficiency to reach or exceed the 86.6% limit. To improve the SC effi-
ciency, minimizing different mechanisms of intrinsic losses, namely the losses below the
band gap, thermalization, and emission, is necessary. From this perspective, many works
are performed and reported in the literature [3-7]. Luque and Marti proposed in 1997 the
intermediate band solar cells (IBSC) model as a fascinating way to improve the overall
efficiency with an ideal photovoltaic conversion efficiency of 63.2% [8]. This theoretical
success is attributed to using additional photons with energies below the band gap, which
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are typically considered unusable. In the last few decades, the advancements in nanotech-
nology, particularly the mastery of nanomaterial growth processes, have allowed the im-
plant of quantum wells (QWs), quantum well wires (QWWs), and quantum dots (QDs) in
the intrinsic area of p-i-n SC [7,9,10]. This enhances the photocurrent density and extends
the optical absorption range without degrading the open circuit voltage [4,11]. In addition
to quantum well wires of triangular cross-section, other promising systems for high-effi-
ciency intermediate-band photovoltaic cells include dilute nitride III-V nanowire struc-
tures. These nanowires can potentially enhance performance by addressing thermaliza-
tion losses and optimizing hot carrier transport, making them a valuable area for further
exploration in the context of intermediate-band solar cells [12,13].

In this context, the nitride materials have recently attracted the attention of many
researchers. Indeed, the (In, Ga)N material system exhibits excellent properties for small-
dimension semiconductor devices. Also, it offers substantial potential in developing very
high-efficiency solar cells for terrestrial and space applications due to its promising prop-
erties, such as adjustable bandgap, high resistance to radiation, great carriers’” mobility,
and high absorption coefficient [14]. Deng et al. theoretically studied the photovoltaic con-
version of (In,Ga)N/GaN QD SC system [15]. They showed that the optimum conversion
efficiency is obtained with an intermediate band in the middle of the potential well by
adjusting the QD size, inter-dot distance, and gallium content. Significant advancements
have been made in modeling ternary IIIA nitrides in recent years, particularly concerning
their electronic and optical properties. Notably, Filho et al. [16] explored the self-induced
formation of core—shell InAIN nanorods using a combined density functional theory
(DFT) and phase-field modeling (PFM) approach. Their work highlights the importance
of structural, bonding, and electronic features at the nanometer scale. It demonstrates how
DFT-derived parameters can effectively compute interfacial energies and diffusion coeffi-
cients essential for simulating nanostructured semiconductor systems. The insights
gained from their research regarding phase separation, core/shell interfaces, and mor-
phology provide a valuable framework for our study. While we focus on (In,Ga)N quan-
tum wells as intermediate band solar cells (IBSCs), the principles established by Filho et
al. [17] regarding composition and confinement effects reinforce the relevance of our find-
ings. Further, Chowdhury et al. have proposed an InGaN/GaN IBSC via the Kroning-
Penny model-based resolution of the Schrodinger equation to obtain high efficiency [8].
They have found that the maximum conversion efficiency reached approximately 63.14%.
Moreover, using an InAs/GaAs doping system, Imran et al. have considered the interme-
diate band’s flatness control and revealed a maximum efficiency of 44.92% [9]. In addition,
Miller et al. have investigated the electric field perpendicular and parallel to the layer de-
pendence on optical absorption in the band gap of quantum well structures [18]. More
recently, El Ghazi et al. studied the performance of GaN/InN/GaN-based IBSC in the pres-
ence of the electric field and impurity. The modeling study revealed maximum photovol-
taic conversion efficiency for a thin QW, a large barrier, and an intense field [19].

This study introduces a novel approach to optimizing the performance of
(In,Ga)N/GaN quantum well-based intermediate band solar cells (IBSC) by explicitly ex-
amining the critical influence of electric field intensity, heavy holes, and impurities —fac-
tors frequently overlooked in existing literature. Unlike previous research, our investiga-
tion delves into how these elements interact with indium concentration and structural
parameters and the type and form of confinement potential energy. By highlighting these
interactions, we aim to provide a more comprehensive understanding of their effects on
the efficiency and functionality of IBSC, thus advancing the development of next-genera-
tion solar cell technologies. This article is structured as follows: Section 2 presents the the-
oretical framework, Section 3 presents the results and discussion, and finally, Section 4
provides the concluding remarks.
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2. Theoretical Background

Our reference system is a p-GaN/(In,Ga)N/GaN-n solar cell illustrated in Figure 1.
Such a structure is characterized by a GaN type layer with a thickness L (barrier with)
and an intrinsic (In,Ga)N type layer with a thickness [ (well width). Without losing gen-
erality, the influences of n(p)-type doping via the Poisson equation are neglected in this
paper. This structure constitutes a quantum-well intermediate-band solar cell (QW-IBSC)
model, as depicted in Figure 1. It allows the absorption of three photons via two steps,
leading to much higher absorption than a conventional p-n structure. As shown in Figure
1, E¢,E,,Eg;and Ep, represent, respectively, the energies of the conduction band, va-
lence band, and their quasi-Fermi levels, while Er; represents the IB quasi-Fermi level
energy. CB and VB denote the conduction and valence bands, respectively. pg and
are chemical potentials between the CB and the IB, respectively, and py is the chemical
potential between the CB and VB. Ej3, E,3, and Ej, represent the bottom and top sub-
bandgap energy, respectively.
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Figure 1. Schematic diagram of GaN/InGaN/GaN QW one-intermediate band integrated into the
conventional solar cell under study considering the quantum well width [, barriers height V",
and built-in electric field F (6 =0°).

The energy levels and their corresponding eigenfunctions in such a system are deter-
mined by solving the time-independent Schrodinger equation:

Hy = Ey 1)
Within the parabolic band and the effective mass approximations, the Hamiltonian
of a single particle in the In,Ga;_,N/GaN QW structure under the impurity and the elec-
tric field effects concerning the indium content (x) and temperature (T) impacts is written
as follows:
hZ . 2

1 S ; e
H=—-——V|—V|+V}+————+ eFr; 0)(i=eh 2
C 2 <2m;‘(x) ) 0 el =7y = € Fricos( Yiz=eh) (2
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where F is the built-in electric field’s intensity; 6 is the angle between F and 7;; e is
the absolute electron charge; and 7, (xo, yo,2,) and 7;(x;,y;,2z;) are the impurity and par-
ticle position, respectively. m; is the effective mass; ¢, is the vacuum permittivity; &* is
the relative dielectric constant; and V¢ is the particle-related potential confinement.

We have adopted a dimensionless parameter considering the electric field effect to

. . __ea’F . « _ 4meoh? . .
simplify. (u =% ) and the Bohr radius (ab =— 2.57 nm) as the unit of size, and
. " mye . . X «
the effective Rydberg (Rb =3 (41[”8 7 ~ 29 meV) isused as unitenergy. m;(x) and &*(x)

are, respectively, the temperature- and indium-content-dependent effective masses and
main dielectric constants. The ternary (In,Ga)N is the linear combination of InN and GaN
materials.

In this study, we have also considered two different potential profiles. Parabolic
quantum well (parab. QW or PQW) and rectangular quantum well (rect. QW or RQW).
Their analytical expressions are given, respectively, as follows:

4QiﬁEg(3f) l 2
VOLP( ) 2 (Zl L 2) for L SZ S L+1

Q'AE,(x) elsewhere

®)

yi _ 0‘ for L <z<L+1 4
or(2) = {QLAEg(x) elsewhere )

where Q! = 0.7(0.3) is the conduction (valence) band offset, and AE,(x,T) is the band-
gap energy difference between GaN and In,Ga; 4N, governed by the In-fraction and
temperature given as [20]:

AE,(x) = ES™N (x) — B, 1N (x) 6)

The InyGa;_4«N band gap energy is expressed using the following quadratic function
of the In-concentration as follows [21,22]:

E;nxGal_xN(x,) =x-EM 4+ (1 —x) E§™N —Cx(1—x) (6)

where C(= 1.43 eV) is the band gap bowing parameter. E;*V and EF2" are the band gap
energies of InN and GaN, respectively. The effective masses of InGaN depend on the in-
dium concentration, with the x-fraction of indium represented as follows:

m;nGaN (x' T) =X m}an(x) + (1 - x)mZaN(x) (7)

The presence of impurity makes the Schrodinger equation unsolvable analytically.
Thus, the finite element method (FEM) is devoted to solving this problem considering a
mono-directional mesh (calculation grid) composed of 3N + 1 points with N = 200
points. It provides accurate results for the ground and low-lying excited states of simple
quantum systems such as the harmonic oscillator or the particle in a box. However, for
more complex systems or higher excited states, the accuracy of the FEM solution may
decrease due to the need for a finer mesh and higher-order basis functions. Overall, the
accuracy of this method depends on the problem’s complexity, the choice of numerical
parameters, and the computational resources available. Notice that to obtain the energy
levels and their corresponding wave functions, the z —axis 1D-Schrédinger equation is
numerically solved considering the following boundary conditions:

y | _ y
)] = ), ®

The mesh grid of 3N + 1 points is considered for the studied system. Various dis-
cretization steps discretize each layer. For the barriers, the step is h, = L/N, while for the
well’s regions, it is given as h,, = [/N. Therefore, for 0 < k < N, the mesh’s nodes of sin-
gle QW are given, respectively, as follows: the left barrier is z, = k * h,, in the well region
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is zy = L + k * hy,, and in the right barrier is given as z, = L + 1 + k * hy,. The first and
second derivative wave functions are calculated using the finite element method [23]:

02Y(2)\  Yre1 — 20 + Py
(= ) T G -2 ©)
0Y(2) _ Yir1 — P
0z  Zper — Zy (10)

A large absorption of the light spectrum is required to optimize photoelectric conver-
sion efficiency. Indeed, three distinct optical transitions appear in such a structure: VB to
IB, IB to CB, and VB to CB. For the standard SC, only photons with energy higher than the
band gap energy can generate electron-hole pairs. However, for the IBSC system, the pho-
tons with energies less than the band gap energy can be absorbed via the first and second
optical transitions [24]. In light of what has been described above and for proper operation
of IBSC. Certain assumptions must be maintained, such as the IB strip being electrically
isolated from external contacts and no current being extracted from the IB. All transitions
between VB, IB, and CB must be radiative, the quasi-Fermi levels corresponding to each
band must be constant, and the device must be thick enough to ensure total absorption.
Indeed, the photocurrent density, open circuit voltage, and efficiency are the most exciting
parameters of solar cells. Furthermore, under full-concentration sunlight, the number of
absorbed and emitted photons determines the photo-generated density by the solar cell.
Referring to the IBSC energy band diagram described in Figure 1, j;. can be expressed
as follows [25]:

5L = [N(Fus, 0,75, 0) = N(Fys, 00, To )]

+ [N(E23! Eth Ts; 0) - N(E23' E121 Tc: .u'CI)]

(11)

where T and T are, respectively, the surface temperatures of the Sun and the solar cell;
Ucy is the chemical potential between the CB and VB; and u; is the chemical potential
between the IB and CB. Notice that all transition energies (E;3, E;,, and E,3) are specified
in Figure 1. Moreover, according to the Roosbroeck-Shockley formula, the flux N of pho-
tons leaving an object at temperature T is expressed as [2]:
Ep

2m E*dE
h3c? f (E-p)
E, e kBT —1

N(Eq, Ep, T, ) = (12)

where E; and E, are, respectively, the lower and upper energy limits of the photon flux
for the corresponding transitions; T is the temperature; h is the Plank’s constant; c is the
light speed in vacuum; kp (= 1.38 x 10723 J/K) is the Boltzmann’s constant; and p is the
chemical potential of the transition.

On the other hand, the IBSC output voltage (V,.) of a p —i —n solar cell can be
written as follows [26]:

Voc = Mey = Her vy (13)
where ¢ and p;, are given as follows:

=FE,3+05Ae —E. 4+ E
{ Hcr 23 c FC (14)

MIV = E12 + 05Ae —_ EFV + EV + VOI‘L + E}%
The election IB width is noted as Ae.

The quasi-Fermi levels Ep; and Ep, of the CB and the VB, respectively, can be ex-
pressed as follows [27]:
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N
(E.—Ep =kTIn (f)

Ny
EFV - EV = kT In (?)

where N, and Ny are the effective CB and VB densities, respectively, while n and p are,
respectively, the electron and hole concentrations given as follows [28]:

(15)

_ QAE,(x)
e [ fot (16)
I IR ) A )
p = Ny exp —KBT
Also, the CB and VB effective densities are expressed as follows:
N, = N; T2
% 3/ (17)
N, = N; T/2

To be more realistic, mainly in previous studies related to the theoretical efficiency of
solar cells, the fill factor was often assumed to be 1, which means that the entire surface of
the solar cell was considered to be active and capable of converting sunlight into electric
energy. However, in reality, the fill factor is always less than 1 because there are always
inactive areas on the cell surface. However, we have used the following fill factor (FF)

expression depending on the open-circuit voltage with V,, = % [29]:
T — n ({22 + 0.72)
FF = -t t (18)
1410
Vin

Therefore, the photovoltaic conversion efficiency can be obtained using the output
voltage and photo-current density as follows [30]:

_Voc']sc'FF

D (19)

We notice that Py, is the incident of Sun power per area unit given by Stefan—Boltz-
man’s law P, = oTy, where o = 5.67 - 1078 Wm™2K~*,

3. Results and Discussion

The reference range of p-GalN/i-(In, Ga)N/GaN-n (p-QW-n) structure parameters
used to validate and investigate numerically our theoretical modeling is cited in Table 1.
Our results deal principally with the electric field, In-content, and impurity’s position de-
pendent on the particle’s (electron, hole) energy level, bottom and top sub-gap energies,
and CB longitudinal profile. Concerning the photovoltaic results, they are mainly con-
cerned with the IB width, open circuit voltage, current density, and photovoltaic conver-
sion efficiency. Based on the proposed model, it is evident that the electron (hole) energy
constitutes the important key to computing the IBSC performances. In this trend, let us
start with the results regarding the particle energy levels obtained via these parameters.
Panels of Figure 2 illustrate, respectively, the variations of the electron and hole ground
state energies for In-content (x = 0.2) and electric field (4 = 0.5) at room temperature
versus structure size. The influence of the shape is also considered via the rectangular and
parabolic profiles. Regardless of the structure size, it can be seen that the particle energy
in PQW is more significant than that in RQW, as expected. The physical reason can be due
to the strong confinement in a parabolic shape compared to a rectangular one. Further-
more, it is observed from both panels that the particle energy decreases with the increase
in structure size, regardless of shape.
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Table 1. The main physical parameters used in our calculations [31-34].

Parameters GaN InN

Eg (eV) 3.42 0.78

e 8.68 11.6

m*e/mo 0.19 0.05

m*n/mo 0.81 0.83

Ny (m3) 8 x 10 1022
N (m-?) 2.3 x 102 1.76 x 102

> "

9 >

& v

w -

3 "

£ v

o £

w

Figure 2. The ground-state energy for electron (left) and heavy hole (right) versus the well and
barrier widths for two potential profiles (PQW, RQW) with an on-center impurity and T =
300K, x =20% and u = 0.5 for 6 = 0°.

To calculate the IBSC characteristics under different perturbations, we primarily dis-
play the particle energy versus the well size for two different values of the electric field:
impurity position and profile. The calculations are performed at room temperature for In-
content x = 0.40 and a barrier width of L = 3a”. As expected, both panels of Figure 3
show a remarkable drop in the particle energy with increasing well width regardless of
the electric field intensity, impurity’s position, and confinement profile. For all values of
X, it appears that E,(E,) decreases (increases) with increasing the electric field (u).
Moreover, it is observed that particle eigenvalue is strongly impurity position-dependent.
Indeed, as the impurity is moved far from the well-center, E,(E,) decreases (increases).
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Electron energy, Ez(eV) b.60 ] Hole energy, Ex(eV) [
0.5
0.55 A
0.4
0.50 -
0.3
0.45 A —&— RQW:u=0.5|Xo =L +1/2
0.2 —— PQW:u=0.5|Xo =L +1/2
’ 0.40 - —&— RQW:u=0.5|Xo =0
—o— PQW:u=0.5|Xo =0
0.1 RQW:u=1|Xo=L+ 1,
0.35 4 —&— RQW:u | + 12
PQW:u=1|Xo=L+ /2
0.0 - —&— RQW:u=1|Xo=0
0.30 A PQW:u=1|Xo=0
0.5 1.0 0.5 1.0
well thickness (a ") Well thickness (a*)

Figure 3. The energy of the electron (left panel) and hole (right panel) versus the well width in
GaN/Ing ,Gag¢N/GaN QW — IBSC for two potential profiles. Two values of impurity’s positions and
electric field are considered with L =3a*, x = 40%, and T =300 K for 6 = 0°.

After presenting the particle energy results necessary to calculate different IBSC char-
acteristics, let us discuss different optical transitions. (E;,, E,3,and E;3) as displayed in
Figure 4. The right and left panels illustrate their variations according to the electric field
and compositions. The obtained results are carried out for two different potential profiles
and two impurity positions with L =3 X[ =3a" and T = 300K. As expected, E;3 re-
mains intact under the variation of internal and external excitations, especially for dimen-
sionless electric fields less than p = 3. Furthermore, it is clearly shown from the left panel
that Ej, is linearly reduced with increasing the electric field intensity, despite the conse-
quences of the shape and impurity position. This outcome can be understood based on
the particle energy discussed above (Figure 3). Furthermore, we notice that for a parabolic
profile and an impurity located at the band edge of the left barrier, E;, achieves its high-
est value. Compared to the significant potential profile impact, impurity has consequential
influences.
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3.5 1

3.5 1

Transition energy, Es(eV) Transition energy, Es(eV)

Ew|RQW:Xo =L +1/2
En|PQW:Xo =L+ 1/2
Ex|RQW:Xo =L +1/2
Exn|PQW:Xo =L+ 1/2
Enn|RQW:Xo =L +1/2
Ex2|RQW:Xo =0
Ex|PQW:Xo =0
Ex|RQW:Xo =0
Ex|PQW:Xo =0

SERN

t

t ¢

T T EulRQW:Xc =0
1 2 3 0.2 0.4 0.6

Electric field (u) Composition (x)

Figure 4. Transition energy (sub-gaps) versus the electric field (left panel) with x = 40% and com-
positions (right panel) with p =1 considering the effects of impurity position for two potential pro-
files (RQW and PQW) with L = 3]l = 3a* for 6 = 0°.

However, the optimized value of E,; is obtained for a rectangular potential regard-
less of the impurity position. On the other hand, the right panel shows that E;,(E;3) is
found to be reduced (improved) linearly with increasing the In-content. Such behavior
can be assigned to the particle energy and the confinement potential height versus the In-
content. It is interesting to notice that E;, is more marked for on-center impurities com-
pared to off-center ones. In addition, it should be emphasized that the potential profile
impact surpasses the effect of the impurity’s position. Indeed, the parabolic profile and
the on-center impurity yield the best results. For E,3, it appears that the greatest value is
attained for a rectangular profile with negligible effect on the impurity’s position. The left
and right panels of Figure 5 illustrate the variation of IB width versus the electric field
intensity and the chemical composition, respectively. The calculations have been per-
formed for two different impurity positions and rectangular and parabolic profiles. It is
observed that the IB width increases linearly with increasing the electric field intensity,
while it tends to saturation regime for high chemical content.

0.400 1B-Width (eV) IB-Width (eV)
0.375 1 0.4
0.350 A
0.3 1
0-325 1 —8— RQW-Xo =L +1//2
0.300 - —o— PQW:Xo =L +1/2
) 0.2 A —&— RQW:Xo =0
0.275 + —e— PQW:Xo =0
0.250 , 01 ' '
0 2 0.2 0.4 0.6
Electric field (u) Composition (x)

Figure 5. Intermediate band (IB width) as a function of the electric field (left panel) with x = 40%
and compositions (right panel) with p =1 for two shapes (RQW and PQW). Two impurities (s posi-
tions are considered with L =3 x 1= 3a" for 8 = 0°.
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Furthermore, we notice that the profile impact is more pronounced than the displace-
ment of impurity positions. Additionally, the parabolic-related IB is wider for fixed elec-
tric field strength than the rectangular one. On the other hand, the right panel reveals a
crossover point around 0.18, limiting to different behaviors. For In-content that is less than
the critical value, the parabolic-related IB width is greater than the rectangular one. How-
ever, this behavior is inverted for high In-content. After discussing the main keys neces-
sary to perform the calculations of the solar cell parameters, let us now start with the short
circuit current density (J;.) and the open circuit voltage (V,.). Indeed, panels of Figure 6
display the V,. variations according to the electric field and In-content at room tempera-
ture for two profiles. It should be noted that it is linearly enhanced (dropped) versus the
electric field (In-content) despite the consequences of the profile and impurity’s position.
In addition, the right panel illustrates that it is the largest for parabolic profile and high
electric field value. Moreover, the left panel shows that the In-content drop rate is more
noteworthy than the electric field enhancement rate. Figure 7 displays the variations of
the photo-generated current density (js.) According to the electric field and In-composi-
tion for the rectangular and parabolic profiles at room temperature and L = 31 = 3. The
main characteristic is that. j;. decreases with increasing these parameters apart from the
profile and impurity position. In addition, it is obvious that j;. is more significant for the
parabolic proﬁle.‘

— Open circuit voltage, Vo (V) 121y Open circuit voltage, Vo (V) | —
2.42 1
-f"/‘/' 3.0
x=0.4 -
2.40 A
’ 2.8
2.38 1 2.6
2.4
2,36 1
2.2 4
2.34 1 -« ROW: X, =L +1/2
= PQW: X, =L+1/2
201 &« RQW:X,=0
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Figure 6. The open circuit voltage variation versus the electric field intensity (left) and In-content
(right) for two different impurity positions and two different profiles. T = 300K, and L = 3! = 3a”
for 6 = 0°.
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Figure 7. The variation of the short-circuit current density as a function of electric field strength
(left) and In-content (right) for two different impurity positions considering the shape effect at room
temperature. T = 300K, and L = 3] = 3a* for 6 = 0°.

For instance, with increasing p from zero to 3, it is found that j;. drops from 74.5
(60.92) to 53.14 (38.66) mA.cm~2 shown a noticeable drop of about 28.7% (36.5%) for
the parabolic (rectangular) profile. In the same trend, ji. is found to be reduced from 90
(92) to 28 (52) mA.cm™? with increasing the In-composition from 10% to 60%, indicat-
ing a significant reduction of about 69% (43%) for rectangular (parabolic) shape. It is
seen that the rectangular shape is more In-content dependent than the parabolic one.
However, the same drop tendency versus the electric field is shown regardless of the
shape and impurity position.

Now, we turn to the most crucial variable for QW-IBSC after examining and discuss-
ing open-circuit voltage and photo-generated current density. The numerical findings for
photovoltaic conversion efficiency versus In-content (right) and electric field (left) are il-
lustrated in Figure 8. Calculations are carried out at room temperature with a structure
size of L = 31 = 3.Itis obvious that the efficiency curves in Figure 8 are heavily influenced
by those of V,, and J,.. Furthermore, it is observed that the optimum efficiency value is
obtained for parabolic potential. Additionally, increasing the In-content makes the rectan-
gular-related efficiency drop rate more significant for rectangular shapes than parabolic
ones. Accordingly, it is noticeable, regardless of the other parameters, that the maximum
photovoltaic efficiency is obtained without applying electric field intensity (u = 0).

e 7 Efficiency, n(%) Efficiency, n(%)
g
0.6 %0 Ny u=1
0 xX=U. g, =
80 4 ‘\l e
0 )
70 4
“ | S
--‘_...‘-.- &0
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Lili] os 10 LS 20 25 10 0l o2 o3y [} [i %3 [if]

Electric field (u) Compositions (x)

Figure 8. Photovoltaic conversion efficiency versus the electric field (left) and In-content (right) at
room temperature considering two different impurity positions and two types of potentials. L =
3l =3a" for 6 =0°.
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For instance, when the electric field intensity is increased from p= 0 to p= 3, the
efficiency drops by 36.27%, from 77.57 to 49.43 for parabolic potential. In fact, with an
impurity placed at the left barrier edge (on-center), the efficiency decreases from
47.87(47.17) to 19.90(17.99) showing a reduction of 58.43 (61.86)% for the rectangu-
lar profile. The efficiency fluctuations are then depicted in the left panel according to the
In-content for a given electric field intensity, considering the impurity’s position and con-
finement potential profile influences. As the In-content rises, efficiency diminishes regard-
less of the impurity position. For instance, as the In-content increases from 10 to 60%,
efficiency decreases from 91.99 (89.78) to 50.42 (29.08), showing an essential reduction
of 45.19 (67.61)% for the parabolic (rectangular) profile. These results can be understood
based on the principle of inter-band transition shrink, which has moved toward lower
energies, affecting the position and width of the IB and, hence, the performance of our
solar cells.

The orientation of the built-in electric field along the growth direction, specifically
the z-axis component, is known to significantly influence the optical and electrical prop-
erties of nanostructures, particularly quantum wells. In Figure 9, we illustrate the impact
of the electric field angle on the solar cell’s performance while keeping all other parame-
ters constant. Both profiles exhibit a similar trend in efficiency as a function of the electric
field angle. The efficiency remains unchanged for u =0 (6 = m / 2). It nonlinearly in-
creases as the angle is increased, eventually converging to the same value at 8 =1 / 2,
which corresponds to the maximum efficiency of the solar cell [35]. This is expected due
to the absence of Stark-effect confinement. Notice that the angle impact is more manifested
for small angles than greater ones.

Efficiency, n(%) | Efficiency, n(%)
| ] |

80

60

50 A
70 4

40 4
60

30 4
50

204 RQW 0] FQwW
0 20 40 60 80 0 20 40 60 80
Electric field angle (8) Electric field angle (8)

Figure 9. On-center impurity-related photovoltaic conversion efficiency versus the angle 0 for dif-
ferent values of electric field strength and two different forms of potentials at room temperature.
x=0.5 and L = 31l = 3a*.

Overall, a change in V,, /s, and FF under electric field orientation all contribute to
tuning the power output and, ultimately, the efficiency of the solar cell. Therefore, opti-
mizing these physical quantities can lead to more efficient solar cells. We may categori-
cally state without losing generality that our results are relatively superior to the real re-
turns since our calculations are assumed to be performed under ideal conditions. Addi-
tionally, we must remember that radiative recombination and manufacturing defects
(stresses), not discussed above, can all impact solar cell performance.

4. Conclusions

Our study reveals the critical influence of key structural parameters on the energy
levels, sub-gap transitions, and photovoltaic performance of the p-GaN/i-(In, Ga)N/GaN-
n (p-QW-n) structure. Moreover, our study reveals the following: (i) Particle energy levels
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are susceptible to well width, electric field intensity, and impurity position. Larger well
sizes and stronger electric fields lead to lower energy levels. (ii) Parabolic potential profiles
(PQW) provide enhanced particle confinement and higher energy levels compared to rec-
tangular profiles (RQW), which significantly improve performance. (iii) The intermediate
band (IB) width increases with electric field intensity, saturating at higher In-content, in-
dicating effective electric field tuning for optimizing IB properties. (iv) Higher photovol-
taic efficiency is achieved with parabolic profiles, peaking without an oriented electric
field and diminishing with increased In-content and electric field strength. These findings
show the importance of structural parameters and applied electromagnetic fields in opti-
mizing the energy landscape, especially QW-IBSCs-based photovoltaic efficiency. Future
research should investigate how band bending impacts carrier distribution and energy
levels while analyzing the influence of impurity distributions on energy band alignment
and transitions to improve our understanding of photovoltaic performance.
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