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Abstract

In this dissertation InAs/GaAs quantum solar cells is studied. First with a quantum well
conception (QWSCs) and secondly with quantum dots (QDSCs).

For the InAs/GaAs QW, we used MATLAB to develop our own program to solve
consistently the classical drift-diffusion model with Schrodinger-Poisson model. The
QWSC provided a cell efficiency of 18.52% compared with 16.78% for the classical one.

The InAs/GaAs QDSC was studied using Silvaco Atlas simulator. The study is divided
into two parts: ideal and real case. The effects of the number of quantum dots (QDs) layers
and the doping of QDs on electrical properties of QDSC are investigated. A highest
efficiency of 43.05 % was obtained in the ideal case. However experimental works have
reported a conversion efficiency of 9.1%. Taking into account the presence of discrete
electron traps and valence band tail, we were able to obtain a cell efficiency of 9.4% in
agreement with experimental reports. In addition, it was possible to improve the cell
efficiency to 11.29% by optimizing the number and the doping of QDs layers, to 2-layers

and 1 x 10c¢m ™3, respectively.
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Introduction



Self-assembled nanostructures are one of the most interesting topics in the last decade.
Many exceptional properties can be obtained by downscaling the dimension of
semiconductor to nanometer scale. The behavior of these nanomaterials is very different
from the conventional one. Among of the most important property is the quantum effect
which gives quantified energy levels. The electrical and optical properties of this type of
materials can be engineered through controlling the material dimension and morphology.
Over the last 20 years, many nanomaterials have been developed, including quantum well,
quantum wire and quantum dots. The difference between these types is the number of the
confined directions. The quantum dots (QDs) is defined as a nanostructure with a smaller
sizes, in three dimensions, than the Do-Broglie exiton wavelength [1]. QDs have been
proposed as one of the most promising candidates for a wide range of applications [2]
among which the solar cells field offers a potential interest with new concepts as the
intermediate band and multi-exciton generation concepts [3]. The upper theoretical limit
of the QDs based solar cell efficiency, calculated by what is called detailed balance limit,
is more than 87% under concentrated sunlight [4]. Compared with the maximum efficiency
of 30 % offered by single junction solar cell [5] this fact prompted researchers to focus
further studies on Quantum dot Solar Cells (QDSCs).

The basic conception of a QDSC is a p-i-n structure in which the QDs are implanted in the
intrinsic region. Among the available materials, InAs/GaAs QDs have been proposed to
provide enhanced short-circuit current J,. compared with the classical GaAs p-i-n solar
cells [6]. However this enhancement go together with a reduction in the open circuit
voltage V,.. To avoid a significant decrease in V,. and improve further the InAs/GaAs
QDSC efficiency, several conception methods have been suggested. Among them the use
of GaP strain-balancing layers in intrinsic region [7] [8]. Also doping the QDs helps to
neutralize the electron traps, and then reduce the non-radiative recombination process [9].
Actually, the highest reported conversion efficiency of InAs/GaAs QDSC has reached 19.4
%, which is under two-sun illumination [10]. QDSC has not yet reached the expected
efficiency and the main reason is due to further defects related to the QDs implantation.
Therefore, the main purpose of this dissertation is to clarify which types of defects resulting
from the QD are responsible for the difference between the upper theoretical efficiency this

type of solar cells and their actual efficiency.
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Consequently, the dissertation is composed of three chapters with further an introduction
and a conclusion. In the first chapter, InAs/GaAs quantum well solar cell is simulated. We
used MATLAB to develop our own program to solve consistently the classical drift-
diffusion model with the quantum Schrodinger-Poisson model. This, to get an idea on the
numerical methods and steps for this type of solar cells. In the second chapter SILVACO-
ATLAS is presented to explain how the structure conception of the InAs/GaAs quantum
dots is carried out and the principal electrical outputs simulated. In the third chapter, we
will simulate InAs/GaAs QDSC first in the ideal case and examine if the number of the
QDs and doping have a significant effect in this case. Then the real case is reproduced by
introducing many defect types and in this case it was found also that QDs layer number

and doping can improve significantly the cell efficiency.
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Chapter 1 MQW solar cell principal and 1D simulation by MATLAB

1.1 Introduction

The quantum well solar cells (QWSCs) were introduced for the first time by Barnham and
Duggan [1] who have suggested a p-i-n structure where the quantum wells are inside the

intrinsic region as shown Fig 1.1.

Quantum well is nanostructure material in which the confinement effect is only in one
dimension. The quantum size effect becomes important when the thickness of the confining
layer becomes comparable with the de Broglie wavelength of electrons and holes [2]. The
main idea of the concept is to extend the absorption range of a heigh band gap material via
the insertion of thin layers of lower bandgap material in the intrinsic absorber region of the

single junction.

In the multi-quantum well concept as shown in Fig 1.1, the quantum wells are separated
by thick region of high bandgap material. The charge carriers generated in the quantum
wells need to escape to the conduction band and valence band of bulk material via
thermionic emission or tunneling effect [3]. This leads to an increase in short circuit current
(Jsc) but the open circuit voltage (V,.) has been found to be reduced compared to samples
without quantum wells [4]. The efficiency of MQW solar cell calculated in detailed balance
limit with four intermediate bound is 74.6 % [5], but in reality, the efficiency do not exceed

15 % in one sum illumination [6].

Thermal escape

—> tunneling

. 2
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Fig 1.1 Schematic energy band diagram of multi-quantum well solar cell
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1.2 Quantum Well materials

1.2.1 Epitaxial growth of Quantum Well (QW)

The art of bandgap engineering relies heavily on developments in the technology of crystal
growth, exactly with development of epitaxial methods such as molecular beam epitaxy
(MBE), and chemical beam epitaxy (CBE)... The basic principle of epitaxy is to grow thin
layers of very high purity on top of bulk crystal called the substrate. The system is said to
be lattice matched QW when the lattice constants of the epitaxial layer and the substrate
are identical, for example growth Al,Ga;_,As on GaAs (GaAs/Al,Ga;_yAs QW).Lattice
matching reduces the number of dislocations in the epitaxial layer of quantum well system
and other type of growth is strained where the substrate and the strained layers have
different lattice constant (example InAs on GaAs).In order to avoid the build-up of misfit
dislocation at interface in this type of growth, the strained layers need to be thinner enough.
The layer can be physically strained to the point that its lattice constant becomes similar to
that of the substrate [9]. This is more clarified in Fig 1.2 and Fig 1.3.

Band gap (V')

[ | ,
@ Dvirect band gap
AIN D Indirect band gap
B
|
|
4 |
CiaM
ALP
5 GaP
GaAs
InM™
] S
0.3 0.4 0.5 0.6

Lattice constant (nm)

Fig 1.2 Room-temperature bandgap of a number of important optoelectronic I11-V

materials versus their lattice constant [8].
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Fig 1.3: (a) Isolation lattice matched, (b) bulk strained layer with dislocation in interface,

(c) thin strained layer without dislocation in interface [9].

1.2.2 Quantum-confined structures

A quantum-confined structure is one in which the motion of the electrons (and/or holes) is
confined in one direction by potential barriers. Quantum size become important when the
thickness of the layer becomes comparable to the de Broglie wavelength of the electrons
or holes. The de Broglie wavelength depends on effective mass of particle m*and

temperature T:

h

Ade-sroglie = Frmrror (1-1)

For an electron and hole in InAs with an effective mass of m; = 0.023 m, and
my, = 0.41 mowe find Age_grogiie(ey = 50 nm and Age_progiieny = 12 nm, respectively

at 300K.

Thus, the length of the quantum well must be kept below the de-Broglie wavelength to
observe the quantum confinement effects. Due to this, the motion of electrons and holes
will be quantized in the growth direction, giving rise to a series of discrete energy levels as
shown in Fig 1.4 (a). The quantization of the motion in growth direction has three main
consequences: Firstly, the quantization energy shifts the effective band edge to higher

energy; therefore, the bandgap tenability can be achieved without using alloys to control
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the bandgap. This is desirable since alloys inevitably contain more defects than simple
compound.

Secondly, the confinement keeps the electrons and holes closer together and hence

increases the radiative recombination probability.

Finally, the density of state becomes independent of energy, in contrast to 3-D materials as
shown in Fig 1.4 (b).

The electronic states of QWs can be understood by solving the Schrddinger equation for
electrons and holes. Fig 1.4 (a) illustrates the first two transitions in a typical QW; the

threshold energy for these transitions is given by [8]:
hw = Eg + Epp + Eep (1-2)

The lowest value is thus equal to (E; + Ej; + E,4), Which shows that the optical bandgap

is shifted by sum of the electron and hole confinement energies as shown in Fig 1.4 (a).

a) | y
Absorption coefficient
{.‘@uﬂ 'mnﬂui i
e
el Bulk ) -
d n=2
n=1| |n=1 .
; n=1
hl /
h2 ]
Valence band 0 4 8

(hw — E;) in units of (h*/8d )

Fig 1.4 (a) Quantization energy levels and transition between confined states (b) absorption

spectrum for bulk and quantum well materials [8].
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1.3 Structure of Quantum Well solar cell

The solar cell is designed as a p-i-n structure where layers of lower bandgap is introduced
into the intrinsic region, for example InAs used as QW and GaAs as matrix (or barrier) as

shown in Fig 1.5.

The main idea of the quantum well in solar cell is to extend the absorption range of a GaAs
material via the insertion of the thin layers of lower bandgap (InAs). The QW thickness
must be less than de-Broglie Wavelength and this type of structure offers the possibility
for reducing thermal dissipation loss through absorption photons with energy lower than

bandgap of host material.

N

L
—

contact

contact Quantum Wells

Fig 1.5 Structure of multi-quantum well solar cell

1.4 Modeling and simulation of QW solar cell

To simulate the MQWSCs two physical models are combined. The first one is the Drift-
Diffusion model (DDM) which deals with classical regions. The solved system for DDM
consists of Poisson and continuity equations. The second one is the tunneling-hopping

quantum model (THQM) which describes the transport mechanism of quantum carriers

10
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confined in wells. For the last one we solve consistently the Schrodinger and Poisson
equations. Fig 1.6 presents a simple illustration of the DDM for carriers at classical edges
and the THQM for carriers confined in wells. Numerical method of each model is given in

more details in next sections.

Classical Drift-Diffusion Transport
Quantum Tunnelling-hopping Transport

Fig 1.6 Transport Mechanism in QW solar cell

1.4.1 Classical Drift-Diffusion model

The classical DDM describes the static and dynamic behavior of carriers in semiconductors
under external conditions, such as an applied field or an optical excitation, that cause
deviation from the thermal-equilibrium condition. The basic equations can be classified in
two groups; electrostatic equations, and continuity equations. by solving these equations,
we can deduce the classical behavior of the solar cell. To solve these equations several
numerical methods are available. In our study, we have chosen the Newton's iterative

coupled method.

1.4.1.1 Basic equation of DDM

Poisson equation:

11
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This equation relating charges to electric field (potential) for one dimension is given by

[9]:

v _ 9§ _ _p _ a(n=p+Nap+pr—ni) (1-3)
9x? ox € £

+Np ,innregion
Nyp =10, in intrinsic region (1-4)
—N, ,inpregion
p: Charge density ( coulomb.cm™3)
n and p : The density of electrons and holes ( cm™3)
N,p, : The density of doping (cm™3)
p: and n, : The density of traps states (cm™3)

¢ : Dielectric constant of semiconductor. (F.cm™1)

This equation is commonly used in 1D solar cell or any other electronic device to calculate

the potential and field profiles caused by a charge density (p)distribution.

Current-density Equations:

The most-common current conduction consists of the drift component, caused by the
electric field, and the diffusion component, caused by the carrier-concentration non-

uniformity distribution. The current-density equations are [9]:

]n:CI.unnf-l'anZ_z (1-5)
]p =quppf_qug_z (1'6)
I = +]p (1-7)

Where J,, and J, are the electron and hole current densities, respectively uy,,, and D, ,, are

the mobility and the carrier diffusion constant.

Continuity Equations:

12
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While the above current-density equations are for steady state conditions, the continuity
equations deal with time-dependent phenomena such as low-level injection, generation and

recombination.

Qualitatively, the net charge of carrier concentration is the difference between generation
and recombination, plus the net current flow in and out of a given region. The continuity

equations are then given by [9]:

m_ oy i _
E—Gn UR+q6x (18)
®_¢ _R,—1% ;
at_Gp Ry 7 ox (1-9)

Where G, and G, are the electron and hole generation rate (cm™3.s™1), respectively,

caused by external influence such as the optical excitation. R,, and R, are the recombination

on _ op _
rate. For steady state i 0 and Pl 0.

1.4.1.2 Numerical simulation of DDM

To solve numerically the coupled partial differential equations (Poisson and continuity),
the device structure should be divided into a number of nodes. This step is called a grid or

mesh generation as shown in Fig 1.7.

dx(h) dx(h+1)

s, aff—. X
0+0+0+0+0+0+0+0+0+0+0—
1 2 3 h-1 h h+1 .. w N-2 N-1 N
i
x(1)=0 dz(n) x(N)=d

Fig 1.7 1D discretization of a solar cell.
The finite difference method is used for transform the differential equations to their

discretized form. The principal variables n,p and V are defined in what is called main

(principal) nodes. However, terms that contain the derivatives of the principal variables

13
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(Electrical field, current) are defined at what is known by secondary (auxiliary) nodes.

These are located between two main nodes.

The Poisson equation and the continuity equation in their discretized form according to

finite difference method are then given by [10]:
Y1V (= 1) + v, (V) +y;(W)V (R + 1) = —28 (1-10)
For Poisson equation where:

1
y1(h) = 5x(h)8z(1)

1 1 1
v2(h) = 5z(n) (6x(h) 5x(h+1))

1
vs(h) = 5x(h+1)8z(n)

For J, and J,, we use Gummel approximation (more details concerning this approximation

are given in [10]):

I+ D) = 5o @+ D) + 2+ D+ D] (1-12)

@+ 1) =55 A+ Dp() + A+ Dpth+ D] (1-12)

Where

V(h)-V(h+1)

V(h)-V(h+1) )
1-exp(B(n+1)

)’/17'12 (rl + 1) = l’ln (l—exp(—ﬁ(rl+1)

Anl(rl + 1) = Un(
V(h)-V(h+1)

V(h)-V(h+1) )
1-exp(-=B(n+1)

), /1p2(r1 +1) = Hp (1—exp(ﬁ(r1+1)

Apl(rl +1) = ﬂp(
B+1) =—[V(h) —V(h+1)];

KgT

By using the Gummel approximation for the current-density, we find the discretized form

of continuity equations:

14
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1 /1n1 (rl) /1n1 (rl + 1) AnZ(rl)
5z(n) (‘ OB +< Sx(h+1)  ox(h) ) n(h)
A2+ 1
+ —dx(h D n(h + 1)>
= —G(h) + Ug(h) (1-13)
1 Apl(ll) Apl(rl + 1) ApZ(rD
520) (‘ sz PR D < Sx(h+ 1) ox(h) ) (R)
ApZ (I] + 1)
+ m p(h + 1))
= G(h) + Ug(h) (1-14)
With h=2:N — 1
Where
G(h) = Zra(d) Boexp(—a(d) x(h)) (1-15)
k=M n(h).p(h)—n? i
Uaeh) = 2ie=d o (0| )+ exp( L —EEL | 1) [p () g exp (EEE )| (1-16)
Where M is the number of traps.
The full set of the discretized system is then written as:
FV(R) =y (MV(h—1) +y,(WV (W) +ys(MV(h + 1) + @ =0 (1-17)

n __1 _ Anl(rl) _ /1111(114'1) _ AnZ(rl) AnZ (n+1
F (h) - 52(r1)< 6x(h) n(h 1) + ( 6x(h+1) Sx(h)) n(h) + 6x(h+1) Tl(h t 1)>

+G(h) — Ug(h) = 0 (1-18)

Ap1+D Ao () Ap2(m+1)

Ay ()
p —_1 (_ZpD _
FP(h) = p(h—1)+ ( Sx(h+1) 6x(h)> p(h) + Sx(h+1) p(h+ 1)>

6z(n) < 6x(h)

—G(h) + Ug(h) = 0 (1-19)
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Finally, a complete set of 3 x (N — 1) equations is obtained that allows to calculate the
values of V(h), n(h) and p(h) (h=2...N — 1) in each nodes.

Using these definitions, the complete set of non-linear algebraic equations can be written

as
F(2)
F(3)
FV(h)
F(h) = 0;and F(h) = gp EZ% (1-20)
[F(N - 1)

F(h) dependsonV (j),n (j)andp (j) wherej =h —1,h,h + 1.

The spatial discretization of the set of the three partial differential equations over N grid
points results in a set of 3x(N — 2) nonlinear algebraic equations (F (h) = 0)with 3x(N —
2) unknowns.

Generally, iterative methods are used to solve systems of nonlinear algebraic equations.
One of the most often used is the Newton method. After using the Taylor’s series
expansion to convert the nonlinear equation (1.17-18-19) into linear form, finally we found

the following matrix-vector form:

A(h)Sy(h — 1) + B(WSy(h) + C(h)Sy(h + 1) = F(h) (1-21)
p(h) dp(h)
Where: y(h) = |n(h)|and 6y(h) = |én(h)
V(h) SV (h)

(h=2...N — 1)

To evaluate the matrix coefficients A, B, C and F let examine equation (1.21) in matrix

form for three division points, h-1, h, and h+1:
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6p(h — 1)
én(h—1)
8V(h—-1)
ai1(h)as2(h)ag3(h)by1 (h)by,(h)bis(h)ci1(h)cip(h)cy5(h) 8p(h) f11(h)
az1(h)azz (h)azs(h)byy (R)baz (h)bas(h)czy (R)caa(h) a3 (h) énch) |=|[f1z(R)
azi(h)asy(h)ass(h)bsy (h)bsy(h)bss(h)c3q(h)csz(h)css(h) 8V(h) fis(h)
Spth+ 1)
én(th+ 1)
[6V(h + 1)
Finally, we found the following Matrix-form
@) 1 [ FQ
[ B(2) C(2) 0 w07 8Y(3) F(3)
A(B) B(3) C(3) 0 : :
0 A(4) B(4) C#4) : _ :
: Nl sy |77 Fw (1-22)
0 .. A(Ch) B(h) C(h) .. 0 : :
[0 -+ -+ 0 AN-1) B(N—-1)] : :
[Sy(N — 1) [ F(N —1).

Newton’s iteration principle requires that we have an initial guess or starting value to
calculate the error state for the first iteration. The calculated error is then added to the initial
value and the process is repeated until convergence is reached. For our MQWSC the DDM
is used according steps described below to extract the J-V characteristic of the GaAs p-i-n.
To improve the iterative processes we begin by calculate the J-V characteristic in dark.
Each obtained solution in dark for the different applied voltages is used as initial guess

when the light loop is added to extract finally the J-V characteristic under light.
1.4.2 Quantum model

1.4.2.1 Quantum transport in MQWSC

For MQWSC additional currents are available owing to confined carriers in wells; the
thermionic emission current (hopping current) and the tunneling current.

The thermionic emission current is a majority carrier current and is always associated with
a potential barrier. Note that the crucial parameter is the barrier height, not the shape of the
barrier. Referring to Fig 1.8, for the thermionic emission to be the controlling mechanism
the collision or the drift-diffusion processes within the barrier layer have to be negligible.

Similarly, the barrier width has to be narrower than the mean free path, or in the case of a
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triangular barrier, the slope of the barrier has to be reasonably steep such that KzT drop
energy is within the mean free path. In addition, after the carriers are injected over the
barrier, the diffusion current in that region must not be the limiting factor [9].

The second mechanism is the tunneling which is a quantum-mechanical phenomenon.
From a classical point of view, carriers are completely confined by the potential walls.
Only those carriers with excess energy higher than the barriers can escape, as in the case
of thermionic emission discussed above. However, in quantum mechanics, an electron can
be represented by its wavefunction.

The wavefunction does not terminate abruptly on a wall of finite potential height and it can
penetrate into and through the barrier (Fig 1.9). The probability of electron tunneling
through a barrier of finite height and width is thus not zero. To calculate the tunneling
probability, the wavefunction ¥ has to be calculated from the solution of Schrddinger
equation.

The tunneling current can be calculated from the product of the number of available carriers

in the original (initial) region-A (Fig. 1.9), and the number of empty states in the destination

region-B,
i |5l
Jrun =5 ars | Fa Na 2 (1 = Fg) Ny dE (1-23)
2
Where F,,Fg, N4, Ngand % present the Fermi-Dirac distribution (in region A and B
A

respectively), theirs corresponding densities of states and the tunneling probability

respectively [9].
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Fig 1.9 Electron wavefunction tunneling through a rectangular barrier.
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1.4.2.2 Numerical simulation method for the quantum model

To simulate the quantum model in MQWSC, the Schrddinger equation must to be solved
to calculate the eigenvalues (Energies) and eigenvectors (wavefunctions) of the confined
carriers (electrons and holes). We have the pivotal idea championed by Dirac that column
vectors (kets) and that differential operators correspond to matrix (bra-ket). The finite

difference method (F.D.M) are used to transform the Hamiltonian operator to a matrix [11]:

We[o (1 0¥; _

z a(m—;a)] +E = B (1-24)
h?| o 1 aij _ )
z a_(m_ha_)] — B = B (1-25)

Finally, we found the following form of the discretized equations:
ap(M¥(h) —ag(WM¥P M+ 1) —ay(W¥Ph—-1) =E¥Y(h) (1-26)

For electrons, where;

1 1
a,(h) = R mEm mithen 1
E 2 2 dx(h+1)dz(n)
5 1 + 1
_ RZPmEm)TmE(h-1) 1
ay (h) = 2 2 dx(h)dz(n)

ap(h) = ag(h) + aw(h) + E,
Finally, equations (1-26) are writing on the form of eigenvalues problem:
H|¥) = E|¥) (1-27)

It is possible in MATLAB to solve Eq (1-27) and extract the eigenvalues E and the
eigenvectors |¥) of H . This by using the command [¢,E]= eig(H)which generates two
matrices. The first matrix ¢ has as its columns the eigenvectors |¥). The second matrix E
is a diagonal matrix with Eigen values E; corresponding to the eigenvectors |¥g,) placed

along the central diagonal. We can use the command E=diag (E) to covert this matrix into

a column vector [11].
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After finding the eigenstates and eigenvalues, it is possible now to calculate the quantum

concentration of electrons and holes, according to the following relations [2]:

J2miKpT E;~E

now = 2By |92 Py, (- 2E) (1-28)
/2 m}KgT Eo—E.

Pow = ZTZj|qu|2 F_i/2 (— I);BT]) (1-29)

Where m¢ and m;, are the electron and hole effective masses, Ef is the Fermi level, and
F_1,, is the Fermi-Dirac integral of order —1/2 .
These quantum concentrations in addition to the classical concentrations (calculated from

DDM) are injected in Poisson equation as follows:

22(e V)
PY —p = q(Nap — Pow — Pclass T Now + Nelass) (1'30)

We note that the iterative process and the convergence test are applied to this equation after
its discretization similarly to Poisson equation in DDM. This is done alternately with the
Schrédinger equation. For the hopping and tunneling probability, we assume for simplicity
that due to the availability of many photons with different energies, all the carries generated

in quantum wells can escape. Then the quantum current can be calculated as follows:

A Quantum
]n,Quantum = QIWTt dx (1'31)
Ap,Quantum
Jo quantum = q [ T dx (1-32)
]Quantum = ]n,Quantum +]p,Quantum (1' 33)

Finally, the complete flowchart of the algorithm used to extract the total J-V characteristic
under light of the InAs/GaAs p-i-n MQWSC is shown in Fig.1.10.
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Fig 1.10 Flowchart of the algorithm of MQWSC.

1.5 Application for InAs/GaAs p-i-n MQWSC

Along this dissertation, we simulate InAs/GaAs multi-quantum well shown in Fig 1.11,

nine quantum wells are used with 10-nm thickness and distance between two QW is 10-

nm and all simulations were performed at room temperature using AMO solar irradiance at

intensity of one sun.
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Fig 1.11 Structure of InAs/GaAs multi-quantum well solar cell.

The band diagram of this structure, Eigen energies calculated by MATLAB are shown in
Fig 1.12. Quantum electrons and holes wavefunction and quantum concentration
distribution calculated in equilibrium are presented, respectively, in Fig 1.13 and Fig.1.14.
From figure, we can see that, due the profile of the p-i-n energy diagram (the internal build
in field) the electrons moved from the intrinsic region to the n-region as shown below, and

holes from intrinsic to p-region.

It is known that by applying light to the solar cell an optical direct bias will be generated
along the cell. As results the quantum concentrations distribution of electrons and holes
change as if it was a direct bias applied. Hence, the electrons move from n-region to p-

region and the holes from p-region to n-region as shown in Fig 1.15.
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Fig 1.12 Simulated band diagram of InAs/GaAs MQWSC and its extracted Eigen energies.
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Fig 1.13 Wavefunctions distribution for electrons and holes.
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Fig 1.14 Quantum concentration distribution in equilibrium for electrons and holes.
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Fig 1.15 Quantum concentration distribution in light bias for electrons and holes.
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Fig 1.16 Quantum current of MQW solar cell and classical diffusion current of classical

solar cell.

Fig 1.16 shows the simulated classical diffusion current and the quantum current densities.
These two currents are comparable. The oscillating shape noticed in the quantum current
density is produced by the wavefunction behavior.

Finally, the J-V characteristic under light is shown in Fig 1.17 compared with the J-V of
classical solar cell. The extracted electrical outputs are summarized in Table 1. We notice
significant increase in J,. and FF and the cell efficiency improves for 16.78 % to 18.52%.
However V. does not change because in this simulation we have omitted recombination

for carriers generated in QW (very low defect density and then SRH recombination can be
neglected).

Therefore, the beneficial effect of QW is clear. The contribution of the quantum

phenomena assisted by quantum carrier thermal emission and tunneling has notably

improved the cell current density.
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Fig 1.17 J-V characteristics of InAs/GaAs p-i-n MQWSC compared to the same classical

solar cell.

Table 1 Comparison between GaAs/InAs p-i-n MQWSC and standard GaAs p-i-n SC.

GaAs p-i-n SC Jsc (Alcm2) Ve (V) n (%) FF (%)
Standard solar cell 0.0222 0.881 16.78 85.47
MQW solar cell 0.0244 0.881 18.52 86.20
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1.6 Conclusion

In this chapter, we have presented the numerical models and method to simulate a 1D
MQWSC in MATLAB. The numerical model consists of the classical DDM for classical
carriers at the higher band gap edge while the quantum model deals with carriers confined
in wells formed by lower band gap edge. The numerical method used in both models is
Newton method and additional commands provided by MATLAB to extract the Eigen
values of energies and wavefunctions in wells. Using MATLAB the total built program
applied to a InAs/GaAs p-i-n MQWSC gives promising results especially concerning
current density and fill factor. This leads to an increase of the cell efficiency to 18.52%
compared to 16.78% of the classical GaAs p-i-n SC.

As far as future recommendations go, by considering the recombination model in QW,
tunneling through traps and other models it is possible to improve the study and obtain

results reflecting more the experimental measurements.

In addition, MQWSC open minds of designers to establish other modern conceptions to
improve more the conversion efficiency, like as the quantum dot solar cell which will
presented in the next chapter using the well-known powerful “SILVACO ATLAS”

simulator.
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2.1 Introduction

The intermediate band and Multi-exciton generation solar cells are a photovoltaic concepts
designed to give a performance exceeding that of a single gap solar cells. The basic
principles behind its operation rely on synthesizing a semiconductor material with an
electronic band located within the band gap and carrier recombination between bands
should be much slower than the relaxation within the bands for capture and use photon less
than the bandgap energy [2] or synthesizing a semiconductor with an intraband transitions
equivalent to the bandgap of semiconductor for more benefit and use photon more than the
bandgap energy [2].

Quantum dots (QDs) have been proposed as a way of both implementing the intermediate
band concept and Multi exciton generation. QDs is a nanostructure whose sizes in three
dimensions are all smaller than De Broglie wavelength of excitons and size between
molecular and bulk forms of material. As a result, the moving space of electrons will
become smaller than the De Broglie wavelength with the confinement effect of quantum
dots, which is about tens of nanometers. The classic corpuscular property will no longer
applies to the moving electrons. Instead, wave property will become the main character,
which leads to a lot of quantum effects that benefit in designing and making use of quantum
dot solar cell, such as size effect, resonant tunneling effect, multiple excitons effect and so
on, for example the bandgap of QDs increases with the size decreasing and the energy
levels in quantum dots are quantized due to quantum confinement effect in three
dimensions [3].

As calculated result from Detailed Balance limit , the conversion efficiency of Quantum
Dots solar cell is more than 87% under concentrated sunlight [4], comparing with
maximum efficiency of single junction solar cell (30%) [5].

Many research results have been presented about different quantum dot solar cells
(QDSCs) with different materials and structures. Up to now, the highest reported
conversion efficiency of fabricated QDSCs has reached 19.4% which is under two-sun
illumination [6] there are other attempts to understand the behavior of QDs and defects in

this type of materials.
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Fig 2.1 Structure of quantum dots solar cell

A simplified structure of a QDSC is presented in Fig.2.1. When the cell is subject to the
light, photons of the higher energies are absorbed mainly by the basic matrix
semiconductor of the i region which has the higher band gap energy. The quantum dot
implanted in the i region absorb, in addition, lower energy photons. As results, an improve
is expected in the current density while an effective voltage is established combined
between the higher one related to the basic matrix and the lower of the QD regions. The
conversion efficiency of the cell gets better if the increase in current exceeds the voltage

drop.

2.2 Researches and development of QDSCs:

In 2007, Marti et al used molecular beam epitaxy for growth and compared between
InAs/AlGaAs QDs solar cell with different number of Q.D layers, 10, 20 and 40 layers of
Q.Ds and they found that [1]:

e The number of QDs layers plays an important role in the solar cell properties.
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e The short circuit current does not always increase with more layers of Q.Ds and

solar cell with 10 layers have the highest J,. as shown in Fig 2.2.
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Fig 2.2 J-V curves of different layers of InAs QD solar cells [1].

The authors interpreted that by decrease in the minority carries lifetime and by strain-

induced dislocation that propagate from QDs region to P emitter.

In the same year R. B. Laghumavarapu et al inserted GaP (Gallium Phosphate) layers into
3-layer InAs/GaAs quantum dot solar cell [7] [3]. They found an enhanced infrared spectral
response of GaAs-based solar cells that incorporate type 1l GaSb quantum dots (QDs).
These are formed using interfacial misfit array growth mode and the technique used for

growth is the molecular beam epitaxy as show in Fig 2.3 [7].
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Fig 2.3 Spectral response of (a) solar cell with type-2 GaSh/GaAs quantum dot and (b)
solar cell without type-2 GaSb/GaAs quantum dot [7].

In addition, the authors proved that the QDs type Il is more efficient than type I, because

the only one type of carrier is confined and therefore decrease the recombination in QDs.

In 2012, Bailey et al use a thin layer of GaP or GaAsP to compensate strain or at least to
partially accommodate the compressive strain induced by InAs QDs sheets. The structure
is illustrated in Fig 2.4. The most important result in their work is the improvement of the
open-circuit voltage compared to the other QD solar cells and was found to be due to the
reduction of non-radiative recombination resulting from a reduced density of larger

defective QDs and effective strain management [8].
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Fig 2.4 Energy band of QD GaAs p-i-n solar cell, illustrating conduction and valence band

offset of superlattice layers in the intrinsic region of the device [8].

In 2013, Xiaoguang Yang et al [14] have studied the effect of doping the InAs/GaAs QDs

solar cell by silicon (Si) in InAs QDs during the QD growth, the resulting J-V characteristic

is shown in Fig 2.5 and the extracted outputs in Table 1.
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Table 1 Outputs of Si-doped InAs/GaAs QD solar cell

Si-doping level (cm™2) Vyo(mV) Jsc(mA/cm?)  FF (%) 1 (%)
0 670 27.16 61.44 11.26
5x 101% 840 27.60 73.49 17.00
1x 1012 830 24.53 74.89 15.30

The authors interpreted the increase of efficiency of QD solar cell with doping due to the

two possible reasons:

e The first one is that, Si—As has a shorter bond length than In—-As, the substitution
of Si for in will reduce the lattice mismatch between the InAs QDs and the GaAs
capping layer, and these induce reduction in defect density.

e The second one, the defect states such as electron traps can be inactivated by the

Si-doping, which could suppress the non-radiative process [14].

In 2016, Research group of center of Nanoscience and nanotechnologies from France used
chemical beam epitaxy technique (CBE) for growth InAs/GaAs Quantum dots solar cell.
Their results were not good enough but it is a promising growth technology for
photovoltaic applications as it allows mass production with the lowest cost [9]. The

resulting outputs are summarized in Table 2.

Table 2: Outputs parameters for the three solar cell reported in [9]

Device Voc(mV) Jsc(mA/cm?) FF(%) n(%)
Reference SC 861.4 18.8 64.2 10.4
2.5-nm QDSC 823.3 19.7 60.0 9.7
5-nm QDSC 792.3 19 60.2 9.1
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This is one of the aims of this dissertation, we will try to simulate these solar cells and

predict the main causes that give this range (9.1-10.4%) of the cell efficiency.

In the last years, Quantum dots has been used because of the Multi exciton generation or
intermediate band (absorber layer) and also as a transport layer for electrons or holes. For
example, it is possible to use the graphene, which has zero bandgap as QDs when we reduce
the size of this material since it increases his bandgap up to 3.6 eV in addition to its good

optical and electrical properties.

For example, in 2016 Senlin Diao et al fabricated solar cell with efficiency achieved

12.35% based on n-Silicon as a substrate and Graphene QDs as holes transport layer as

show in Fig. 2.6.
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Figure 2.6: Structure and J-V characteristic of Graphene QD solar cell [10].

2.3 Physical mechanism of QDs solar cell

Advanced concepts for high efficiency solar cells such as Multi-Exciton Generation
(MEG), and Intermediate-Band (IB) absorption in low-dimensional nanostructures are
under focused research topics in recent years. Among various potential approaches, this
paragraph is devoted to the device physics exactly the physical mechanism of quantum dot-

based intermediate band (IB) solar cells and multiple exciton generation.
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2.3.1 QDSC with intermediate band:

In this type of solar cell, it is required that QD be homogeneous and regularly and tightly
placed in all three dimensions. This configuration then leads to formation of an

Intermediate-Band (IB) or a superlattice miniband.

Fig 2.7- (a) -AFM image of self-assembled QDs grown by S-K growth mode of InAs QDs
grown on GaAs [11]. (b)-Schematic energy band diagram of QD-IB solar cell with possible
photo-absorption processes. The energy bandgap of host material and quasi-Fermi level of

IB are given by E; and Eg ,respectively [11]. (c) - Electron transition through intermediate

band [2].

Secondly, IB states should ideally be half-filled with electrons in order to ensure an
efficient pumping of electrons by providing both the empty states to receive electrons being
photo-excited from the Valence Band (VB), and filled states to promote electrons to the

Conduction Band (CB) via absorption of second sub-bandgap photons [11].

This type of QD offer the possibility for reducing thermal dissipation loss through

absorption photons with energy lower than bandgap of matrix material (the host material
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of the QD), the AFM (Atomic Force Microscopy) image of self-assembled QDs growth by
S-K growth mode for InAs/GaAs QD and equivalent Band structure of IB solar cell as
shown in Fig. 2.7. (a) and Fig. 2.7. (b). Due to this intermediate band, electrons can jump
from valence band to intermediate band temporarily, and then jump from intermediate band

to conduction band with the help of another photon [2] as shown in Fig. 2.7. (c)

2.3.2 QDSCs with multiple exciton generation

One of the largest losses in a bulk or thin film solar cell occurs after the photon is absorbed,
as photons with energy larger than the semiconductor bandgap produce charge carriers with

excess kinetic energy, which is then dissipated via phonon emission.
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Fig 2.8 multiple exciton generation [3].

The most widely employed approach to reduce losses is through multi-junction PV devices.
Multi-junction cells have produced PV efficiencies far beyond the Shockley Queisser limit
[5] for single junction solar cells (to date 42% under un-concentrated AM 15 G
conditions), but their high fabrication cost still renders large-scale deployment challenging
another concept to minimize these losses is use QD solar cell When a single photon with
sufficient energy is absorbed by solar cells, more than one electron-hole pair might be

generated, this effect due to quantization energy of QD as shown in Fig. 2.8
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2.4 Structure of QDSC

In this section, we will discuss the structure of Quantum dots fabricated by chemical beam
epitaxy (CBE) by Research group of center of Nanoscience and nanotechnologies in
university of paris-Saclay [9].

(a) h ]

p GaAs 200-nm

Fig 2.9-Structure of solar cell (a)-reference solar cell (b)-Q.D solar cell

Quantum dots are inserted in the intrinsic region of GaAs p-i-n solar cell and the material
used, as quantum dot are InAs (Indium Arsenide). GaAs p-i-n solar cell were grown on n-
type (001) GaAs substrate. For quantum dot solar cell, the intrinsic region that consist of a
30-nm thick GaAs buffer grown at 565°C followed by an undoped InAs QDs multilayer
structure. Each QDs layer is separated by 30-nm thick GaAs.

For the reference cell (without QD), the intrinsic region of the solar cell consists of a 660-
nm thick GaAs layer and 3200-nm thick GaAs as n-doped layer and a 200-nm p-doped
GaAs.
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The completed device structure is with 40-nm thick p+ doped Al, sGa, ,As layer (that acts
as a window layer) and a 200-nm thick p+ doped GaAs layer.

The used Quantum dots are with a height 5-nm and 2.5-nm. More detailed about the growth
procedure of InAs QD are available in [9].

The alloy Ni/Ge/Au is used as a base contact (back contact) and the emitter grid (front
contact) contains three layer Pt/Ti/Au respectively, the structure is shown in Fig. 2.9 while

Fig. 2.10 shows AFM image of the distributions of QDs in the surface of GaAs [9].

Fig 2.10 AFM image of QD in GaAs surface in two samples (a)-One and (b)-ten QD [9].

2.5 Simulation setup in Silvaco Atlas

2.5.1 Introduction

In this chapter, Silvaco TCAD Simulator is chosen as to simulate QDSC since it is specially
designed for 2D and 3D simulations.

Silvaco TCAD (Technology Computer Aided Design) is a powerful device design and
simulation simulator, including both semiconductor process simulation and device

simulation. This simulator is developed by Silvaco [12].
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As shown in Fig. 2.11, Silvaco TCAD contains many different parts, such as interactive
tools DeckBuild and Tonyplot, process simulator Athena, device simulator Atlas, structure
and mesh editor DevEdit, and so on. Fig. 2.11 describes the flow diagram when simulating
through Silvaco TCAD. All these parts are organized together through DeckBuild
interface.

From Fig. 2.11, we can see that device simulator Atlas is the core part of Silvaco TCAD
simulator. It can simulate many characteristics of a semiconductor device completely,
including electrical behavior, optical behavior, thermal behavior, and so on. Atlas provides
an easy-to-use, which is based on physics. In addition, Atlas affords a large number of
physical calculation models for users to choose [3].

As a device simulator, Atlas owns a full set of functions from building models to
calculating out results. All these functions are achieved through statement description.
Atlas statements can be classified into different groups by five different functions, which
are structure specification, material models specification, numerical method selection,
solution specification, results analysis, respectively. Fig. 2.12 shows primary statements in
each Atlas command groups.

DevEdit
(Structure and
Mesh Editor) Runtime Output

Struchure Files

D \)Aﬁs

Device Simulator

Log Files

[Process Simulator)

[Visualization
Tool)

Command File

Solution Files

DeckBuild

(Run Time Enwironment)

Fig 2.11 Simulation flow diagram of Silvaco TCAD [12].
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Group Statements

MESH
REGION
ELECTRODE
DOPING

1. Structure Specification ——

MATERIAL
MODELS
CONTACT
INTERFACE

2. Material Models Specification s

3. Numerical Method Selection METHOD

LOG
SOLVE
LOAD
SAVE

4. Solution Specification —

5. Results Analysis —  EXTRACT
TONYPLOT

Fig2.12 Flow chart and command groups of Atlas [12].

Structure specification: Including the division of meshes, definition of regions with
different materials and type of material and doping concentration, definition of electrodes.
First, the division of grids can be controlled by command “MESH”, as example shown

below:

x.m loc=0.0 s=0.1
x.m loc=1.0 s=0.1
y.m loc=0 s=0.1

y.m loc=3.0s=0.1

“x.m” is used to define grids in landscape orientation, and “y.m” is used to define grids in

€9
S

portrait orientation. “loc” is the location where the grids will exit and “s” means the density or
spacing between two successive nodes.

Second, the definition of regions can be controlled by command “REGION”, as examples
shown below:

region material=GaAs thick=0.2 accept=1e19 ny=10 nx=10 material=GaAs
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“thick” used to define the thickness of this region and “accept” used to define for p-type

29 9

semiconductor or “donor” for n-type and “nx”,”ny” used to define the number of nodes
and “material” is used to define the material used in this region.

Thirdly, electrodes and material used can be defined by using commands below:

electrode name=anode material=Gold Xx.min=0.45 x.max=0.55 y.min=0 y.max=0.2

electrode name=cathode bottom

Material models specification: Including setup of material parameters (band gap,
absorption coefficient, minority lifetime, electron affinity etc.), choose of physical models,
specification of contact characteristics, and definition of interface properties.

First, the parameters and characteristics of materials used in simulation models can be
defined by command “MATERIAL”, as the example shown below:

material mat=InAs EG300=0.65 permittivity=14.6 affinity=4.9 Nc300=8.7e16\
Nv300=6.6e18 index.file=InAsl.nk out.index=InAs \
user.group=semiconductor user.default=InAs MUN=22600 MUP=200

Among them, “EG300” means energy gap at 300K (unit: eV).”permittivity means
dielectric constant. “affinity™ means electron affinity (unit: eV). “Nc300” and “Nv300”
mean effective density of states in the conduction band and valence band, respectively
(unit:cm™3).

“index.file” means the refraction index.”user.group” Specifies the material group for the
user-defined material. USER.GROUP can be either semiconductor, insulator, or conductor.
“user.default” specifies which material the user-defined material should use for its default
parameters and “MUN” and “MUP” means mobility of electrons and holes respectively.
Second, we need to choose physical calculation models by using command “MODELS®,
as the example shown below:

model fermi SRH conmob optr print

“fermi” refers to the model that Fermi-Dirac statistics is used and SRH (Shockley Read

Hall) means the Shockley Read Hall recombination model is used and “conmob" refers to
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the model that mobility depends on concentration of impurity. ” print” does not refer to
any model, but means all models and material parameters will output in tabular form, and
other models.

Thirdly, we can define the surface recombination rate by using command “INTERFACE”,

as the example shown below:

interface x.min=0.45 x.max=0.55 y.min=-0.05 y.max=0.05 s.n=1e2 s.p=1e2

interface Xx.min=0 x.max=1 y.min=13.8-0.05 y.max=13.8 s.n=1e2 s.p=1e2

“s.p” and ” s.n” means the surface recombination rate of holes and electrons .

Numerical method selection: Computer simulation is based on numerical calculation. To
make sure that the calculation can converge, numerical method should be selected properly.
In Atlas, there are Newton iteration method, Gummel iteration method, Block iteration
method, and combination iteration method [3].

For example:

method newton

Solution specification:

After finishing building the structure and choosing proper physical models and numerical
methods, next step is to apply illumination and bias voltage, and then we can finally obtain
all the characteristics we need from a solar cell. Here, example will be presented in order
to clearly describe this part of statements in Atlas. However, this example, we will obtain
one of the most important characteristic of solar cell: I-V (J-V) curve.

I-V (J-V) characteristic is one of the most important properties for a solar cell. From the I-
V (J-V) curve, we can also obtain the short circuit current and open circuit voltage.

The solar cell was exposed to a 1-sum illumination AM1.5 with normal-incident light
source and intensity of 100 (mW/cm2). This can be simulated using Silvaco using BEAM
command with input file power “solarex03 15.spec” as follows:

beam num=1 x.orig=0.5 y.orig=-0.5 angle=90 power.file=solarex03_15.spec\
out.power=solarex03_15.log wavel.start=0.305 wavel.end=1.8 wavel.num=300 normalize
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where “x.orig” and “y.orig” define the source position and “wavel.start”, “wavel.end” and
“wavel.num” define the domain of wavelength , Fig 2.13 below shows the used solar
spectrum.

After define the illumination, next step is apply bias voltage and change their values, as
shown below:

solve b1=1e-08

solve b1=1e-07

solve b1=1e-05

solve bl=1e-04

solve b1=1e-03

solve b1=1e-02

solve b1=0.1

solve b1=0.2

solve b1=1

solve vanode=0 vstep=0.05 vfinal=0.3 name=anode

solve vanode=0.32 vstep=0.02 vfinal=1.2 name=anode

[—— Spectral irradiance(W/cm?/um)|

0.20

0.15

0.10

0.05

Spectral irradiance(VW/cm?um)

0.00

T T T T T T T T
0.0 0.5 1.0 1.5 20 25 3.0
Wavelength (um)

Fig 2.13 solar spectrum used in this simulation
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Results analysis:

After finishing the calculation and stored the results in records files, we need to plot and
extract the results, for this step we use the commands “tonyplot” and “extract”.

The first thing we need to do is to tell Atlas what characteristics we want to obtain.

For this step, we use the command “output” as the example shown below:

output opt.int band.temp band.param val.band con.band

“opt.int” means the optical intensity and “band.temp” means the variation of bandap energy
with temperature and “band. Param” means all band parameters (such as Eg, n;, N¢. N,,)
“val.band” and” con.band” means valance band and conduction band respectively. Next
step is to use the graphical characteristic viewer, which is built inside the visualization tool
TonyPlot, as shown in Fig.2.14.

We can choose any parameter we have required in command “OUTPUT”in the Quantity
icon in Fig.2.14.

The other command “extract” is used to extract useful values from simulation results,
which are stored in log files.

For example, we use this command for extract Js. and V,. from the J-V characteristic as
shown in example below:

extract name="1V" curve(v."anode",i."cathode"*1e03*1e8) outfile="1Vcurvlight.dat"
extract name="Jsc" y.val from curve(v."anode", i."anode") where x.val=0.0

extract name="JscmAcm?2" $Jsc*1e03*1e8*-1

extract name="Voc" x.val from curve(v."anode", i."anode") where y.val=0.0
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Fig 2.14 Graphical characteristic viewer

2.5.2 Simulation steps for standard solar cell

In the first step, we use Atlas to simulate a conventional p-i-n GaAs solar cell with the
same structure as in Fig.2.8. (a) [9].

The solar cell includes (Fig.2.15) 10um n*-GaAs substrate , the other layers are p™-GaAs,
p-Al, sGag ,As, p-GaAs, iI-GaAs, n-GaAs with thicknesses of 200-nm, 40-nm, 200-nm,
660-nm and 3200-nm, respectively. The respective doping of these layers is: 1 X
10%cm™3 ;1 x10®¥cm™3,1 x 10¥cm™3, 1 x 10%cm™3 and 1 x 10°cm=3. Gold is

used as front contact.
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Fig.2.15 structure of standard p-i-n GaAs solar cell

The J-V characteristics of standard solar cell obtained by Silvaco is shown in Fig 2.16
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Fig 2.16 J-V characteristics of standard solar cell

2.5.3 Simulation of QDSC

In this dissertation for the QD solar cell, the simulation by Atlas is performed for 2D
InAs/GaAs QD solar cell. The solar cell is designed as the standard p-i-n GaAs structure
where ten layers of QD is embedded in the intrinsic region of the cell. The only difference
is the thickness of intrinsic region because in the p-i-n GaAs structure used here the
thickness of intrinsic region depends in the number of QD layers.

For simplicity in our 2D calculation, each QD is modeled by a rectangle [13] with diameter
and height of 90-nm and 5-nm, respectively, distance between the layers is 30-nm, the
distance between the QD in the same layer is 10-nm, and the thickness of intrinsic region
is 380-nm as shown in Fig 2.17 and the band diagram shown Fig 2.18.

In ATLAS conventional solar cell is described by the Poisson, continuity equation and
drift-diffusion transport equations, and such differential equations are solved by the finite
element method (F.E.M) [12].
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After solving these equations, we can find electrostatic potential (@) and the electron and
hole concentrations(n, p).

However, in QDSC the idea is quite different, in addition to classical solution in bulk
regions, we insert the quantum solution in the QD region.

For bulk regions, the electrons and holes concentrations are described in terms of the
effective density of states (N. and N, ), conduction and valance band edge energies (E. and

E,), and quasi-Fermi levels (Ez,and Eg,):

Epn—Ec

Npuik = NcFiy2 ( I;(BT ) (2.1)
Ey—E

Pouik = NuFi/2 ( KBTFP) (2.2)

Where Kj is Boltzmann constant, T is the temperature, and F; , is Fermi-Dirac integral of
order 1/2.

For the 2D modeled QDs the K.P (Kroning-Penney) model (for Zincblend structure) is
used for self-consistent solution of Schrodinger-Poisson model and the carrier
concentrations, depending on the carrier wave function (¥; and ¥;) and eigen energies

(Ejand E;),are given by [13]:

J2miKgT Ei—E

nop = 2NN W2 By p (- 5) (2.3)
Zm;leBT Ef—E'

Pon = 23— S| ¥ * Fae (-5 (2.4)
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Fig.2.17 2D schematic of InAs/GaAs QD solar cell structure

Where m; and m;, are the electron and hole effective masses, Ef is the Fermi level, and
F_1,, is The Fermi-Dirac integral of order —1/2 . The carrier wave function and eigen

energies are obtained by numerically solving the 2D Schrddinger equation [13]:

h2[a (1 9¥; 0 (1 3¥; W,
7l G5 + 3y G o) + B = B (2.5)
Wi o (1 9%) 0 (1 3%\ _ = EW.
2 |ox (mﬁ 6x> T o (mfz oy )] Ev¥ = 5% (2.6)
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Figure 2.18 Band diagram of QDSC

In which h is the reduced Planck constant. Each energy eigenvalue E;(E;) corresponds to
its eigenfunction or wave function ¥;(¥;). It should be noted that the carrier wave function

and the conduction and valance band energies are position-dependent in the xy-plane.

In the self-consistent model after calculating the conventional and Quantum concentration

of electrons and holes (npy, 1k, Pouik Mop Pop) iN the QD and bulk region, we find [13]:

n = Npyk + Ngp (2.7)

P = Pouik + Pop (2.8)

In this type of solar cell, the carrier concentrations calculated from the Schrodinger
equations (nqp, pqop) and bulk region (nyyk, Pouik) determines the potential V in the
Poisson equation, while E,. and E,, which entail the carrier concentrations in the QDs region

are simultaneously affected by the potential V. Therefore, the variable V, nqp and pop must
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be solved consistently. Thus, the current densities due to thermionic emission and tunneling
are necessary to be considered [13].

Fig.2.19 shows an example of wavefunctions of electrons and holes of the studied QDSC

and Fig.2.20 show an example of the calculated J-V characteristics of ten InAs/GaAs QD
layers solar cell.
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Fig.2.19 Wavefunction of electrons and holes simulated along the structure by Silvaco
Atlas.

54



Chapter 2 Numerical Modeling of Quantum dots solar cell by Silvaco-Atlas

40 — “— cathode current (A)
= _
o
<L -
E
=y |
5 20 —
m —_
=
= ]
g
8 —

10 —

0 —

| LI I LI | LI I LI | LI I LI | LI | LI | LI | LI I T
0 01 02 03 04 05 06 07 08 09 1
Voltage (V)

Fig 2.20 J-V characteristics of QDSC calculated by SILVACO-Atlas
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3.1 Introduction

In this chapter, we present the simulation results of the studied InAs/GaAs QDSC using
SILVACO-ATLAS. This study is divided onto three steps. In the first step, we’ll simulate
the ideal QDCS and effect of number of QD layers and doping on its properties. In the
second step, the presence of defects is taking into account to reproduce the experimental J-
V characteristic of InAs/GaAs QDSC. The effect of QD layers number and doping in this
case is also checked and in contrast to the ideal case, the experimental observations are
well reproduced. Finally, an optimization process is proposed based on the conception of
the QDSC.

3.2 lIdeal QDs solar cell

We begin this section by presenting the classical J-V characteristic of GaAs-p-i-n solar cell
(to compare it next with the QDSC), Fig 3.1. The structure of this solar cell has been
presented in chapter 2. The extracted electrical outputs are in Table 1.

Current density (mA/cm?)

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage (V)

Fig 3.1 J-V characteristics of classical GaAs-p-i-n solar cell
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Table 1 Outputs of classical solar cell

Device V,c.(mV) Jsc(MA/cm2) FF % n %

p-i-n SC 1178.13 22.89 89.65 24.18

For the QDSC, the structure contains 10-QDs layers in the intrinsic region (Structure in
chapter 2). The obtained J-V characteristic in the ideal case is presented in Fig.3.2 and

Table 2 summarizes the extracted outputs.
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Fig 3.2 J-V characteristic of 10-layers QDs solar cell compared to classical case.

Table 2 Outputs of 10-layers QDSC

Device V,c(mV) Jsc(MmA/cm?) FF % n %

QDs SC 1107.55 43.58 89.18 43.05

By ideal case for the QDSC we mean that there are no defects in the structure. Then the
recombination is omitted. The increase in /. compared to conventional solar cell due to
the decrease of the effective bandgap of the solar cell [1], otherwise, due to the absorption

of photon less than the bandgap of GaAs material [2].The decrease in V. results from the
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reduction of the effective bandgap of the solar cell [1]. In addition, the QDSC present a
conversion efficiency of 43.5 % which is considerably higher than 18.5% obtained for the
ideal MQWSC (chapter 1).

3.2.1 Effect of number of quantum dots layers

The number of QDs layers is increased from 1 to 10. The obtained J-V characteristics are
presented in Fig.3.3 and the related outputs in Table 3. With the increase of the QDs layers
number V,., Js.and n increase while FF increases slightly until 5 QD layers then it
decreases also slightly after.
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Fig 3.3 J-V characteristics for different number of QDs
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Table 3 Effect of number of QD layers on outputs

Results and discussion

Number of layers V,.(mV) Jsc(MA/cm2) FF % n %

1 1103.24 35.97 89.02 35.33
2 1103.77 36.90 89.02 36.25
3 1104.28 37.80 89.02 37.16
4 1104.78 38.68 89.03 38.05
5 1105.27 39.55 89.94 38.94
8 1106.67 42.02 89.14 41.46
10 1107.55 43.58 89.18 43.05

These results agree with most numerical works[3][4]. The significant improve mainly in

current density is explained by the device absorption enhancement with the increase of the

number of QDs layers[4]. However, experiment results are completely different [6-14].

3.2.2 Effect of doping QD layers

We are interested in the effect of doping because in several experimental papers doping is

used as a means to improve the quality of QD cells. But it is not clear if the doping role is

simply the increase of free carrier densities or contributes to the QDSC improvement by

another process. To shed light on this point we should first simulate the doping effect in

the ideal case.

The effect of doping increase from 1 x 10%° to 1 x 10%cm ™2 in the 10-layers QDs solar

cell is shown in Table 4.
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Table 4 Effect of doping in the 10-layers QDs solar cell

Doping(cm™3) Ve (mV) Jsc(mA/cm?) FF % n %
0 1107.55 43.58 89.18 43.05
1x 10%° 1107.55 43.58 89.18 43.05
1x 10%7 1107.55 43.58 89.18 43.05
1x 1018 1107.55 43.58 89.18 43.05
1x10%° 1107.55 43.58 89.19 43.05

As obtained, the doping does not affects solar cell properties, in contrast to experimental
results[5]. This probably, due to the absence of defects and recombination centers that

make doping more active.

3.3 Real InAs/GaAs QDs solar cell

In this section, we try to reproduce the real J-V characteristic of the QDSC by taking into
account the presence of defects in the structure. Simulation allows us the precise the main

type of defects that gives J-V shape closer to experimental measurement.

Fig 3.4 shows a comparison between experimental and ideal 10-layers QDSC

characteristics where the disagreement is huge.
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Fig 3.4 Comparison between experimental and ideal J-VQDSC curves.

Defects that can subsist in the structure are classified onto classic defects and further others
related to QDs. To clarify the nature of the original defects in the classical structure, we
have to introduce the intrinsic defects often reported by DLTS characterization works in
GaAs [8]. Three types are reported: two electron traps and one hole trap. The energy level
of one of the electron trap is located very close to the hole trap, in the mid gap. Then these
two traps can be considered as one recombination level. The parameters of the intrinsic
defect levels are summarized in Table 5 [8]. The comparison between the classical GaAs-
p-i-n J-V curve (taking into account intrinsic defects) and the experimental one is shown

in Fig.3.5. The extracted outputs are in Table 6.
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Table 5 Properties of defect levels for classical GaAs-p-i-n SC [8].

Defect Type E.—E;r Density(cm™3) Capture cross section (cm?)
Level (meV)
On op
E4-H3  Recombination center 700 1x 10 1x 1071 1x 1071
E5 Electron trap 960 1x 1013 2x 10712 1x 107
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Fig 3.5 J-V characteristics of experimental [9] and simulated GaAs-p-i-n SC.

Table 6 Experimental and simulated outputs.

Device Voc(mV)  Jsc(mA/cm?) FF (%) n(%)
Experimental [9] 861.40 18.80 64.20 10.40
Simulation 800.50 18.94 78.66 11.92

A good agreement is remarked between experimental and simulated results. Then next, we

have to take into account these defects in the basic structure (matrix structure) of the QDSC.
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Results and discussion

Now, 10-layers of QDs are embedded in intrinsic region of the previous solar cell with

only intrinsic original defects. The result on J-V and outputs is presented, respectively, in

Fig 3.6 and Table 7.
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Fig 3.6 J-V characteristics of solar cell, with and without QD, in presence of original

defects compared to experimental J-V of 10-layers QDSC.

Table 7 Outputs of solar cell with and without QD taking into account original defects.

Device V,.(mV) Jsc(MmA/cm?) FF % n %
Classical 800.50 18.94 78.66 11.92
With QD 740.30 21.90 74.60 12.10
Experimental QDSC 792.30 19.00 60.20 9.1

Despite that we have taken into account the presence of defects, the deviation between

experimental and simulated QDSC is significantly important. This is probably due to a
further defects resulting from InAs/GaAs QDs implantation.

The resulted defects from the QDs are classified into two types, discrete levels and tail

states. The first ones resulting from the arsenic atom excess or indium vacancies near the

QD and are considered as electron traps [10].

66



Chapter 3 Results and discussion

The second type results from disordered structure. Since, the self-assembled InAs/GaAs
guantum dots create perturbation to the GaAs lattice periodicity. The strained lattice forms
a valence band tail states (VBTS) related to the existence of strain-induced dislocations.
These dislocations are not located only in the intrinsic region but they move along the full
structure including emitter and base [11-12-13-14]. The electron trap levels and VBTSs

parameters are given, respectively, in Table 8 and 9.

Table 8 Properties of electron traps induced by QDs [10].

Discrete defects Type Trap energy (meV) Capture

Cross section (cm?)

Q1 Electron trap 127 3.1 x 1071

Q2 Electron trap 156 1.6 x 1071°

Table 9 Properties of valence band tail states[11].

Continuous defect Urbach energy (meV) Nyp cm™3

Q3 50 1x 108

The obtained J-V curve is shown and compared to experimental measurement in Fig 3.7
and Table 10.
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Fig 3.7 J-V characteristics of experimental and simulated QDSC with further defects
related to QDs.

Table 10 Outputs of experimental and simulated QDSC with further defects related to
QDs.

Device V,.(mV) Jsc(mA/cm?) FF % n %
experimental[9] 792.30 19.00 60.20 9.10
Simulation 680.00 19.40 73.00 9.60

We can observe a good agreement between simulation and experimental measurements.
However, simulation gives better FF (which reflect the cell quality) and lower V.. The
experimental measurement with a V,. that induces an unusual shape of the curve (lower
FF) indicates that there are another possible causes. It seems that the considered tunneling
and thermionic emission transport models are not enough to reproduce the correct V.

compromise between the higher band gap and the lower band gap energies.

Among the further possible process is the presence of tunneling through traps [15]. Or

probably because the QDs in practice are doped therefore the experimental value of V. is

greater than the simulation one.
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To improve more the agreement with the experimental J-V curve, we chose a random QD
distribution which is presented in Fig.3.8. The obtained result is shown in Fig 3.9 and
Table 11.
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Fig 3.8 Quasi-random distribution of QD.

Jsc becomes identical to the experimental value while, unluckily, V. exhibits further slight

decrease.

Table 11 Quasi-random distribution of QDs effect on outputs.

Device V,c(mV) Jsc(mA/cm?) FF % n %
Experimental 792.30 19.00 60.20 9.10
Simulation 677.42 18.99 73.60 9.40
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Fig 3.9 Effect of quasi-random distribution of QDs on J-V

3.4 Optimization of the InAs/GaAs QDSC

3.4.1 Effect of doping QDs on the real J-V characteristic

In this section, we study the effect of doping the QD on the real J-V characteristics.
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Fig 3.10 Effect of QDs doping on J-V characteristic of QDSC.
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The effect is presented in Fig 3.10 and Table 12. From results, unlike to the ideal QDSC,
the cell is strongly affected by the doping density increase. It seems that doping is more

efficient when defects are present and helps to neutralize them [5].

Table 12 Effect of QD doping on outputs.

Doping(cm™3) V,c(mV) Jsc(MA/cm2) FF % n%
0 677.42 18.99 73.60 9.40
1x 10 677.41 18.99 73.60 9.46
1x 107 676.89 19.00 73.58 9.45
1x 1018 690.00 19.20 68.80 9.60
1 x 10%° 697.76 24.04 65.83 11.04

3.4.2 Effect of using GaP layers in intrinsic region

Bailey et al suggest the use of GaP strain-balancing layer in intrinsic region as shown in
Fig 3.11 [6]. The results are shown in Fig 3.12 and Table 13.

Fig 3.11 GaP strain-balancing layers in QD solar cell.
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Fig 3.12 J-V characteristics of QDSC with GaP layers

Table 13 Outputs using GaP layers in the intrinsic region

Device V,.(mV) Jsc(MA/cm?) FF % n %
Without GaP layer 677.42 18.99 73.60 9.40
With GaP layer 700.30 18.05 73.87 9.34

The GaP has a band energy of 2.25 eV and this gives an increase in V. in agreement with

experimental works, which used this layer to improve V. [6-7].

3.4.3 Effect of number of QDs layers

In the ideal case, the increase of QD layers has improved continuously the outputs of the
solar cell. Now, we want to check this effect in the real structure especially since in

experiment it is not evident that the increase of the QD layers improves J. [14].

The obtained results are presented in Fig 3.13, Table 14 and Fig 3.14.
Jsc improves with the increase of the number of layers until only 2-layers. The increase is

related to the absorption of solar cell while the decrease starting from 3-layers is controlled
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by the free carrier lifetime (diffusion length). An increase in V,. from 1 to 2-layers of QD
related also to the free carrier lifetime. The same improvement is noticed for the cell

efficiency for 2-layers QD.
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Fig 3-13 J-V characteristics of real QDSC with different QD layers number

Table 14 Effect of QD layers on outputs.

Number of layers V,.(mV) Jsc(mA/cm?) FF % n %
1 678.56 18.36 74.24 9.25
2 690.36 19.06 73.49 9.70
3 684.65 19.03 73.71 9.60
4 680.94 19.03 73.67 9.55
5 679.50 19.02 73.64 9.52
8 677.80 19 73.61 9.48
10 677.42 18.99 73.60 9.40
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Fig 3-14 Effect the number of QD layers on J,., V,. and efficiency.

After the full study, combining the better doping density with the better QD layer number;
the highest expected efficiency is 11.29%, for 2-layers of QDs with doping of 1 x

10%cm=2 as shown in Table 15.

Table 15 highest expected efficiency for QDSC

Device V,.(mV) Jsc(MA/cm?) FF % n %

Optimal SC 734.50 20.69 74.26 11.29
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3.5 Conclusion

QDSC was simulated by SILVACO-ATLAS. For the ideal case, it was found that the
increase of QDs layers has improved monolithically the solar cell performance while
doping has no significant effect. In the ideal case, the best obtained efficiency was 43.05
%. However, this is not in agreement with experimental works. To reproduce the
experimental QDSC J-V, native defects with discrete levels and additional defects resulting
from InAs/GaAs QDs layers were taken into account; the electron traps levels result from
the arsenic atom excess or indium vacancies near the QDs and the valence tail states
originate from the perturbation of lattice periodicity GaAs. The obtained efficiency in this
condition was 9.4 % in agreement with experimental efficiency of 9.1%. Finally, this
QDSC was improved through doping and the number of QDs layers. The optimum
obtained efficiency was 11.29 % for 2-layers of QDs and a doping density of 1 X

10%cm=3.
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In this dissertation, InAs/GaAs multi-quantum well and quantum dots solar cells were

simulated by MATLAB and Silvaco Atlas, respectively.

First, a p-i-n InAs/GaAs multi-quantum well solar cell was simulated by MATLAB. In
addition to Drift-Diffusion model, the Schrdédinger equation is also included. We found an
increase in efficiency from 16.78% to 18.52%. This increase due to the increase in short

circuit current.

Second, a p-i-n InAs/GaAs quantum dots solar cell was simulated by Silvaco Atlas. The
quantum dots are inserted inside intrinsic region. This structure based on a real fabricated
solar cell. The simulation was divided onto ideal case and real case.

In the ideal case, it was found that the increase of QDs layers has improved monolithically
the solar cell performance while doping has no significant effect. In the ideal case, the best
obtained efficiency was 43.05 % for 10-layers of QDs. However, this is not in agreement
with experimental works. To reproduce the experimental QDSC J-V native defects with
discrete levels and additional defects resulting from InAs/GaAs QDs layers were taken into
account; the electron traps levels result from the arsenic atom excess or indium vacancies
near the QDs and the valence tail states originate from the perturbation of lattice periodicity
GaAs. The obtained efficiency in this condition was 9.4 % in agreement with experimental
efficiency of 9.1%. Finally, this QDSC was improved through doping and the number of
QDs layers. The optimum obtained efficiency was 11.29 % for 2-layers of QDs and a
doping density of 1 x 10¢m ™3,

Finally, as all discussed above, all the simulation results in this dissertation have shown
accuracy when comparing with experimental work. This dissertation helps build correct,

complete models for both multi-quantum well solar cells and quantum dots solar cells.

These obtained results can help to develop solar cells with high-efficiency, and why not
help to develop new technology for this type of solar cell because the technology of
guantum dots in our view did not developed enough to manufacture quantum dots solar

cell with high efficiency.

79



Abstract :

In this dissertation InAs/GaAs quantum solar cells is studied. First with a quantum well
conception (QWSCs) and secondly with quantum dots (QDSCs).

For the InAs/GaAs QW, we used MATLAB to develop our own program to solve
consistently the classical drift-diffusion model with Schrodinger-Poisson model. The
QWSC provided a cell efficiency of 18.52% compared with 16.78% for the classical one.

The InAs/GaAs QDSC was studied using Silvaco Atlas simulator. The study is divided
into two parts: ideal and real case. The effects of the number of quantum dots (QDs) layers
and the doping of QDs on electrical properties of QDSC are investigated. A highest
efficiency of 43.05 % was obtained in the ideal case. However experimental works have
reported a conversion efficiency of 9.1%. Taking into account the presence of discrete
electron traps and valence band tail, we were able to obtain a cell efficiency of 9.4% in
agreement with experimental reports. In addition, it was possible to improve the cell
efficiency to 11.29% by optimizing the number and the doping of QDs layers, to 2-layers

and 1 x 10%cm™3, respectively.
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