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Abstract: Solar cells that are based on the implementation of quantum dots in the intrinsic region,
so-called intermediate band solar cells (IBSCs), are among the most widely used concepts nowadays
for achieving high solar conversion efficiency. The principal characteristics of such solar cells relate to
their ability to absorb low energy photons to excite electrons through the intermediate band, allowing
for conversion efficiency exceeding the limit of Shockley—Queisser. IBSCs are generating considerable
interest in terms of performance and environmental friendliness. However, there is still a need for
optimizing many parameters that are related to the solar cells, such as the size of quantum dots, their
shape, the inter-dot distance, and choosing the right material. To date, most studies have only focused
on studying IBSC composed of cubic shape of quantum dots. The main objective of this study is to
extend the current knowledge of IBSC. Thus, we analyze the effect of the shape of the quantum dot
on the electronic and photonic characteristics of indium nitride and indium gallium nitride multiple
quantum dot solar cells structure considering cubic, spherical, and cylindrical quantum dot shapes.
The ground state of electrons and holes energy levels in quantum dot are theoretically determined
by considering the Schrodinger equation within the effective mass approximation. Thus, the inter
and intra band transitions are determined for different dot sizes and different inter dot spacing.
Consequently, current-voltage (J-V) characteristic and efficiencies of these devices are evaluated and
compared for different shapes. Our calculations show that, under fully concentrated light, for the
same volume of different quantum dots (QD) shapes and a well determined In-concentration, the
maximum of the photovoltaic conversion efficiencies reaches 63.04%, 62.88%, and 62.43% for cubic,
cylindrical, and spherical quantum dot shapes, respectively.

Keywords: intermediate band solar cells; quantum dots; power conversion efficiency

1. Introduction

The photovoltaic device is the system that transforms solar irradiation directly into
electricity, which can be after that stored into batteries for useful purposes. Numerous
generations of photovoltaic devices, which are differenced by their efficiency, are com-
mercially accessible in the market. The first-generation of the solar cells was made-up
of crystalline silicon, which was inexpensive, more efficient at low temperatures, require
less area, and it has been able to attain an efficiency of up to 26% [1-3]. In general, the
main problem of the 1st generation of solar cells is the un-direct band-gap transitions
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implying low absorption coefficient and, therefore, high thicknesses in solar cells. The
second generation, considered as thin-films cells, was cheaper than the first generation
for the fact that they require fewer silicon materials; but, they shared a smaller part of
the commercial market because of their lower efficiency [4,5]. The third generation was
an enhancement of the previous generations in terms of performance and environmental
friendliness. The central attraction of these cells is their low-cost and high-efficiency, using
the unique flexibility of nanostructures to optimize absorption, carrier generation, and
separation [6—10]. The reason behind this efficiency difference is that in the conventional
photovoltaic systems, such as silicon-based p-n junctions, only photons having energy
more than the energy gap are permitted to be absorbed. However, many solar spectrum
regions remained unused; and, the unabsorbed photons cause an increase in device tem-
perature, which leads to a decrease in power efficiency. Furthermore, various approaches
have been suggested to improve the electron-hole generation rate, light absorption, and
effectiveness of devices, like growing the energy levels numbers where more photons
can be captured to produce more photocurrent, recycling of the high energy photons in
multiple bands through radiative recombination, and reduction of the thermal process via
capturing carries [11]. Besides that, the solar cell performance in multiple-junction devices
has been improved when compared to the 33.5% limit that was proposed by Shockley and
Queisser [12], Guter et al. [13], and Ameri et al. [14]. Such structures are likely to be used
in spatial applications rather than terrestrial applications or even under concentration,
which would reduce the required area of cell. This does not mean that this type of cells
cannot be used in terrestrial application, of course, for this it is important to reduce the
cost per watt peak of these structures in comparison to conventional cells belonging to
the first generation and the second generations. This kind of structures is currently being
studied by some groups [15-19] and, therefore, studies like this are valuable in providing
conditions for the fabrication of device with optimal properties.

To improve the efficiency of photovoltaic cells, Barnham and Duggan [20] first theo-
retically proposed the idea of quantum wells (QWs) solar cells. Such a device structure
is composed of a p-i-n terminal, where QWs are injected in the intrinsic part, leading to
an improvement in the photocurrent density, and extending the optical absorption band
beyond that of the conventional solar cell. Recently, many interesting studies concerning
the multiquantum wells solar cells with some promising materials appear and they offer
important performance in the conversion of solar radiations [21,22]. Another approach
was made where the intermediate band (IB) was generated using quantum wires [23,24].
The newly developed method enhanced the photons absorption of the device towards
the infrared region with an efficient one donor electron carrier collection. Hence, a more
important short circuit current (Js.) is achieved, which results in higher efficiencies.

Being initially proposed theoretically, Luque and Marti [25] introduced the concept of
intermediate band solar cell (IBSC), which has made a breakthrough in the standard single
junction and multiple junction solar cell technology. These devices contain material with
three bands, including valence band (VB), IB, and conduction band (CB). Detailed balance
calculations of the ideal IBSC have suggested a theoretical power conversion of 63.2% in the
case of full concentrated sunlight. Moreover, there are two main efficiency improvement
strategies applied in such technology; the first one is achieved using high photons energy in
the solar spectrum to produce multi exciton creation from single-photon [26,27]. In contrast,
the second is mainly based on the invention of an IB within the host semiconductor bandgap
that permits the absorption of photons with an energy lower than the bandgap to excite
electrons of the VB into the IB, then, the absorption of a second sub-bandgap photon to
excite electrons to CB within the IB [28,29]. Although extensive research for the efficiency
enhancement of quantum dots (QD) solar cells has been investigated, there are still many
parameters to be optimized for achieving that goal [30].

Recently, by using the Kronig-Penney model and taking into account the hole level, we
have studied the photovoltaic conversion efficiency of solar cells based on the introduction
of a lattice of InN/In;Ga;_,N QDs in the i-region of a p-i-n photodiode. Our results show
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that the performances of this new generation of solar cell increase considerably and can be
adjusted by controlling the size, inter-dot spacing, and In-concentration [31]. We have also
analyzed the role of the internal electric field induced by the polarization inside the active
region of the p-i-n photodiode [32]. While the electric field increases, the energy levels
of electrons and holes decrease. Consequently, the photo-generated current density Js.
decreases because the intermediate levels of electron and holes are shifted from their ideal
positions as electric field increases, thereby decreasing the absorption of photons. Thus, the
efficiency decreases with increasing the electric field.

To our knowledge, almost all the theoretical works dealing with the IBSC only con-
sider cubic geometry in determining the characteristic of this new type of photodiode. In
this work, we study the behavior of different parameters and characteristics of a multi-
ple quantum dots solar cell (MQDSC) structure, when considering cubic, spherical, and
cylindrical shapes, the inter dot space and alloy composition.

2. Theoretical Background and Mathematical Modeling
2.1. Electronic Characteristics

In the present paper, we consider a system that is composed of InN/In,Ga;_,N
(well/barrier) QDs periodic array implemented in the intrinsic region of the p-i-n struc-
ture, as shown in Figure 1. Such an arrangement supports three-photon absorption in
comparison with one in the conventional p-n device. The barrier semiconductor mate-
rial InyGaj_,N, which is named the host or intrinsic material, is placed between the p-n
emitters and includes a periodic arrangement of semiconductor material InN QDs. The
InN QDs are assumed to have three different shapes: cubic, spherical, and cylindrical
structures. It is well known that the III-V semiconductors are usually used to manufacture
and fabricate a new generation of solar cells among InN and GaN QDs that are particularly
famous for optoeletronic devices. However, the more important thing about this class of
material is that the energy bandgap of host InyGa;_,N material can be tuned and opti-
mized by changing the concentration x, which leads to an optimal energy band allowing
the absorption of broader solar spectrum, leading to an enhancement in the performance
of the device. The diversity in bandgap energies of both semiconductors material (InN and
In,Gaj_,N) leads to an energy difference between CB and VB of these materials, which are
denominated as the conduction band offset (CBO) and the valence band offset (VBO), re-
spectively. The alternating offsets and semiconductor materials produce three-dimensional
confining potential wells [33]. For the fact that a host semiconductor material entirely
encloses QD nanostructure, the energy levels in the band offsets related to the QD are
discrete. If the number of QDs is raised and arrayed in a periodic structure, the energy
levels increase and split to produce the bands. These bands are named IBs and they are
positioned inside the host semiconductor material bandgap. In such structures, regularity
is necessary for the both inter dot spacing and size of QDs, because the bandwidth energies
of the IBs depend on the spacing of the QDs inside the lattice and wavevector overlap [34].
In practice, most of the dots are arranged in random order or are diverse in dimension;
therefore, the energy levels are irregular throughout the offsets and, hence, IBs are not pro-
duced [35]. Under these hypotheses, the discrete energy levels in the QDs are determined
using the time-independent Schrodinger equation.
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Figure 1. Schematic diagram of the proposed InN/In,Ga;_,N MQDSC. The red cube represents InN QDs, which are
embedded into the InyGa;_,N matrix (a) and different shapes of QD considered in the investigation (b): (1) cylindrical,
(2) cubical, and (3) spherical

2.1.1. Cubic Quantum Dots

We use the time-independent Schrodinger equation to obtain the discrete energy
levels in the cubic quantum dots (CQD) system, which is characterized by three lengths
Ly = Ly = L; = L, and separated by three inter dot distances Hy = H, = H, = H
(see Figure 1(b2)), expressed as:

HY¥(X,Y,Z) = E¥(X,Y,Z). )

Using the effective mass approximation, the In-concentration (x) dependent single-
particle Hamiltonian of InN/In,Ga;_,N CQDs structure can be formulated as three inde-
pendent terms:

H=H(X)+HY)+H(Z) )
where )
—h i i=X,Y, and Z
) = ———A; + V/(x), ith T 3
(i) Zm;?(x) Vi), wi {] =eandh ©

The first term signifies the kinetic energies, and the second term describes the CBO
and VBO for electron and hole, respectively, and their expressions depend on the In

composition (x):
i 0 if li| < L/2
Vi =3 . ' 4)
Vi(x) ifli| > L/2

If we consider the well known expression of the bandgap energy of the host semicon-
ductor material In,Ga;_,N as a function of x [33]:

E¢(InyGa_,N) = 0.56 +2.671 - (1 — x) (5)
The confinement potential in CB and VB can be expressed, as follows [36]:

| 0.7 x [E¢(InyGay_yN) — E¢(InN)] ifj =
Vo(x) = (6)
0.3 x [Eg(InyGaj_xN) — E¢(InN)| ifj=h

The effective masses of the charge carrier is found by the following equations:

() = {m;‘ (InN) inside -

J x m; (InN) + (1 — x)m; (GaN) outside
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Following the commutation rules, the wavevector ¥(X, Y, Z) can be denoted as a
product of three independent 1D wave functions:

¥(X,Y,Z) = 9p(X) - 9(Y) - 9(2) ®)
and the total energy E is the sum of the 1D-eigenvalues, as given by:
E=E(X)+E(Y)+E(2) )

The solutions of three-dimensional Schrodinger equation for the ground state energy
are obtained by considering the boundary conditions given by Ben-Daniel-Duke [37,38]:

[lpwell(i)]i:i% = [lpbarrier(i)]i:i% (10
1 [dlpwell(i):| _ 1 {dwburrier(i)} (11)
m (InN) di [yl - m;(InyGay_«xN) di s L

The mixture of the two preceding equations leads to a transcendental equation [39]:

tan<m}‘<lnN>E<i>L2>“z ) (W(’”f““m (vg‘(x) - E(z-)))”z )
]

212 InxGalfo) E(l)

The solution of the previous equation yields the determination of the one-particle
state energy E(i) in all three directions.

2.1.2. Spherical Quantum Dots

Now, let us examine the case of spherical quantum dots (SQD) with radii R and
separated by an inter dot distance H (see Figure 1(b3)). In this case, it is well known
that the wave function writes as a product of radial R,;(r) and the spherical Harmonic
Y}, (6, ¢) parts. Solving the radial equation considering the boundary conditions yields the
eigenvalues of the quantized levels of both electrons and holes. Using the effective mass
approximation, the radial Schrédinger part can be expressed as:

HiR(r) = EjR(r), withj=eandh (13)

where the single-particle Hamiltonian that is represented in spherical coordinates can be
obtained by:

- [20 | 2* I1(1+1)
ror  or2 72

g T e— j
= ) + V(1) (14)
and the confining potential VZJ,‘)(r) is given by:

VZ,(I”): 0' if0 < r <R (15)
Vj(x) otherwise

After considering the Ben-Daniel-Duke boundary conditions at ¥ = R, as given by:

[Rwell(r)]r:R* = [Rbarrier(r)}r:R+ (16)
1 {deell (1’) :| _ 1 {dearrier (1”) } (17)
m; (InN) dr J,_g- m;(InxGay_xN) dr L_RF
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For the first state (I = 0), the wave function is reduced to the spherical Bessel func-
tion of zero order [40]. The transcendental equation for the fundamental state can be
formulated as:

2m? (InN) Eyo R '/ 72 1z m? (InN)
t = 1—
© 7 2m7(InN) Ey o R2 7 (InGa ,N)

, (18)
. (m;(InN) (Vg(x) - En,o) ) 2

m;‘ (InxGal,xN) En,()

Subsequently, the bound state energy eigenvalues E, g are determined, where # is the
number of radial nodes and the ground state energy is Eq .

2.1.3. Cylindrical Quantum Dots

In this part, we consider a non-correlated electron and hole in a cylindrical quantum
dot of radius a and height b, being separated by radial and z-axis inter dot distance H, and
embedded in other semiconductor with finite potential barrier (see Figure 1(b1)). In the
case of parabolic non-degenerated bands, the Schodinger equation of each particle in the
effective mass approximation can be written as:

_K2 4
(mw@ﬁ@+ﬁdwmwwlﬂ—%mewﬂﬁ (19)
]

This problem will be treated by following our previous approach, in which we consider
that the confinement potential can be considered to be sum of two independent terms
Vi, (0j,zj) = Vi (0j) + Vz]u(z]-) [41]. In these conditions, the independence of the in-plan
and z-axial motions can be separated. For the in-plan motion, the confining potential is
written as:

0 if p]

Vi) =14
(P]) {Vé(x) if P;

<a

- 20
> (20)
and the effective mass Schrodinger equation is given by:

1 2£(0) = E. . f(p. if o;
WnN)szfJ(P]) = Euifi(p)) ifpj < a o
BT Car Ny ¥ iPi) + Vo) fj(ej) = Eyife) i o > a

This equation can be solved analytically, and the corresponding ground state wave
functions are found to be like:

oy S Jo(ajpp) if pj < a
fitei) = {AjKo(ﬁij) if pj > a )

where Jj is the Bessel function of the first kind, Ky is the modified Bessel function of the

2m*(InN) _ \ /2 2m* (InyGay _,N) 1/2
] ]
Epj) B = (Voj — Egj) | ,and

second kind [42], a; = Py =
Aj is a constant that is obtained by considering the boundary conditions at p; = a:

 Jo(aja)
4 = Xo(Bja)

The ground state energy E,; in 2D motion taking the boundary conditions into consid-
eration is a solution of the next transcendental equation:

(23)

Wl]* (InxGal_xN)Dc]‘h (D(ja)Ko(,B]‘a) — Wl;k (InN)ﬁjIO(ocja)Kl(ﬁja) =0 (24)
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For the z-axis motion, the confinement is approximated by a square well that is given
by the following expression:

0 if |zj] < b/2

T
Vo)) {Vg(x) if |z, > b/2 @)

In this case, the analytic resolution of the Schrodinger equation allows for determining
the z-component of the wave function [43]:

cos(A;iz; if |z;] < b/2
8j(zj :{ () if ] (26)
B]' exp('yjzj) if ‘Z]| > b/2
1/2 1/2
2m* (InN) 2m* (In,Ga;_N)

Hhe A — J . e J . F. .
with: Aj = < - Ej, S Y= - (VO] E ) ,and B;
is a constant that is determined by the boundary conditions at z; = b/2:

cos (AjZ)
Bj= ———F— (27)

a b
o)

Taking the boundary conditions at z; = b/2 into account, the axial ground state energy
Ej, can be determined by solving the following equation:

* b *
mj (InyGai—xN)A; tan()\]-i) —mj(InN)y; =0 (28)
The total ground state energy for a single particle can be expressed by:
Ej = E]‘p + Ejz (29)

2.2. Photonic Characteristics

After determining the electronic properties of the MQDSC device, it is now time
to study the system from a solar cell point of view. Thus, the current density, output
voltage, as well as the photovoltaic performance of the device are being determined. It is
assumed that only radiative band-to-band transitions are taken into consideration; hence,
photon emission and absorption are being described by the process of recombination and
generation, respectively. From Figure 2, which represents the band structure of our system,
we can remark the existence of three allowed energy transitions: the first transition between
VB and IL, (Ej3), the second between IL. and CB (Ep3), alongside the third (conventional)
transition that occurs between VB and CB (E;3). The conventional energy gap transition
Ej3 can be written as a sum of the independently sub-gaps energy transitions Ej» and Eps:
E13 = Epp+ Eps.

We note that the flux of photons emitted or absorbed by a material is provided by
Roosbroeck-Shockley relation:

2mtng (B E?
N(E,Eu T, U) = 5 /El et (30)

where E; and E, are the lower and upper limit energy, respectively, n; = 2.1646 x 107>
is the geometric factor, T is the temperature, / is Plank constant, ¢ is the speed of light,
k is Boltzmann constant, and U is the chemical potential. For the sake of simplicity, we
assume that Ep3 < Ejp < Ej3. Consequently, photons having energy between Ep3 and Eq»
are being absorbed; thus, an electron is being excited from IL, to CB. However, and owing
to thermalization process, energy excess that is higher than E»3 and fewer than E, will be
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Ev

wasted, and the electron will be relaxed to the CB edges till next radiative transition occurs.
Still, the value of this thermalization process is least in nanostructures when compared to
bulk cases. Therefore, the same impact is produced for photons that are absorbed with
energies equal to Ep3 or between Ep3 and Ej,. For the second range, the absorbed photons
with energy between Ej, and Eq3 are producing the transfer of electrons from VB to IL,,
and leaving holes in VB. Moreover, the same behavior for excess energy is observed as the
former case. Finally, and concerning the last range, absorbed photons with energy higher
than Eq3 are producing the transfer of electrons from VB to CB, and leaving holes in VB.

..... s LY NSRRI W

§ U . 'f IL,

Ee
Ei3
Ucv Einn Ei
Uiv

Ep

v ILh

InxGa(1xN InN InxGai1xN

Figure 2. Schematic energy band diagram of the proposed InN/InyGa;_,N MQDSC, where E, and E;, are the energies

of electron and hole, respectively; corresponding to the intermediate levels IL, and IL;,. Ec and Ey are, respectively, the

energies of CB and VB.

The net photon flux is equivalent to the number of charge carrier flux received at the
contact. If the charge carrier flux is multiplied by the electric charge of an electron, g, the
current density, J, of the MQDSC for one IL, is:

]/q = [ScnsN(EB/ oo, Ts, 0) + (1 - SC”S)N(El?ﬂ 00, Ty, 0) - N(EB/ o0, Ty, qV)} + [ScnsN(EZS

(31)
,E12,Ts,0) + (1 — scns)N(Eps, Eqp, Ta, 0) — N(Eas, Eva, T, Ucy)]

where s. is a concentration factor, Ts is temperature of sun, 6000 K, T, is the ambient
temperature of solar cell, 300 K, gV is quasi-Fermi energy, and U is chemical potential
between the conduction and intermediate levels. The terms in the first bracket describe
the current density produced while the electrons transport from the valence band to the
conduction band as typically for conventional solar cells. However, the terms in the other
bracket design the current density created when the electron transfer from the intermediate
band to the conduction band. In both of the bracketed terms, the MQDSCs receives
radiation from the sun at the temperature Ts and T,, respectively, while it releases radiation
at the temperature T, and a corresponding chemical potential. The current density of
the MQDSCs is formulated according to the proper operation of the MQDSCs, which
necessitates that there is no current extracted from the intermediate level; therefore, the
current entering the intermediate level must be equal to the current leaving the intermediate
level. Consequently, the second term in Equation (31) can be rewritten as:
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The output voltage can be expressed as the difference of the chemical potentials
between CB and VB, and it is provided by:

gV = Ucy = Uc; + Upy (32)

In the present work, the light intensity on MQDSCs is determined by the number
of suns, where one sun (or concentration factor s = 1) denotes the standard radia-
tion at the surface of the Earth’s atmosphere. Hence, at the surface of Earth’s atmo-
sphere, the power density falling on a MQDSCs is P;,, = s. 05 T¢ = 1587.2 W/m?, where
05 = 5.67 x 1078 W/m?K* is Stefan’s constant. Subsequently, the full concentration would

be achieved when s, = nl =46,296. The photovoltaic efficiency 7 of the MQDSC is a func-

tion of P;,;; thus, it changcses with the level concentration of s.. We focus our investigation
on the MQDSC:s efficiencies with full concentrated light s x n; = 1 and further compared
with un-concentrated light s = 1. Moreover, the fill factor (FF) is determined from the
maximum area of the J-V characteristics under illumination, open-circuit voltage, and the
short circuit current as:

Vi X Jm

B VOC X ]SC
where V};, and J;; are the operating points that will maximize the power output, V,. is the
open circuit voltage, and J. is the short circuit current density of the MQDSCs.

The photovoltaic efficiency relation of the MQDSCs is expressed as:

FF (33)

:VOCX]SCXFF:]mXVm: Jm X Vi (34)
P; scnsos T sc x 1587.2

3. Results

Firstly, we start our results by discussing the confinement behavior of the different QD
shape on the fundamental levels of electron E, (Figure 3a) and heavy hole Ej, (Figure 3b).
We have adopted choosing the following parameters; first, because they give the maximum
efficiency, and second, for comparing different shapes, we should fix their volume. There-
fore, for cubical QD, the size of the dot is fixed at L = 4.5 nm. For spherical QD, the radii R
is fixed at 2.79 nm. Lastly, for cylindrical QD, the radii 2 and the height b are fixed at 2.43
nm and 4.87 nm, respectively. It is worth noting that in all calculations, we have chosen an
inter dot distance H = 8 nm, which guarantees the non-overlapping between wave func-
tions of QDs; thus, only discrete levels within the bandgap are created. Increasing indium
concentration reduces almost linearly both fundamental levels of electron and heavy hole,
regardless of QD shape, as shown in Figure 3. This behavior can be explained by the fact
that In content increasing leads to a decrease in the potential barrier of both heavy hole and
electron (Vi and V’g). Additionally, it is observed that for all ranges of In-concentration,
both electron and heavy hole are more confined in the cubic QD form, followed by the
case of cylindrical QD, and lastly, spherical QD. However, even if all of the QD shape has
the same volume, the confinement behavior is different, leading to the conclusion that the
shape of QD affects the electronic properties of nanomaterials, something that could help
in the manufacturing of optoelectronic devices with a range of features.
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Figure 3. Ground state energy versus In-concentration for different QD shape: (a) electron and (b) heavy hole. Table 1
provides the dimensions of QDs.

Table 1. Characteristics of the proposed MQDSC device for different shapes of QD at full-concentrated
and un-concentrated light cases. The volume is fixed in all cases, and the inter-dot distance is
H =8 nm.

QD Shape QD Dimensions Xmuax Vimaxr Jmax X s Voc  Jse X 11s  FF  tiyay

(nm) (V) (mA/cm?) (V) (mA/cm?) (%) (%)
L a=243

Cylindrical . 036 168 5923 178 6045 9247 62.88

Full trati o
Wy CORCEntIation - ibical L =450 033 174 5748 184 5872 9256 63.04
Spherical R =279 041 159 6206 169 6331 9222 6243
Cylindrical Z - i'g; 036 118 5812 134 6045 8466 43.38

Un- trati -
freoncentration - bical L =450 033 123 5658 140 5872  84.65 44.02
Spherical R =279 040 111 6061 127 6246 8481 42.24

In order to complete our analysis, in Figure 4a we plot the host band gap E;3 (VB—CB),
which describes the main transition between VB and CB, as in the case of conventional
solar cell devices. It is shown that this transition is slightly affected by the shape of
QD, because the different form of QD leads to various close values of E;;,. However,
In-concentration leads to a decrease in the host band gap, following Equation (5). It is
worthy to point out that the host band gap Ei3 is principally affected by the type of barrier
material (InyGa;_,N in our case). Thus, it is crucial to choose the appropriate material to
enhance the performance of the devices. Figure 4b presents the inter-band ground state
transition Ej, between VB and IL, (VB—IL,) versus In-concentration for different QD
shape. This figure shows that the values of the E;; transition slightly decrease as an In
content increase. Primarily, the apparent reduction of the inter-band transition energy is
predominately produced by the decrease of the energy level of the electron E, and heavy
hole Ejj, as In-concentration increases. Moreover, different shape leads to the distinctive
behavior of the inter-band transition, which is due to the diverse response of ground
state energy in various QD, as pointed out in Figure 3. Consequently, without changing
the size of QD, photovoltaic devices can be modulated by varying the form of QD. The
third transition Ep; (IL, —CB) versus In content and for various QD form is presented
in Figure 4c. This transition is produced between IL, and CB, leading to the absorption
of photons of energy between E; and Ej;. It is observed that different behavior from
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the previous figures (cubic QD, followed by cylindrical QD, and then spherical QD) is
produced. Because Eq3 = Ej»+ Eps, the more confinement case (cubic QD) leads to less
value of the energy transition E»3. Therefore, multiple photons with different energies can
be absorbed as the form of QD is modified. However, it is shown that, as the In content
increase, Ep3 decreases similarly to the behavior observed in the previous transitions.

b c
@ 51 ®) 4 5 © 40
—e— cylindrical —=— cubic —4— spherical
—=— cubic 1.20 4 —e— cylindrical —e— cylindrical
. N 0.9 1 .
2.0 —a— spherical —a— spherical —s— cubic
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19 _ 0.8
E i 1.16 %-:
2 o = 0.7
w 1.8 w 1.14 I.Ij‘
174 1124 061
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1.6
. . . . r T 1.08 T T T T T T 0.4 : . . . . .
0.20 0.24 0.28 0.32 0.36 0.40 0.44 0.48 0.20 0.24 0.28 0.32 0.36 0.40 0.44 0.48 0.20 024 0.28 0.32 0.36 0.40 0.44 0.48
Indium content Indium content

Indium content

Figure 4. Variations of the energy transitions versus In-concentration for various QD shape: (a) sub-band energy transition
Ejp, (b) host band gap Ej3, and (c) sub-band energy transition Ep;3.

Figure 5 depicts the photovoltaic conversion efficiency versus In-concentration and
for various QD shapes. As can be observed, 1 increases until a maximum value and
then decreases for all the considered shape. The same behavior has been observed by
many authors [25,31,44,45], and it can be explained by the fact that the increase in In-
concentration affects the energy value of the IL,, thus influencing the transitions E;, and
Ep3. In particular, for cylindrical MQDSC, the maximum efficiency 1 = 62.88% is achieved
for In-concentration of x = 0.36. For cubic cases, the maximum efficiency of = 63.04%
at a full concentrated light is reached for an In-concentration of x = 0.33. Finally, for
spherical QD, the maximum efficiency of # = 62.43% is obtained for In content of x = 0.41.
Nevertheless, it is worth mentioning that the maximum efficiency is reached for the case
of cubic based MQDSC for the fact that the combination of transitions (Eoz = 0.69 eV
and Ej; = 1.21 eV) is almost the same as in the ideal case of IBSC (E,3 = 0.7 eV and
Eip; = 1.23 eV), where a maximum efficiency of 63.2% is obtained [46], as compared
to that of the cylindrical case (E;3 = 0.64 eV and Ei; = 1.15 eV) and spherical case
(Ezz = 0.59 eV and Ej; = 1.09 eV). It should be noted that, under fully concentrated
light, the maxima of efficiency are of the same order, but occur for different In content,
while, under un-concentrated light, the maximum efficiency significantly depends on the
QD shape and on the In content. Furthermore, Table 1 represents the parameters that
characterize photovoltaic device performance. The primary parameters are the short circuit
current density (Jsc), the open-circuit voltage (V,.), and the fill factor (FF). Although, the
fill factor is also a function of V,: and Js.. Consequently, these last two parameters are
the critical factors for defining the cell’s efficiency. Additionally, the numerical results
shown in Table 1, which are estimated at room temperature (300 K), can be a guide for
experimental fabrication of this type of solar cells.
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Figure 5. Photovoltaic conversion efficiency versus In content for various QD form: (solid lines) fully
concentration s, X ng = 1, and (dashed lines) un-concentration cases s, = 1.

Now let us examine the J-V characteristics of the proposed MQDSCs model. A
comparison between J-V features for the full- and un-concentrated light cases, and different
QD shapes are represented, as mentioned in Figure 6. It is worthy to note that the short
current density is linked directly to the regime of confinement in QD; meanwhile, the open-
circuit voltage is limited to E¢ (InyGaj_,N)/q, where g is the electron charge. From Figure 6,
one can notice that MQDSC that is based on spherical QD denotes higher J;. and small value
of V. voltage as compared to other cases. However, and from a solar cell point of view, this
behavior happens, because, in spherical QD cases, more photons are absorbed and exciting
more electrons. Moreover, an enhanced photogenerated current is achieved; however, the
small value of the output voltage prevents the enhancement of power efficiency. Besides,
one can notice that, for full concentration cases, the values of open-circuit voltage V, are
higher than the ones of the un-concentrated case.
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Figure 6. Current density versus voltage between CB and VB of the MQDSC operated at the full

concentration (solid lines) and the un-concentration (dashed lines) cases. The In content is fixed at
the value that maximizes efficiency.

In Figure 7, we illustrate the photovoltaic conversion efficiency versus the voltage
between CB and VB for fixed In content that achieves maximum efficiency. One can see
that the obtained results, especially the behavior of the efficiency, are in good agreement
with the previous studies where the maximum efficiency reaches 63.2% [47,48]. However,
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our new contribution concerning the comparison of different QD shape has lead to an
understanding of the behavior of device power efficiency. Additionally, in the case of full
concentrated light, higher values of both the current density and open circuit voltage are
theoretically achieved, leading to an enhancement in photovoltaic conversion efficiency.
Higher photovoltaic conversion efficiencies are obtained in the case of cubical MQDSC,
followed by the case of cylindrical, and spherical MQDSCs, as shown in previous figures.
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Figure 7. The power efficiency of the MQDSC at the full concentration (solid lines) and the un-
concentration (dashed lines) cases. Note that In content is fixed at the value that gives maximum efficiency.

4. Conclusions

In this paper, we have presented a theoretical study concerning InN/InGaN multiple
quantum dot solar cells that are based on parameters reported experimentally and theo-
retically for MQDSC model, such as the inter-dot spacing H, the In-concentration x, as
well as the size of the InN-QDs by using an analytical method, within the framework of
the effective-mass approximation. The impact of quantum dots shape, alongside the light
concentration effect, has been investigated. This study indicates that, by changing the shape
of quantum dots, the performance of solar cells is slightly modified. Moreover, it has been
demonstrated that the quantum dots size, indium concentration, and light concentration
play a key role in searching the maximum efficiency of multiple quantum dot solar cells.
Our study provides the framework for a new way to undertake the manufacturing of such
solar cell architecture. These findings add to a growing body of literature on the third
generation of solar cells. Further studies, which take strain and different materials effects
into account, will need to be performed.
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