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Abstract

The indium gallium nitride (InGaN) alloy offer a great possibility of designing and
fabricating ultra-high efficiency solar cells due to its wide range of direct band gaps, strong
absorption and other optoelectronic properties. This work is numerical simulation using Silvaco
Atlas software to study InGaN-based Schottky barrier solar cell. First, we focused on the suitable
parameters including the indium composition x;,, and the metal work function ¢,, that gives the
best performances, followed by the study of the appropriate metals among Pt, Ni, Au and Pd to

form a Schottky junction with InGaN.

Optimizations we have made to the InGaN-based Schottky barrier solar cell are divided into two
steps. The first one consists of adding an intrinsic layer (with the same concentration of indium
as the doped region) between the semiconductor and the metal. We study the effect of the
thickness of this layer and the effect of defects on the output parameters of the solar cell. Then,
the uniform intrinsic layer is replaced by a gradual one in terms of indium composition. We
found that the gradual intrinsic layer, even in the presence of defects, provides the best

performance.

In the second step of the optimizations, between the metal and the semiconductor was inserted
an oxide layer and several oxides was studied: SiO2, Al,Oszand HfO., including the effect of

negative fixed charge density and the permittivity.

Keywords: InGaN alloy, Solar cell, Numerical modeling, Conversion efficiency
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General Introduction

Energy is used extensively in our daily lives, and the need for it increases with the continued
advancement of technology. Therefore, the world began to exploit renewable energy, since it is
non-permeable and free energy, in addition to being clean. There are many renewable energy
sources, but solar energy is much larger than other renewable energies[1]. Electric power is
generated by photovoltaic cells, whether for small systems such as homes and buildings, or

central generating stations connected to the electrical grid[2].

Researchers are racing to improve the performance of solar cell devices, whether by improving
the device's composite materials or designing the device's structure to generate more power.
Schottky barrier solar cell is based on one type of semiconductor (N or P) and a metal that
replaces the second type, and that is why it is considered the simplest type of solar cell. It is
characterized by being inexpensive and easy to manufacture, in addition to that it gives a better
spectral response in the shorter-wavelength region due to the close surface depletion region[3].

Among the semiconductors that have received significant interest recently are Ill-nitride
materials due to their attractive properties. Among these materials is InGaN, which has a crystal
structure (Wurtzite) and a direct energy band gap[4], which allows for efficient absorption of
light. Also, its energy range can be engineered by changing the indium content to cover the
entire electromagnetic spectrum from the visible region to the ultraviolet region[5]. It has
exhibited a higher resistance against proton irradiation damage in comparison with traditional
GaAs and GalnP solar cell materials[6]. Among the drawbacks that make InGaN difficult to
manufacture is that it is difficult to achieve P-type doping and it is difficult to grow in good

quality, and on which ohmic contacts are difficult to realize[7].
e Objective

Schottky junction solar cells are a good alternative to PN solar cells since the metal
compensates for the P-type semiconductor which is the most important drawback for InGaN.
Therefore, the aim of this work was to model a Schottky barrier solar cell based on InGaN and
study its performance in different conditions, in addition to optimizing the structure to give high

performance and good efficiency, using Silvaco Atlas TCAD simulation software.



e Previous work

I11-V nitride materials and their alloys have been widely used in several compounds
including photodetectors, LEDs, and laser diodes[8]. But it was not used in solar cells until
2007, publications were reported about two InGaN solar cell type PN[9,10]. Many works have
been carried out on InGaN-based PN devices, PIN devices and it was reported that the p-type
doping of high Indium composition is very difficult[3,11].

However, few works were done on n-InGaN Schottky barrier solar cells, Jun-Jun published a
study in 2009 [6], and another publication by Chen et al.[12]. Later on, a solar cell of the same
type was manufactured by S. Lin and al[13].

The high In composition is required for high efficiency of InGaN-based solar cells[14], But
most of the solar cells manufactured in previous years do not exceed 0.35 indium content[15].
While alloys with a high In content of 0.68[16] and 0.69-0.89[17] were reported.

The difficulty of developing Schottky InGaN solar cell with high barrier height and low leakage
current has also been reported due to the difficulty of accessing suitable metal with high work
function.[18]. Chen et al.[12] have fabricated Au/Pt/n-In0.2Ga0.8N Schottky barrier solar cell

and reported experimental effect of doping levels on its photovoltaic performances[3].

Mahala et al. [3] have studied the effects of indium composition, thickness and donor doping
density of the n-InGaN layer on n-InGaN-GaN Schottky barrier solar cell performance using
platinum as Schottky contact. Then another numerical study was published by Sidi Ould Saad
Hamady et al[14]. for a simple Schottky solar cell with an efficiency of 18.2 % at an indium

composition of 0.6 with a work function of 6.3 eV.

Recently, Khettou et al. [19] have performed numerical study by Silvaco-Atlas of the Schottky

n-InGaN/n-GaN solar cell with compositionally graded layer between GaN and InGaN, and
reported an expected conversion efficiency of 21.69% at indium composition 0.54 and work
function 6.3 eV.

¢ Organization

This thesis is organized as follows. In Chapter I, we cover the basics on schottky junction,

then schottky solar cell fundamentals, and introduce the properties of InGaN and the Growth



Techniques, in addition to its drawbacks. In chapter 11 we give details of the modeling software
Silvaco ATLAS. In Chapter Ill, we present the design, simulation, and optimization of the

InGaN Schottky solar cell. The results and potential future work are discussed in this chapter.



Chapter I: Schottky barrier solar cell and InGaN

material.




Chapter I: Schottky barrier solar cell and InGaN material

I.1. Introduction

Schottky barrier solar cells are receiving a lot of attention recently, due to their simplicity
in manufacturing and also because the conductor is a good alternative to the second
semiconductor layer. This type of cell is the simplest in terms of structure compared to other
solar cells (PN and PIN). It can also be fabricated easily and at low cost[3].

Recent researches have demonstrated the feasibility of wide band gap semiconductor such as
InGaN and GaN as alternative materials for next-generation solar cells. 111-N materials are the
best candidates for high power, high frequency and high temperature applications because of

their interesting material properties compared to InGaP, and GaAs[6,20]

Due to the direct band gap spanning from 0.7 eV to 3.42 eV[21], and additional advantages like
high absorption coefficients, low effective electron mass, radiation tolerance, etc. InGaN films
have been used in the manufacture of high-efficiency solar cells such as multiple quantum well
solar cells[22] and multi-junction solar cells[23]. Despite its many advantages, this material still
has many challenges that make it difficult to obtain a high-quality crystal alloy. This makes
InGaN solar cells need more studies and development[24].

In order to understand the working mechanism of Schottky barrier solar cells based on InGaN
material, we present, in this chapter, the principle of Schottky junction taking into account the
good Schottky connection condition required for the solar cells. For that purpose, we will study
the most suitable materials for schottky electrodes to form this type of connection. We will also
focus on InGaN material, from its advantages and properties to its growth method and

disadvantages.

1.2. Basics of Schottky barrier junction

Electronic devices usually consist of several materials with different properties (insulator,
conductor, semiconductor), and due to this difference, junctions are formed with a critical
interface between the materials. A Schottky junction is a junction formed between a metal and
a semiconductor because of the Fermi energy mismatch between the metal and the

semiconductor, which is due to the difference in their work functions[25]. Schottky junction
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energy levels diagram before and after the two materials connection is represented in Figure
1.1[26]

After contact
(thermal equilibrium)

Vacuum J’.
[ e, T
E —
" baose b Ei T t
5 408= 4(Om—¥)

Ev

n-semiconductor

(a) (b)

Ey

Figure 1. 1: Energy band diagrams of metal contact to n-type semiconductor with (a)
materials separated from each other and (b) after contact[26].

The work function ¢ is one of the properties of the metals (¢,,,) and the semiconductors (¢s.)
and it is defined as the amount of energy required to raise an electron from the fermi level (Er)
to the vacuum level [27]. But the semiconductor work function is a variable quantity because
the fermi level E of the semiconductor varies with the doping. The electron affinity y is the
energy difference of an electron between the vacuum level and the conductor band edge E. (the
energy required to free an electron at the bottom of the conductor band)[27]. g is the electron

charge and E,, is the valence band.

1.2.1 Under equilibrium condition

In thermal equilibrium situation after the contact has been made, electrons flow from the
semiconductor (which has higher energy than the metal electrons) to the metal until the fermi
level on the two sides is brought into coincidence as shown in Figure 1.1(b). The free electrons
concentration in the semiconductor near the boundary decreases and the electrons leave behind
a positive charge of ionized donors and creating depletion region (this region near the metal gets
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depleted of free electrons)[28]. Thus, this region becomes positively charged and on the other
side of the metal, the electrons form a thin sheet of negative charge. Consequently, an electric

field is established from the n-type semiconductor to the metal[29].

The energy bands in the semiconductor will bend up in the depletion region (the band gap E,
do not change by making contact with metal), the amount of band bending is equal the difference
between the work function of the metal ¢,, and the one of semiconductor ¢,. and it is given
by[28]:

qVi = (dm — bsc) (1.D)

Where V; is the contact potential difference, while qV; is the barrier that an electron must cross
to pass from the semiconductor to the metal. But the barrier from the metal to the semiconductor
namely Schottky barrier height is given by the schottky-mott equation[29]:

99z = q(dm — X) (1.2)
1.2.2. Effect of biasing

The energy band diagram changes in the space charge region of the schottky junction when
an external polarization is applied, and the Fermi levels no longer line up as shown in Figure
I.2. The current that flow in the schottky junction depends on the value of applied potential and
the type of bias[29].
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Figure 1. 2: Energy band diagrams of metal on contact n-type semiconductor under (a)

forward bias (b) reverse bias[26].

If the metal is connected with positive bias, the junction is considered to be in direct bias by a
voltage V = Vg, the depletion region width decreases and the contact potential difference
reduced from V; to (V; — V). In this case, the electrons on the semiconductor side are easily
transferred to the metal through the reduced barrier[29]. This leads to an increase in current with
increasing external potential. Energy band diagram of the Schottky junction under forward bias

is shown in Figure 1.2 (a).

In the case of a reverse bias, the external potential is applied in the same direction as the junction
potential and the applied voltage is given by V = I/, the potential barrier increase to (V; + V)
and it increase the width of the depletion region as shown in Figure 1.2 (b)[30]. Under a reversed
bias, only a small amount of electrons in the metal may be able to overcome the potential barrier.
This leads to a current flowing in the opposite direction which is small compared to the forward

current.
1.2.3. Current-Voltage characteristics (I — V)

The current-voltage (I — V) characteristic of schottky diode is shown in the Figure 1.3.
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Figure 1. 3: Schematic I — V characteristics of Schottky diodes[26].

It is almost similar to the P-N junction diode. However, the transport mechanism of schottky
junction is different from the P-N junction. There are three carrier transport for an ideal schottky
contact: Thermionic emission (TE) , Tunneling through the barrier (field emission (FE)) and
thermionic field emission (TFE)) [28,31], where the current flows from the semiconductor to

the metal in forward bias or in the opposite direction in reverse bias. The transport mechanisms
are illustrated in Figure 1.4[32].
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Figure 1. 4: Energy band diagram of a forward biased Schottky barrier junction on n-type

semiconductor showing different transport processes[32].

1.2.3.1. Diffusion and thermionic emission over the barrier

The movement of the emitter electrons over the barrier is the dominant mechanism in the
schottky junction, namely the thermionic emission (TE) and this includes only electrons with
an energy higher than qV; It comes with drift diffusion processes in the depletion region. The
current-voltage (I — V) characteristic of schottky barrier diode in the thermionic emission (TE)

regime is given by [30,33]:

=1, {exp [% — 1} (1.3)

where I, is the saturation current:

I, = SA*T?exp (%333) (1.4)

such as the voltage (V) is applied to the semiconductor, the current (1) of electrons flow from
the semiconductor into the metal through Schottky barrier height (¢3), (n) is ideality factor,

(A") is effective Richardson’s constant and (Rg) IS Series resistance.
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The forward and revers bias currents for a schottky junction formed between metal and n-type
semiconductor which are plotted in Figure 1.3 can be calculated using Eq. (1.3).

1.2.3.2. Tunneling through the barrier

In addition to the thermionic emission and drift diffusion mechanisms, there are also two
other mechanisms that depend mainly on tunneling transport. Which are field emission (FE) and
thermionic field emission (TFE). Electrons with energy close to the fermi level Er can tunnel
from the semiconductor into the metal at low temperature, and because of heavy doping, the
depletion region becomes very thin, this facilitates this process known as the field emission
(FE)[31]. The trajectory of the carrier transport by the field emission in the energy diagram is
shown in Figure 1.4.

But at higher temperature, these electrons gain thermal energy, which allows them to rise above
the fermi level, where they find a thinner barrier to cross to the other side and this known as the
thermionic field emission (TFE)[28].

1.2.4. Effect of traps in schottky junctions

Defects in Schottky junctions are usually localized in the interface of the semiconductor in
contact with the metal in the form of electron traps because of the mismatch between the two
materials. These traps may adversely affect the performance of Schottky devices, especially on
large band gap semiconductors. It has been proven in previous studies that the Schottky barrier
height can be changed by changing the occupancy of the traps, so that the more traps occupied
at the interface[34], the barrier height begins to increase, thus a decrease in electrons traveling
above the barrier (TE). Therefore, the performance of Schottky devices depends largely on the
method of surface preparation. by treating the interface to create an interface trap distribution.
The defects are also mitigated by adding an insulating layer in the interfacial region (MIS
structure), and this can be attributed to tunneling assisted by the traps in the interface between
oxides and semiconductor to improve the performance of the cell[35].

1.3. Schottky barrier solar cell
As is well known, Solar cells are devices that convert sunlight into ready-to-use electrical
energy, and its energy is a form of clean renewable energy. Usually solar cells consist of two

layers N-type and P-type doped semiconductors attached to external electrodes but, in Schottky
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solar cells, one of the layers is dispensed and replaced with metal. Researchers have resorted to
this type of solar cell for several reasons, including compensating semiconductors that are
difficult to doping. Also, using metal instead of the semiconductor may be less expensive to
manufacture solar cells[13]. In addition, Schottky junction solar cells are expected to give better

spectral response in the shorter wavelength region due to the near surface depletion region[3].
1.3.1. Working principle

Most of the solar cells have the same working principle based on 3 important steps: (i) Of
the absorbed photons, only photons with higher energy than the bandgap energy of the
semiconductor will create the free photo-generated electron-hole pairs. (ii) Separation of the
photo-generated pairs by the electric field in the space charges region. (iii) Minority carrier
assembly across external electrodes to form a current-voltage (I — V) characteristic. However,
Schottky barrier solar cells differ from the classical solar cells in the step (iii); as it is known on
Schottky devices, it depends on the majority carriers unlike PN junction solar cell [36,37],
because the current of the majority carriers mainly contributes to the thermionic emission (TE)
so that the electrons in the metal move over the Schottky barrier height (¢5) if they have

sufficient energy as shown in Figure 1.5.
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Figure I. 5: Energy band diagram of Schottky barrier solar cell under illumination[19].
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A Schottky barrier solar cell has advantages over the standard designs. For example, the space
charge region extends in the semiconductor, the same applies to the associated electric field.
This removes the need for a window layer to prevent carrier flow in the wrong direction and
also enhances collection of carriers generated by higher energy photons which are absorbed very

close to the surface [38].

1.3.2 (I-V) Characteristics of a Solar Cell

Under illumination the photo-generated current flows in the opposite direction to the
forward current under dark conditions (diode). Therefore, the current through the solar cell

under illumination is given by[6,39]:

* - V
I=Ip — Iy = SA'T? - exp (222 [exp (2) — 1] — (1.5)
where Isc denotes the short circuit current of the solar cell under illumination.

There are four important parameters for a solar cell device extracted from the I —V

characteristic, it helps us to know the performance of the cell:

The short-circuit current (I5): the maximum current that can be extracted from the solar cell
when the voltage equal to zero as shown in Figure 1.6. I, is affected by several factors, including

the area of the cell, the spectrum of incoming light and the carrier lifetime...etc.[39]

A
IV curve VMF’ IMP
Isc >

The short circuit current, Ig
5]
=
Y
< Power from
o the solar cell
5 P=VxlI
@]

The open circuit voltage, Ve

Voltage Voo

Figure 1. 6: I-V and P — V characteristics of a solar cell under illuminated conditions.
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The open-circuit voltage (V,.): is the maximum voltage generated by the solar cell, and this
occurs at zero current as shown in Figure 1.6. In schottky barrier solar cell the open circuit
voltage is given by[39]:

KT Jsc
Voe =0 (In(5552)) + 5 (16)

q

Vo is dependent on the Schottky barrier height, as opposed to being dependent on Ej as in the

PN solar cell.

Fill factor (FF): Represents a measure of the area of the largest rectangle that occupies the area
of the property voltage current and it is a relation between 4 characteristics of I —V curve.
Therefore, the FF is defined as[39,40]:

_ Vmplmp
BF = Voclsc (17)

Conversion efficiency (n): is defined by the ratio of generated power over the total power of the

incident light P;,, on the solar cell per unit area, conversion efficiency is defined as[39,40]:

__ Output power _ VmpImp (| 8)

Input power Pin

The value of P,,= 100 mWcm™2 in the standard AM1.5 condition[41].

1.3.3 Suitable materials for Schottky electrodes

Wide bandgap semiconductors set a condition for selecting the appropriate metal to form a
Schottky junction with, it requires the metal to have a work function (¢,,) higher than the
electron affinity () of the semiconductor to form Schottky contacts with appreciable Schottky

barrier heights.

We present some metals and their electronic properties in Table 1.1. Most metals conduct
electricity to a certain extent. Some metals are more highly conductive than others. The most

highly conductive metals are silver (Ag), copper (Cu), and gold (Au).
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Table I. 1: Values of work function and electrical conductivity of some common metals.[42—
45]

Work Electrical Work function Electrical
Element function (eV) Conductivity  Element eV) Conductivity
(S/m) (S/m)
Ag 4.26 — 4.74 66.7 x 10° Ni 5.04 — 5.35 16.4 x 10°
Cu 453 -5.1 64.1 x 10° Fe 4.67 — 4.81 11.2 x 10°
Au 5.47 49.0 x 10° Pt 5.64 — 6.35 10.2 x 10°
Al 4.28 40.8 x 10° Pd 512 -5.6 9.3 x 10°
Cr 4.5 7.9 x 10° Ti 4.33 2.3 x 10°

Another property to consider is the transparency of the used metal, the metal must cover the
entire surface of the semiconductor to form a uniform, one-dimensional electric field
profile[38], and to ensure a low series resistance. This reduces the number of photons passing
through the absorbing layer, as well as a decrease in the amount of the photo-generation current.
The appropriate thickness of the metal to be considered semi-transparent and pass the largest
amount of photons to the absorbing layer is 5 nm [46]. The first transparent Schottky electrode
of interest is an oxidized Ni/Au bilayer (5 nm Ni /5 nm Au) with low sheet resistance [47,48].
Later, a more transparent electrode with good electrical conductivity was found; which is a thin

oxidized layer of ruthenium and nickel (5 nm Ru /5 nm Ni)[49].

Another material, that is distinguished by its transparency, is Indium Tin Oxide (ITO)[50], but
it has a low work function (4.6-4.75 eV[51]) that is not suitable for use with Wide band gap

semiconductor materials.

Currently, graphene (Gr) is considered a good alternative to metals because of its good
properties such as high transparency (~97% optical transmissivity[52]) and good conductivity,
in addition to flexibility. Although it has a small work function (¢=4.56 eV[53]), it can be
widely tuned by: (i) doping, where the work function changes from 4.2 eV to 5.14eV[54,55].
(if) Tuning the work function of graphene in contact with noble metal it may reach to
¢, = 6.13 eV[56]. (iii) Oxidation (graphene oxide GO or reduced graphene oxide rGO) is the

largest impact on work function (6.7 eV) relative to all other groups[56].
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I. 3.4 MIS (Metal-Insulator-Semiconductor) solar cell

MIS solar cells are a promising candidate for the cost effective photovoltaic devices due to
the low temperature device process, and because oxides are abundant in resources, and can be
chemically synthesized with good electrical properties[57]. This type of cell is one of the ways
to improve Schottky barrier solar cells by adding a thin oxide layer between the metal and the
semiconductor, where it has been proven to increase schottky barrier height in devices that use
an oxide layer at the interface[58,59]. The insulating layer brings an additional advantage of
minimizing the interactions between metal and the semiconductor[39].

In the presence of such an oxide layer, the carrier transport is modified and the current

through the cells can be represented by an equation of the form[60]:

— cprT2 1/2 —%b ev
Ip = SA*T?exp(—X/25)exp (k—T) exp (m) (1.9)
Where y (eV) is the mean barrier presented by the thin oxide layer whose thickness § (A°).
The device ideality factor n also increases and an appropriate expression for n to take into

account the oxide layer is given by[61]:

n=1+ (1.10)

Weéox

Where €,y is the permittivity of the oxide, € is the permittivity of the semiconductor and W
is depletion width. The modified V,. after adding the oxide is given by the following
expression[60]:

Ve =1 [¢B + (’%T) X125 + ("q—T) ln(]SC/A*TZ)] (1.12)

This layer also prevents chemical reactions between the two materials (the metal and the
semiconductor). This leads to an increase in the device lifetime. This is an ideal way to improve
performance, stability, and lifetime of PV solar cells[39].

Insulating films usually contain charges which affect the semiconductor surface potential.
These charges may be positive in some oxides such as SiO2, SizN4 and HfO2, and may be
negative in other oxides such as Al20s and TiO2. These negative charges strip electrons from
the surface of the semiconductor, thus preventing surface recombination. Through the added
oxide layer, the open circuit voltage and efficiency of the solar cell are improved[62]. And the

positive charges indicate the possibility of reduced diffusion in the n-type semiconductor[61].
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1.4 InGaN for solar cells

Ternary Indium Gallium Nitride (InGaN) alloy is a group I11-V semiconductor material
with direct band gap, it is made of a mix of gallium nitride (GaN) and indium nitride (InN). The
ability to control the optical and electrical properties of InGaN (bandgap (Ej), refractive index
(n), absorption coefficient («)...etc.), that provides a good spectral match to sunlight, makes
InGaN promising material for photovoltaic devices[1]. Among the most important advantages

of this material are:

- The presence of a direct and changeable band gap makes it suitable for use in
photovoltaic devices[1].

- Due to the high absorption coefficient values, even thin layers of InGaN material are
able to exploit photons of solar radiation [63].

- InGaN alloys have the ability to withstand high amounts of radiation while retaining
their properties compared to other materials[7].

- InGaN also has an apparent insensitivity to high dislocation densities as the strong
internal fields, due to the presence of spontaneous and piezoelectric polarization, may
counter the effect of dislocations[64,65].

- InGaN has low effective mass of electron and hole, which makes carrier transport
easier[24].

- InGaN material does not contain any toxic elements (such as Cd, As...etc.), which has

positive impact on environmental concern.
1.4.1 InGaN material properties

1.4.1.1 Structural properties

Since nitride semiconductors have a high degree of iconicity, the Ill-nitrides materials
typically crystallize in a wurtzite crystal structure (Figure 1.7), unlike Si, Ge, and GaAs, which
crystallize in a diamond or zinc-blend structure [21]. The crystal structures with high degree of
ionicity has tendency to go for wurtzite structure[66]. This leads to unique material properties,
thus changing the lattice parameter (a and c). These parameters of the InGaN are calculated by
using the Vegard’s law, which is given by Egs.(I.12) and (1.13)[67] where x is the indium

composition. The values of these parameters for InN and GaN are shown in Table 1.2[68].

Aingan = XaiN + (1 — X)agan (|-12)
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CinGaN = XCipn + (1 — X)Cgan (1.13)

[0001]

Figure 1. 7: Schematic wurtzite lattice of InGaN material [27].

Table I. 2: The lattice parameters values (a and ¢) of InN and GaN[68].

The 111-V nitride material, which consists of AIN, GaN and InN are among the materials
that can offers a wide range of bandgaps. InGaN material bandgap can be tuned by varying the
amount of indium (In) in the alloy. Depending on the alloy composition, the direct bandgap
varies from about 0.7 eV (at A = 1770 nm) to 3.42 eV (at A = 360 nm), covering a wide
wavelength range from the infrared to the ultraviolet[5]. This benefit is accompanied, however,

by an enormous lattice mismatch between InN and GaN as shown in Figure 1.8.
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Figure 1. 8: Bandgaps of wurtzite GaN, AIN and InN[69].

1.4.1.1 Electrical properties

The electrical properties of InGaN are a mix of those of InN and GaN, they can be calculated
using Vegard’s law (linear interpolation)[70] as it has been determined from ab initio
calculations studies[71]. The bowing parameter (b) must be added to calculate bandgap and
electron affinity, and it is equal to 1.43 and 0.8, respectively [19]. The electrical properties
values are calculated via Eq. (1.14)[20], where A represents the properties in Table 1.3.

AlnxGa—xN — y gInN (1- x)AGaN — bx(1 —x) (1.14)

Table I. 3: Experimental parameters of GaN and InN[19,20,72].

3.42 2.3 x 1018 4.6 x 10%°

8.9

0.7 5.6 9.1 x 107 5.3 x 10*° 15.3
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Table 1.3 shows bandgap (Eg), electron affinity (), the density of states in the conduction band

and valance band (N,) and (N ) respectively and the dielectric permittivity () respectively.

The bowing parameter b is significant factor for determining the bandgap of InGaN alloys and

is a function of optical quality of the material [7].

InGaN alloy has low effective mass of carriers due to which they do possess high electron
mobility. The mobility carriers for ternary materials is expressed using Caughey and Thomas
model who take into consideration the temperature and the doping concentration[70]. The

mobility carriers are determined by the following expression[14]:

am mlﬁm_ mlam
b =t ()™ + Lemam) i) (1.15)
1+<%>
chrlt(m)

where m presents either electrons or holes, u,, is the mobility of electrons or holes, N is the
doping concentration [cm~3], N,,“"™ is the critical doping concentration [cm™3]. T is the
absolute temperature in degrees Kelvin (°K). &, Bm, Om and y,, are model parameters and
depend on the Indium content («,,, B, and y,, have been estimated to 1). The linear
interpolation between the experimental values of GaN and InN set in Table 1.4., allows the

estimation of the InGaN parameters.
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Table 1. 4: GaN, InN material mobility parameters [20,71].

295 1982.9
1460 10885
0.71 0.7439
7.7 10
3 3
170 340
2 2
10 8

1.4.1.2 optical properties

Among the parameters influencing the performance of a photovoltaic devices, absorption
coefficient, and refractive index are of outmost importance. The spectral variation of the
refractive index and absorption coefficient of the InGaN samples with varying Indium
composition are shown in Figure 1.9. InGaN alloys also exhibit near bandgap absorption
coefficients up to an order of magnitude larger than semiconductors used in present-generation
high efficiency solar cells. Therefore, InGaN alloy films have the ability to absorb 90% of the
photons lying above bandgap within the first 500 nm thickness of the film[7].
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Figure 1. 9: (a) Refractive index dispersion relations and (b) absorption coefficient spectra of
InGaN films [73].

e Absorption coefficient

The absorption coefficient (a) is an important factor in photovoltaic devices; it expresses
the quantity of absorbed photons and consequently the number of produced carriers. The
absorption coefficient is expressed as the following equation[70] with defined photon energy

(E,) and indium composition (x):

a(cm™) = 10° J C(Epn — Ey(x)) + D(Epp — Eg (%)) (1.16)
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where E,, is the energy of the incident photons. C and D are the parameters measured

experimentally and reported in Table 1.5. € and D can be expressed as [19]:
Crngan (€V™D) = 3.525 — 18.29x + 40.22x% — 37.52x3 + 12.77x* (1.17)

Dincan(€V™"2) = —0.6651 + 3.616x — 2.460x2 (1.18)

Table 1. 5: Experimental values of € and D for different indium composition (x) [42, 45].

0.69642 0.46055

0.66796 0.68886
0.58108 0.66902
0.60946 0.62182
0.51672 0.46836
3.52517 —0.65710

e Refractive index

The index of refraction (n) also determines the amount of light that is reflected when
reaching the interface, as well as the critical angle for total internal reflection. It is also a

primordial factor for optical devices, we used the Adachi’s refractive index model given by Eq.

(1.19)[20].

n(Eph)=\/(EE:T[2—\/1 +%—\/1—EEL;]+B (1.19)

The compositional dependence of the A and B parameters are given in Egs. (1.20) and (1.21)[20].

Amcay = 13.55x +9.31(1 — x) (1.20)

Bingan = 2.05x + 3.03(1 — x) (1.21)
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1.4.2 Growth techniques

The semiconductor devices based on InGaN alloys are usually grown by various basic
growth techniques, the various techniques are reported for the growth of these alloys are[7]:

- MOCVD (metal organic chemical vapor deposition) [74,75]: under N-rich growth
conditions and medium growth temperature, it is the most suitable technique for the growth of
InGaN alloys as it creates high uniform layer. Also, the drawback of MOCVD growth technique

Is that it involves the use of dangerous materials such as NH3, H2 and Silane SiHg.

- MBE (molecular beam epitaxy) [76,77]: It is a high vacuum technique and the growth
temperature in MBE are lower than that required for the MOCVD. The grown by MBE MME-
growth (Metal Modulated Epitaxy Technigue) of InGaN material on sapphire substrate had
shown highly crystalline quality with lower dislocation density and excellent compositional

uniformity[78].

- MOVPE (metal organic vapor phase epitaxy) [79,80]: This method is the most used to
grow InGaN thin films with a full range of Indium composition, and can also be controlled to

optimize the growth temperature, molar ratio and pressure .

- PECVD (plasma enhanced evaporation deposition process) [16]: It is suitable for

photovoltaic devices to enable it to develop high quality InGaN layers with high indium content.

- HVPE (hydride vapor phase epitaxy): This method has been used to grow GaN and InN
materials with low defects, but fails to make high quality InGaN alloys[81,82].

- PAMBE (Plasma-assisted molecular beam epitaxy): in this method the incorporation of
active nitrogen at the growth front is independent of the substrate temperature, which allows

lower growth temperature than the other techniques[83,84].

We can control the indium composition (x) of the InGaN layer by changing the growth
temperature or indium source flow rate[85]. However, the films of Indium rich InGaN alloy
with high quality are difficult to synthesize as there is a solid phase immiscibility gap between
INN and GaN phases due to the large difference in interatomic spacing between InN and
GaN[24]. Growth of high quality defect free InGaN thin film with high Indium content is still a

challenging task for research community[86].
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1.4.3 Challenges of InGaN alloys

Until now, it is difficult to form high quality InGaN alloys due to several reasons during the
growth process, these reasons are limited to 3 points: (i) the large difference in interatomic
spacing between InN and GaN[87]. (ii) the high vapor pressure of InN in comparison to GaN
leading to low indium incorporation in the InGaN alloy[88]. (iii) low thermodynamic stability

of InN at higher temperatures[89].

1.4.3.1 Substrate

The lattice-mismatched epitaxial growth causes a large number of dislocations in nitride
devices, with dislocation densities higher than in other compound semiconductor devices. The
process of selecting the right substrate is one of the important challenges of making high quality
InGaN based devices[86]. Often, sapphire (Al2O3) or 6H-SiC is used as good substrates for the
growth of GaN materiel, despite the difference in the lattice parameter (0.476 nm and 0.308 nm,

respectively) and Thermal Expansion Coefficient as shown in Table 1.6[7].

Table I. 6: Crystallographic data of various materials that can act as a substrate for InGaN films

[7].

Lattice Thermal Expansion Coefficient
Substrate parameter a (A) along a (107 c™?)

Sapphire 4.758 7.5
6H-SIiC 3.081 4.2
ZnO 3.250 4.75
GaN 3.189 5.6

InN 3.545 5.7

Si 5.431 3.59

InGaN epitaxial films on sapphire shows a high dislocation density typically in the 107 —
1019 cm™2 range due to the large lattice and thermal mismatches between sapphire and
InGaN[24]. From Table 1.6, it appears that the most suitable substrates are 6H-SiC and ZnO,
however 6H-SIiC is more expensive than sapphire, and ZnO have similar dislocation densities

and Thermal Expansion Coefficient mismatch[86]. Silicon is also a good substrate at a low cost
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and is available in large sizes, the Si cut perpendicular to (111) direction is feasible for growing
Wourtzite nitrides[90].

1.4.3.2 P-Type Doping and Contact

Actually the intrinsic GaN is N-type semiconductor due to the presence of native defects
such as: nitrogen vacancies and impurities (Si and O) during the growth process. Due to highest
electron affinity (y = 5.6 eV), InN tends also to behave as an N-type semiconductor[7]. Since
the properties of InN and GaN affect the properties of the mixture between them, InGaN also
has an N-type behavior. Therefore, to form an intrinsic semiconductor of InGaN, P-type doping

must be introduced to remove the n-type charge[1].

It is theoretically possible to achieve higher acceptor concentrations at higher indium
compositions, because the activation energy of Mg in GaN is around 204 meV[91], but
decreases with the increase in indium composition[92]. moreover, at very high indium

compositions, the acceptor concentrations decrease due to degradation in crystal quality[93].

The p-type doping of InGaN is very difficult to achieve due to the presence of high density of
defects and a low activation efficiency. Therefore, achieving P-type behavior of InGaN is one
of the major challenges which are hindering the progress of P-N junction solar cells based on
InGaN alloys[86].

Achieving good P-type InGaN contacts is difficult due to its low acceptors concentration, which
leads to high contact resistance. there is no readily available metal that can form an Ohmic
contact with p-type InGaN. As mentioned previously, these composite materials with a high
electron affinity y require metal with a high work function ¢,,. However, most of the recognized
metals tend to form a Schottky junction or have high ohmic resistance[94]. There have been

several efforts to improve the surface, such as treatment[95] and annealing[96].

1.4.3.3 Phase segregation

Due to the immiscibility of InN and GaN (10% lattice mismatch between InN and
GaN[97]), the lattice mismatch in InGaN increases with increasing Indium composition (x) of
InGaN, and InGaN with high Indium content will be separated into indium clusters. When the
thickness and In composition of InGaN materials increase, In-rich clusters in InGaN films easily

induce phase separation., which reduces domains of the bandgap[98] as shown in Figure 1.10.
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this leads to low V,., low fill factor (FF). also, the Indium clusters formed can act as

recombination centers which in turn decrease J,. of InGaN based solar cell [1].

Phase separation in InGaN layer is also among the major challenges to obtain high performance
solar cells. growing indium rich InGaN layers with high quality is difficult, this negatively

affects the efficiency of the solar cell.
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Figure 1. 10: Energy band diagram of (a) an ideal material, and (b) a phase separated
material[10].

1.4.3.4 Polarization

Although 111-V nitrides semiconductors have many features that make them the best for
photovoltaic devices, they are the only ones that show a property called spontaneous
polarization. which means they possess spontaneous polarization without interference of an
external electric field, due to non-centric symmetry of charges in wurtzite structure and large

ionicity of covalent bonds[99].

The presence of polarization in the absorption layer can decrease the charge carrier collection
significantly. The spontaneous polarization P of InGaN is related to its constituents InN and

GaN by the non-linearly relation[64]:
PGGeN = x PN + (1 = x)P§*N — bipganx(1 — x) (1.22)

Materials that exhibit spontaneous polarization also exhibit piezoelectric polarizations. The
piezoelectric polarization is caused by lattice mismatch and thermal expansion coefficients
mismatch of substrate and the InGaN alloy, and its relation is given as[64]:
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PFI’nGaN — xP‘gnN + (- x)Plg;aN (1.23)

The polarization can cause polar discontinuities at nitride hetero-interfaces where fixed charges
occur leading to free charge accumulation[100], thus significantly reducing the charge carrier
collection. Which makes it an obstacle to the advancement of optical devices based I11-V nitrides
semiconductors. However, Polarization can be engineered in the I11-Nitride solar cell to improve

electric field and thus carriers collection efficiency[86].

1.4.4 Studied InGaN-based solar cell structures

The researchers are focused on different device configurations to obtain a High
performance solar cells. Due to the band gap variation feature in InGaN material, solar cells can
be designed with different bandgap based junction to harvest the largest amount of solar light
and achieve the largest amount of absorption. A number of different structures such as InGaN
PN homojunction[101], PIN homojunction[102], InGaN/ Si tandem solar cell[103], p-GaN/i-
InGaN/n-GaN heterojunction[63], AlGaN/ InGaN heterojunction[104], n-ZnO/InGaN/p-GaN
heterojunction[105], Au/Pt/InGaN/GaN Schottky[6], Ni/InGaN/GaN schottky junction[13], p-
InGaN/i-InGaN/n-GaN double heterojunction[106] and InGaN/GaN multiple quantum wells
solar cells[107] have been reported so far. Most of the studied cells consist of InGaN alloys with
indium concentration not exceeding x=0.35 with poor performance. But success in making solar
cells based on high-.quality indium-rich InGaN will allow to achieve higher efficiency of solar

cells as predicted by simulation[70,108]
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1.1 Introduction

Silvaco Atlas is a software environment for designing and predicting the performance of

semiconductor devices, which can be modeled in either two dimensions (2D) or three

dimensions (3D). This program gives the user the ability to simulate the production process to

manufacture a semiconductor device and test its characteristics. Using Silvaco Atlas, we can

define any material and model any simple or complex device, because it contains many models,

numerical methods and types of materials included in the program.

There are many subprograms that contribute to the simulation that serve more specific functions.

Deckbuild, Devedit and Athena are used to designate the input. And Tonyplot for output. As

shown in diagram in Figure I1.1.

(Structure and
Mesh Editor)

| Runtime Output I

Structure Files

Qe J

(Process Simulalor)

ATLAS
Devica Simulator

Command File (Visualization

Tool)

Solution Files

DeckBuild

{Run Time Environment)

Figure Il. 1: Atlas inputs and outputs[109].

In most Atlas simulations two input files are used. Input text file to specify commands, and an

input file specifying the structure of the device to be simulated. The process of simulation any

device must specify in the input file: the device structure, Physical models that must be taken

into account, numerical methods and the type of electrical bias applied to the device.
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The output files that Atlas gives are divided into: the run-time output, which gives you the
progress and the error and warning messages as the simulation proceeds. the log file, which
stores all terminal voltages and currents from the device analysis. the solution file, which stores
2D and 3D data relating to the values of solution variables within the device at a given bias

point.
11.2 Device modeling

Silvaco Atlas software is based on the process of entering parameters and working
conditions of the device, and it solves a set of equations in each node of the grid covering the

device, so choosing the solving method is important to obtain satisfactory results.

11.2.1 Basic semiconductor equations

Several lengthy studies on semiconductors have reached three basic equations that are
solved to understand any semiconductor-based device. These equations are derived from
Maxwell's laws, which are: Poisson’s Equation, Carrier Continuity Equations and The Transport
Equations. Poisson’s Equation relates the electrostatic potential to the space charge density, and
it is given by[109]:

div(eV¥) = —p (1.1)

where ¢ is the local permittivity, W is the electrostatic potential, and p is the local space charge

density.

The continuity equations for electrons and holes are defined by equations[109]:

a 1,. 7
a—:=—;dlvjn+Gn—Rn (11.2)
op _ 1,. 7
E__Edlvjp-l_Gp_RP (“3)

where n and p are the electron and hole concentrations, fn and fp are the electron and hole current
densities, G,, and G, are the generation rates for electrons and holes, R, and R, are the

recombination rates for electrons and holes and q is the magnitude of the charge on an electron.

The transport equations are usually obtained by applying approximations and simplifications to
the Boltzmann Transport Equation. This leads to the production of a number of different
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transport models such as the drift-diffusion model, the Energy Balance Transport Model or the

hydrodynamic model.

The drift diffusion model is the simplest model, however; it becomes less accurate for device
with smaller feature sizes. it is then necessary to use the energy-balance or hydrodynamic

models.

The current densities in the continuity equations may be approximated by a drift-diffusion model
as shown the derivations based upon the Boltzmann transport theory. Therefore, the drift-

diffusion model is used in this thesis to model the current density. It given by[109]:

-

Jn = qnﬂnEn +qD,Vn (11.4)
jp = qp:upgp —qD,Vp (1.5)

where , and u, are the electron and hole mobilities, En and Ep are the electric field strengths,
D,, and D,, are the diffusion coefficients for electrons and holes, I'h and I are the electron and

hole concentration gradients.

11.2.2 Numerical methods

The simulation of semiconductor-based devices in the Silvaco Atlas requires solving the
above-mentioned set of equations, depending on the models selected. Therefore, choosing the
optimal solution method is one of the importance of simulating the devices. For each model type

there are three techniques, decoupled Gummel, fully-coupled Newton, and Block[109].

The Gummel method solves each unknown while keeping the other variables constant. It
continues to do this until a stable solution is found. And this method is useful where the system
of equations is weakly coupled but has only linear convergence. The Newton method solves the
total system of equations together to find a solution. The Newton method is useful when the
system of equations is strongly coupled and has quadratic convergence. This method may
require additional time, but it gives more accurate results. The Block method solves the
equations using a combination of the Newton and Gummel methods, in that some equations are
solved fully coupled and the rest are decoupled[110].
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11.3 Deckbuild

Deckbuild is the main program that runs the simulation and receives input files as needed.
through which it is possible to control all the simulations (Its interface is shown in Figure 11.2).
Deckbuild consists of two windows; Top window for entering and editing commands. And a
lower window is to give the exit modes and simulation results. The code entered in the input file

calls Atlas to run with the following command:

go atlas

File Edit View Run Tools Commands Help

B H)MEXMOPYBIpI 1 ~

E»‘»I v” Connect

go atlas
mesh infile=solarex0l_0.str

# set contact material to ke opague
material material=Aluminum imagqg.index=1000

material material=Silicon taunf=le-& taupl=ie-§

m]

£ set light beam using solar spectrum from external file

beam num=1 x.0rigin=10.0 y.origin=-2.0 angle=90.0 power.file=solarex0l.spec
¥ saves optical intensity to solution files
output opt.int

models conmobk fldmob consrh print

solve init

solve previous

£ get short circuit current
log outf=solarex0l_0.log
golve bl=1

extract name="shart cironit onrrent” mawviahsi{i "cathode'"))

| 2.5955e+000 1.7373e-005 7.2736e-012 1.4547e-012 2.0000e-001 -~
Integrated Spectrum = 0.131606

| Total time for ray trace on 1 processor: 1.3 sec.
~Calculating photogeneration rate contributions to device grid. [:|

Output Scroll to bottom

Line: 50 Column: 1 Simulator paused - atlas Size of generated files: 14.9 KB Free space: 215.3 GB DeckBuild 4.6.2.R Copyright ©1984 -2 .

Figure 1. 2: Screenshot from Deckbuild.

Next a certain order is used to set the device parameters as shown in Figure 11.3. Otherwise, the

program may not work properly or may not give accurate results. Generally, the format is:
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<STATEMENT> <PARAMETER>=<VALUE>
The following line of code serves as an example:
DOPING UNIFORM N.TYPE CONCENTRATION=1.0e16 REGION=1 OUTFILE=my.dop

Statements can have more than one parameter defined. The statement is DOPING. The
parameters are UNIFORM, N.TYPE, CONCENTRATION, REGION, and OUTFILE.

Deckbuild also contains ready-made examples of simulators for different semiconductor
compounds (solar cells, transistors, diodes...etc.).

Group Statements

MESH
. . REGION
1. Structure Specification = ELECTRODE
DOPING

MATERIAL
MODELS
CONTACT
INTERFACE

2. Material Models Specification =——

3. Numerical Method Selection ———————— METHOD

LOG

: SR SOLVE
4. Solution Specification — LOAD

SAVE

5. Results Analysis EXTRACT
TONYPLOT

Figure I1. 3 Atlas command groups and primary statements[111].
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11.4 Definition of the structure

11.4.1 Specifying mesh

To build any device on atlas you must first define the mesh that will be the framework of
the model. The mesh is made of triangles covering the device, and each corner of these triangles
forms a node. The equations used to solve are calculated at each node, and the upper limit for
the number of nodes is 100000 (in 2D)[109].

The number of nodes increases as the mesh is accurate, to give more accurate results, but this
requires an increase in the time taken to run the simulation. A lower number of nodes leads to
simulation results that are slightly further from the correctness and a shorter run time. The best
way to create a mesh is to increase the number of nodes at the important junctions and depletion
regions. To keep every information in this part of the device, and for the rest of the device, it is

not important to make the mesh accurate (See Figure 11.4).

T 1 T T T T T | T | T T 1 T T T 1 1 T
0 01 02 03 04 05 08 07 08 08 1

Figure 11. 4: Example of the mesh.
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A structure can be created in the atlas in three ways. The first method is to create a structure in
advance and save it in a separate file and then give a command to read it, the command is by

typing:
MESH INFILE=<filename>

The second method is to use the automatic interface and this feature allows to transfer all the
characteristics of the structure by running Athena or Devedit from inside the Deckbuild using
the input of commands go Athena or go Devedit. After building the structure in Athena or
Devedit run Atlas to run the simulation. And automatically receives the information between
Athena and Dave and Atlas.

The third method is a direct method. So we simply use the command language directly in

Deckbuild to define the structure. The command language is:
MESH SPACE.MULT=<value>

Space.mult is a scaling factor that controls the granularity of the mesh. The default value is 1.
The value greater than 1 gives a coarser mesh, and a value less than 1 results in a finer mesh.

The next statements define where mesh lines in the x and y direction will be:
X.MESH LOCATION=<value> SPACING=<value>
Y.MESH LOCATION=<value> SPACING=<value>

The X. MESH and Y. MESH statements are used to specify the locations in microns of vertical
and horizontal lines, respectively, together with the vertical or horizontal spacing associated
with that line. An alternate method to the space.mult command is to use the automatic mesh

function:
MESH AUTO

This statement is followed by x.mesh statements. The locations of y.mesh lines will be

automatically determined by the parameters of the REGION statements.
11.4.2 Specifying regions

After defining the mesh, the materials in each piece of the mesh must be defined, so first

the division and regions must be determined, and defining the regions is as follows:
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REGION NUMBER=<integer> <material_type> <position_parameters>

The regions are identified by numbers, starting from 1 and up to 15,000 different regions in the
Atlas. Also it contains many materials known for their properties, they can be changed in a

material statement in the code.

The position parameters are specified in microns using the X.MIN, X.MAX, Y.MIN, and
Y.MAX parameters as shown in Figure I1.5. If no mesh point is defined in the structure, the
code will not run successfully. Therefore, position parameters must be accurate to ensure proper
results. If the position parameters of a new statement overlap those of a previous REGION
statement, the overlapped area is assigned as the material type of the new region. we can express

the location of a region by define it with respect to other regions in the device such as:
REGION NUM=4 BOTTOM THICKNESS=10 MATERIAL=InGaN DONOR=1e17

REGION NUM=5 TOP THICKNESS=$bulk MATERIAL= InGaN

egion nue=1 x.nmin=0 x.max=1 y.min=-0.005 y.max=0 material=vacuum

=2 x.min=0 x.max=1 y.min=0 y.max=4 material=InGaN x.com=0.7
=3 x.min=0 x.max=1 y.min=4 y.max=5.2 material=InGaN x.com=0.7
x.min=0 x.max=1 y.min=5.2 y.max=15.2 material=sapphire

WMaterials

Vacuum
InGaN
Sapphire
Platinum
Conductor

0 04 0.2 (] 04 0 6 ¥ 02 il i

Figure 11. 5: Tonyplot screenshot showing regions example.
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11.4.3 Specifying electrodes

To simulate any device, the electrodes must be identified, where we can identify from 1 to
50 electrodes in Atlas. And if any of the defined electrodes are given the same name, the

electrodes are considered electrically connected. A typical electrode statement is:
ELECTRODE NAME=<electrode name> <position_parameters>

The position parameters are specified in microns using the X.MIN, X.MAX, Y.MIN, and
Y.MAX parameters as shown in the example Figure I1.6. If no y-coordinate is given, then the
electrode is placed at the top of the device. The top, bottom, right and left parameters can be

used to define the location as well.

0.4

04

electrode name=anode x.min=0.35 x.max=0.65 y.min=-0.1 y.max=0 material=Platinum
electrode name=cathode x.min=0 x.max=0.05 y.min=-0.1 y.max=0
electrode name=cathode x.min=0.95 x.max=1 y.min=-0.1 y.max=0

0.3

Materials

Vacuum
186 InGall
Sapphire
Platinum
Conductor

01 02 03 04 05 06 07 03 09
Figure I1. 6: Tonyplot screenshot showing electrodes examples.
11.4.4 Specifying doping
After specifying the above, the parameters of the doping are determined and are in the form:

DOPING <distribution_type> <dopant_type> <postion_parameter>
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The dopant type can be specified as n. type or p.type, and the concentration amount can be
defined. The distribution type can be uniform, Gaussian, or complementary error function. The
position parameter can be specified by region number or the minimum/maximum parameters.

As shown in the two following examples:

DOPING UNIFORM CONCENTRATION=1E16 N.TYPE REGION=1

DOPING GAUSSIAN CONCENTRATION=1E18 CHARACTERISTIC=0.05 P.TYPE\
X.LEFT=0.0 X. RIGHT=1.0 PEAK=0.1

11.5 Definition of material parameters and models

11.5.1 Specifying material properties

You can use the MATERIAL statement to specify the material properties of the defined
regions. But you must complete the entire mesh and doping definition before any MATERIAL
statements can be used. this statement allows you to specify your own values for these basic

parameters. For example, the statement:
MATERIAL MATERIAL=GaN EG300=3.42 MUN=1100

EG300 is the bandgap at 300K, and MUN is electron mobilities. We can find the identification

codes for all the parameters in the user manual of Silvaco.

To define the index of refraction and the index of extinction for any material, it is by using one
of the two methods. The first method is to use refractive index data from the SOPRA database.
To do this, you must specify the appropriate index file (in the user manual) on the SOPRA

parameter of the MATERIAL statement. As the following example shows:
MATERIAL MATERIAL=PIlatinum SOPRA =Pt.nk

The second method is to enter a text file that contains ordered triplets of wavelength, refractive

index, and extinction coefficient. It is as shown in this example:

MATERIAL MATERIAL=GaN INDEX.FILE=GaN.nk
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11.5.2 Specifying physical models

Physical models are specified using the MODELS statements. They can be grouped into
five classes[109]: mobility, recombination, carrier statistics, impact ionization, and tunneling.
To specify the physical models in the simulation of any device, use the models statement

followed by the name of the models. For example, the statement:
MODELS BGN CONMOB SRH AUGER FERMI PRINT

specifies that Bandgap narrowing, the standard concentration dependent mobility, Auger
recombination, Shockley-Read-Hall recombination with fixed carrier lifetimes, the Fermi-Dirac
statistics[19,70]. Adding print in the model statement allows the user to ensure the correct
parameters were used by displays the models and parameters used during the simulation into

the runtime output. These models are among those used in our simulation.

The Shockley-Read-Hall (SRH) recombination model is used to model the indirect
recombination of charge carriers that occurs in the presence of traps (or defects) within the

semiconductors bandgap. That is to model the losses in our structure[20].

2
_ np-n?
Rspy = 7, (n+n e ETRAP/KT)) 1 (p+n;e(~ETRAP/KT)) (11.6)

where ETRAP is the difference between the trap energy level and the intrinsic Fermi level
ETRAP = E; — E;, 7, and 7, are the electron and hole lifetimes. This model only presumes

one trap level which is ETRAP =0 and it corresponds to the most efficient recombination center.

The second indirect recombination model we took into consideration is the Auger

recombination, given by the expression[20]:
RAuger = CAugn (pn2 - nniz) + CAugp (npz - pnlz) (”7)
Where Cyyon and Cy,qp, are the Auger coefficients.

11.5.3 Specifying contact characteristics

Atlas assumes that the electrode in contact with the semiconductor is ohmic. If the work
function is defined, the electrode is treated as a Schottky contact. We give the value of the work
function by the WORKFUNCTION parameter. For example, the statement:
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CONTACT NAME=gate WORKFUNCTION=4.8

To specify a thermionic emission schottky contact with tunneling and barrier lowering, the

command would be:
CONTACT NAME=ANODE SURF.REC E.TUNNEL BARRIER

The SURF.REC parameter to enable surface recombination, E. TUNNEL specifies that the
Schottky tunneling model for electrons will be used and BARRIER to enable barrier lowering.

11.5.4 Specifying interface properties

The INTERFACE statement is used to define surface recombination velocity and the
interface charge density at interfaces between semiconductors and insulators. For example, the

statement:
INTERFACE QF=3e10

In this example, the fixed charge on all interfaces between semiconductors and insulators is set
to 3. 10*° cm. And to determine the interface parameter in a specific region we use the X.MIN,
X.MAX, Y.MIN, and Y.MAX parameters on the INTERFACE statement. For example, the

statement:
INTERFACE X.MIN=-4 X.MAX=4 Y.MIN=-0.5 Y.MAX=4 QF=1E10 S.N=1E4 S.P=1E4

In this example, in addition to the fixed charge QF, both S.N (electron surface recombination

velocity) and S.P (holes surface recombination velocity) are specified.

11.6 The choice of the numerical method

After the device is built, the numerical solution that should be used to calculate the solutions
to the device equations must be determined. Numerical methods are given in statement
METHOD of the input file; thus defining the program which numerical methods to use. There
are 3 methods, each of which uses a different method to solve equations. They are: (i) GUMMEL
(decoupled), (ii) NEWTON (fully coupled) and (iii) BLOCK][109].

The Gummel method solves for each unknown while keeping the variables constant. It continues
doing this until a stable solution is found. The Newton method solves the total system of

unknowns together, and the Block method solves some of the equations the Gummel way and
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the rest the Newton way. Generally, the Newton method is preferred and is the default if the
method statement is not used, it is the method used for simulation in this work. Specification of

the solution method is carried out as follows:
METHOD GUMMEL BLOCK NEWTON

Atlas can solve both electron and hole continuity equations, or only for one or none. You can

make this choice by using the CARRIERS parameter. For example:
METHOD CARRIERS=2
METHOD CARRIERS=1 HOLE

We can change all parameters associated with the solution process, and among the most
important of these parameters are: CLIMIT or CLIM.DD, which specify the values of the

minimum concentrations that will be resolved by the solver.

11.7 Obtaining solutions

In simulation of any device Atlas can calculate DC, AC, small signal, and transient
solutions. After determining the voltages on the electrodes, Atlas calculates both currents and
the internal quantities. the device starts with zero bias on all electrodes. Solutions are obtained
by stepping the biases on electrodes from this initial condition. To set the voltage of an electrode

named anode:
SOLVE VANODE=0 VSTEP=0.2 VFINAL=5 NAME=anode
SOLVE VSTEP=0.5 VFINAL=10 NAME=anode

The voltage extends in the first statement from 0 to 5 V with a step of 0.2 and in the second
statement from 5 to 10 V with a step of 0.5. The first guess is very important so that there are
no convergence problems. Therefore, a good initial guess must be made of the variables to be
evaluated at each bias point. The initial guess comes from the two previous solutions, and if

none are available convergence problems can arise. like the following example:
SOLVE VGATE=1 VDRAIN=1 VSUBSTRATE=1

In this example, the voltage is set to 1 volt on all three electrodes. The program may find the

solution, but it also may not get convergence, so it is better to write it as follows:
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SOLVE VGATE=1
SOLVE VDRAIN=1
SOLVE VSUBSTRATE=1

In the first solve statement, vgate set to 1 V, while the other two electrodes are at 0 V. The
second solve statement sets vdrain at 1 V with vgate remaining at 1 V from the previous solve
and vsubstrate remaining at 0 V. last statement sets all the electrodes to 1 V, this statement
solves with all three electrodes at 1 V. The difference is that, in this case, Atlas has two previous
solutions to use as the initial guess, this reduces the possibility of a convergence problem. When
previous solutions are not available, the initial guess for potential and carrier concentrations
must be made from the doping profile. To do this the initial solution must be made at zero bias

which is done by:
SOLVE INIT

If this statement is not included, Atlas automatically evaluates an initial solution prior to the

first solve statement.

11.8 Interpreting results

After running the simulation, it is important to save the simulation characteristics, so a log
file must be opened to save the terminal characteristics. And to open a log file, the following

statement must be entered:
LOG OUTFILE=<filename>

A log file is opened with the chosen name, then Terminal characteristics from all SOLVE
statements after the LOG statement are then saved to this log file, until another log statement is
opened or the log is closed with Off parameter. In general, the values of electric current are
saved in units of amperes per micron in Tonyplot, because Atlas is a two-dimensional simulator,
and sets the third dimension Z to be 1 micron. If a three-dimensional device is simulated, the
units of current are in Amperes, and when the WIDTH parameter is used in the mesh statement,
Atlas scaled the current by this factor and it is also in amperes. The extract parameters can also

be extracted from the log file using the extract command and it is as follows:
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EXTRACT INIT INF=<filename>

The user can make calculations on the data saved in the file for later use for viewing in TonyPlot.
the extraction results display in the run-time output and are stored in a file called results.final.
To store the results in a different file at the end of EXTRACT command, use the following

option:
EXTRACT....... DATAFILE=<filename>

A solution file or structure file is another type of file provided by Atlas, which contains an image
of the device at a particular bias point and gives us the ability to display any device parameters,
from doping profiles and band parameters to electron concentrations and electric fields. It
enables the user to know what is going on at any point in the device, and helps to discover errors
in any part of the code to fix them. These files should be plotted using TonyPlot. To create these

files, we use one of the statements:
SAVE OUTFILE=<filename>
SOLVE .... OUTFILE=<filename>.sta MASTER [ONEFILEONLY]

11.9 Luminous

luminous is a program integrated into the Atlas system for the study of optoelectronic
devices, used for light diffusion and absorption. It calculates the optical intensity within the
semiconductor devices, so that the density is converted to photo-generation rates and integrated
into the continuity equations. There are 4 physical models to describe the propagation of light

and they include the following[109]:

o Ray tracing (RT). It is a general method of resolving 2D and 3D non-planar geometries
but ignores diffraction and coherence effects.

o The transfer matrix method (TMM). This method is a 1D method that includes
interference effects. It is recommended for large area devices such as thin film solar cells.

o The beam propagation method (BPM). BPM is a general 2D method that is

computationally intensive because it includes diffraction effects.
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o Finite difference time domain (FDTD) methods, it is the most general 2D and 3D method
that is the most computationally intensive because it accounts for both diffraction and coherence

by direct solution of Maxwell’s equations.

If we want to specify different propagation models for different portions of the optical spectrum.,
we specify the same beam index for more than one beam statement. The parts of the spectrum
in a beam statement are specified by: WAVEL.START and WAVEL.END or E. START and
E.END.

Any optical beam is modeled and its source controlled using a beam statement. To determine
the origin of the beam we use the parameters X.ORIGIN and Y.ORIGIN. To determine the
direction of propagation angle of the beam we use the ANGLE parameter, which is relative to
the x-axis. MIN.WINDOW/MAX.WINDOW parameters specify the illumination window. As

shown in Figure 11.7.
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Figure I1. 7: Optical Beam Geometry[109].

11.10 Solar cell simulation

To simulate solar cells, we need the properties of propagation and absorption of light, and

this is what The Luminous simulators provides us. The user can also specify the spectra used in
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the simulation or to use the built-in spectra for AMO and AM1.5. We use the following statement
to determine the beam:

BEAM NUM=1 AM1.5 WAVEL.START=0.3 WAVEL.END=1.2 WAVEL.NUM=50

In this example, the AML1.5 spectrums was selected and sampled between 0.3 microns and 1.2
microns at 50 samples. To get the simulation data, solve statements are used. The first statement

is:
SOLVE B1=1

This command line turns on the light beam and obtains a solution of optical density of 1 W/cm?
(full intensity). In some cases, we may encounter difficulties in convergence, so we need to

gradually increase the intensity of the light as follows:
SOLVE B1=0.01

SOLVE B1=0.1

SOLVE B1=1.0

A log file must be opened to save the current and voltage characteristics, and the voltage of one
of the electrodes of the solar cell must be set. To extract data and characteristics of solar cells
represented by the fill factor, efficiency, maximum output power, open circuit voltage, and short

circuit current, we use the following extraction statements:

EXTRACT NAME="Isc" Y.VAL FROM CURVE (V."anode", l."cathode™) WHERE
X.VAL=0.0

EXTRACT NAME="Voc" X.VAL FROM CURVE (V."anode", l."cathode™) WHERE
Y.VAL=0.0

EXTRACT NAME="Pm" MAX (CURVE (V."anode", (V."anode" * I."cathode")))
EXTRACT NAME="Vm" X.VAL FROM CURVE(V."anode",(V."anode"*1."cathode")) \
WHERE Y.VAL=$"Pm"

EXTRACT NAME="Im" $"Pm"/$"Vm"
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EXTRACT NAME="FF" $"Pm"/($"Jsc"*$"Voc")

11.11 Tonyplot

The data obtained from device simulations is plotted by saving it to a file and then loading
the file into TonyPlot. if the file is a structure file; the information is displayed as a 2D mesh
plot. and If it is a log file, Tonyplot displays the data in an x-y plot. TonyPlot is a graphical tool
that can be called directly on your Deckbuild by typing:

TONYPLOT <filename> -overlay
11.11.1 2D Mesh plot

2D Mesh is a way to show the outline of the simulated device. It contains a set of options
to display information about the device, and the display options can be controlled using the
display (2D Mesh) feature, the display panel and the control buttons are shown in Figure 11.8.
So that we can see the mesh and the shape and size of the regions in addition to the electrodes
and other features such as the light beam applicable. The function of each of the display buttons
is shown in Figure 11.9. Some of these features have further control dialog boxes, which can be

accessed from the Define button.

& Tonyplot: Display (2D Mesh) P B

\b"b" |

o) [ [ ]

1-:"*

Figure I1. 8: Mesh plot dialog.
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(Mesh): The triangular mesh used in the simulation.

(Edges): Sides of triangles classified as region edge

_U‘.'

(Regions): All material regions in the structure.
(Contours): Color plotting of impurity values.
(Vectors): Representation of vectored impurities.

(Light): Light beam and ray information.

‘(Junl:tions): Metallurgical junctions in the semiconductor regions.

R

(Electrodes): Regions defined as being electrodes

(3D): Adds elevation to a plot so that 3D surface is plotted

E (@

(Lines): Adds lines dates to plots for ionization integrals or Monte Carlo ion
implant.

Figure 11. 9: Description of the display buttons in Tonyplot[112].

One of the most important buttons is the mesh button. This button operates the mesh diagram
on the device structure, and shows the location of the triangles, which helps the user to develop
an accurate mesh and improve the simulation time. There is also another important button, which
is the regions button, which operates the regions of the device, with each region coded in a
specific color according to the material. Turning on the contour button will show the contour
diagram on the device, and it is the most used method for visualizing data on two-dimensional

meshes.

2D mesh plot has the ability to display several types of information about the device, as shown
in Figure 11.10. So that it can display the doping concentration, the electrical field, the optical

intensity, the generation rate and the recombination rate and some other information. This is
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done by using the cutline tool and cutting the cross section of the device. This tool also has the
ability to move cutlines through the device and watch the profile move and shift as the cutline

position updates.

1x1018
*—  Photogeneration Rate (jcm3s)
Recombination Rate (fom3s)

axi0!?
xi0’’
axi0'?
x10™7

i Platinum

0 I InGaN
Sapphire
2 4 6 a 10
Figure 11. 10: Tonyplot screenshot showing cutline tool.
11.2 X-Y plots

This displays the data as x-y as shown in the Figure I11.11. And we have several quantities
to choose from to display on the X-axis and Y-axis. We can also change the data display scales
(linear or logarithmic). Multiple x-y plots can be opened in the same window; they can also be
overlaid for comparison of data, to do this you can use the Overlay option from the edit menu

or in the command line when invoking TonyPlot. In addition, we can measure different distances
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from the plot using the ruler tool, such as measuring the distance between two points or

intercepts and the slope of a curve.

0 0.4 02 12 16 2 24
Anode Voltage (V)

Figure I1. 11: Screenshot of an X-Y plot in Tonyplot.
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Chapter I11: Results and discussions




I11.1 Introduction

Recently, InGaN-based solar cells have attracted the attention of many researchers, both in
simulation and experimental[113,114]. Recent research for this type of cell includes
simultaneous optimization of the design in order to improve its efficiency[20]. InGaN solar
cells have many challenges, with the difficulty of developing a P-type doping layer, and the
difficulty of achieving the electrode over this type[1]. Many researchers have favoured Schottky
solar cells by replacing the P-type layer with metal [13,19,115] as a good solution to some

problems of InGaN solar cells.

In this work, Numerical simulation is carried out using Silvaco TCAD software to designe an
InGaN-based Schottky solar cell and selected the suitable parameters for it, starting from
searching for the best metal to form the Schottky junction to the most suitable indium
composition for high efficiency. We also focused on improving its performance by modifying
the cell structure, adding a uniform intrinsic layer and then a gradual intrinsic layer between the
metal and the semiconductor. We also studied the effect of defects in this layer in order to obtain
more accurate and reliable results. Finally, we added to the Schottky solar cell an oxide layer
between the metal and the semiconductor and then turns into a MIS solar cell, this is the aim to

improve more the cell's performance.
111.2. Device structure and modelling

The device is consisted of a 1.2 um n-type InGaN layer (n-doping concentration 6.5 x 10%°
cm). The indium composition of the InGaN active layer (x;,,) was set to vary in the range [0.1-
0.8]. The Schottky contact is a 5 nm thin metallic semi-transparent layer to facilitate the transit
of photons into the InGaN layer and the metal occupies 30% of the illuminated area. The metals
used are high work function metals (¢,,) such as Ni, Pd, Au, and Pt and the simulation was done
under the AML.5 solar spectrum. And finally we used sapphire substrate. Figure 111.1 shows a

schematic diagram of the simulated structure.

53



Ohmic
Schottky contact contact

Ohmic

contact
[ ]

Sapphire

Figure I11. 1: Structure of the InGaN based Schottky barrier solar cell studied in the

simulation.
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Figure 111. 2: Band gap and the electronic affinity as function of the indium composition.

The properties of InGaN material change with changing the indium composition in the material
and this applies to E,, x, N¢, Ny, WL.... All the properties of the semiconductor for concentrations
from 0.1 to 0.8 were calculated using MATLAB software that includes the equations mentioned

in the first chapter. Figure 111.2 shows the change in energy band gap and electronic affinity with




the change of the Indium composition x;,,. Also, nk files (that consist wavelength, refractive
index, and extinction coefficient) were calculated at each indium composition using Adachi and
absorption models (Egs 1.16 and 1.19)[20,70]. Thermionic emission and drift-diffusion are
considered as the dominant transport models in this type of solar cell and have been used in the
simulations. In addition, models as Fermi-Dirac statistics[19,70], Shockley-Read-Hall (SRH)
[116], Auger recombination [117] and Bandgap narrowing [14] are also implanted. Finally, the

native carrier’s lifetime was taken equal tolns [24].
111.3 Initial study to determine the suitable parameters of the solar cell

I.3.1Partl

Sid Ould Saad et al.[14] have numerically studied an InGaN schottky solar cell using the
Silvaco Atlas software, an optimum efficiency n = 18.2% was obtained. We got a similar result
using the following parameters: x;,, = 0.6, ¢,,= 6.3 eV and the ] — V characteristic obtained is

shown in Figure 111.3.

N
N

N
o

J..= 19.66 mA/cm?2

V,.=1.05V ]
FF =88.81 % y
n =18.36 % + -

Current density (mA/cm?)

e e =
A O 00O O N » OO
1 1 1 1 1 1 1 1

2 4 -
0

L] L] L] L] L] L] L] L] L] L] L]
00 01 02 03 04 05 06 07 08 09 10 11 12
Voltage (V)

Figure I11. 3: (J — V) characteristic for schottky solar cell with x;,, =0.6 and ¢,,=6.3 eV.

Also, we have studied several Schottky junction metals by changing the indium composition.

Figure 111.4 presents the results obtained for J., Vo, FF and n. The selected metals have a high
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work function compared to other metals and this is what InGaN requires to form a good Schottky
junction. The considered metals are Pd, Ni, Au, and Pt with work functions ¢,, of 5.12 eV[43],
5.22 eV[118], 5.47 eV[118] and 5.65 eV[43] respectively. The work function affects the
equilibrium bandgap diagram as illustrated in Figure Ill. 5. This widens the width of the

depletion region, which improves the photo-generation and carrier separation processes.
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Figure I11. 4: (a) Short-circuit current density J¢¢, (b) open-circuit voltage V¢, (C)
conversion efficiency i and (d) fill factor FF, as function of the indium composition with

various metal.
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Figure 111. 5: Band gap energy diagram at equilibrium of the InGaN Schottky solar cell for
different metals and 0.4 Indium composition.

Now, in the aim to explain the increase in the Jsc when increasing the composition of indium
(Figure 111.4(a)), we extracted the External quantum efficiency (EQE) curves at all the studied
indium composition (Figure 111.6). It is easy to notice that the quantum efficiency range expands
at high In composition solar cell. This is due to the low bandgap according to Vegard's law,

which allows the absorption of a larger portion of the solar spectrum.
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Figure 111. 6: External quantum efficiency (EQE) variation with Indium composition in

InxGa1xN compound for Pt metal.




The effect of the work function ¢,, on Js- appears only at high In composition (Figure I11. 3(a)).
As for the metals, Pt and Au, it increases continuously with the increasing Indium composition.
However, it decreases for Ni and Pd metals at x,,=0.75 and x;,,= 0.65, respectively. Figures

I11.7 and 111.8 display an explanation for the current drop at these compositions.
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Figure 111. 7: Band gap energy diagram at equilibrium of the InGaN Schottky solar cell for
different metals and 0.8 Indium composition.

A high indium composition affects the electronic affinity as shown in Figure 111.2. Both the
increase in affinity and the decrease in the work function lead to a decrease in the Schottky
barrier height according to the Schottky-Mott relation (¢p5 = ¢ — x) and also the increase of
In composition reduce the band gap energy (Figure I1l. 2) toward the range that coincide with
the maximum of the AM1.5 spectrum. This has benefited effect on Jg. for the higher ¢,, while
Jsc drops pointedly at high In composition for Pd and Ni. This effect is presented in the external
quantum efficiency spectrum (EQE) in Figure 111.8.
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Figure I11. 8: External quantum efficiency (EQE) for different metals and 0.8 Indium

composition.

In Figure 111.4(b), the V,. changes with the metal work function and the indium composition is
shown. The increase in V, is related to the increase in the work function according to the

following relation [39]:

Voo = “22 (In(22) ) + ¢ (11.2)

q A*T?

As we mentioned above, the height of the Schottky barrier is related to the work function
according to the Schottky-Mott relation (¢5 = ¢y — x), and therefore the higher the metal with
a large work function, the higher the voltage barrier and from it the V,. increases. The V,,
decreases with increasing the Indium composition for all metals, as we notice in Figure 111.4(b).
This is expected because according to Vegard's law, the band gap decreases and the electronic
affinity increases with an increase in the In composition (Figure 111.2), and this leads to a

decrease in the V. to zero.

It is clearly shown in Figure I11.4(c) that the power conversion efficiency n has a peak value at
certain In composition that varies from metal to another and increases with the work function.
Before the peak, the efficiency increases with increasing Jq. and after the peak it decreases with
the decrease in the V. produced by the solar cell. The indium compositions and efficiencies

values for each peak of metal are given in Table I11.1.
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Table I11. 1: The Indium composition corresponding to the maximum efficiency for Au, Ni, Pd
and Pt Schottky contacts.

Au Ni Pd Pt
XIn 0.47 0.36 0.32 0.54
n % 4.48 1.86 1.13 7.10

The effect of the change of metal and indium composition on the fill factor FF of the solar cell
Is shown in Figure I11.4(d). For low composition, there is a slight decrease, while in large
composition, the decrease is sharp, especially in the case of the metals Pd and Ni. That is, the

changes of V. values dominate the changes of FF.

For this part, which includes the study of four metals to form the Schottky junction and changing
the values of indium composition in the semiconductor, we concluded that platinum metal is the
most appropriate metal to form a Schottky junction in the InGaN solar cell with an indium

composition of x;,, = 0.54 to give an efficiency of n =7.1%.
111.3.2 Part 2

Since platinum represents the best metal to contact with the InGaN semiconductor and form
a Schottky solar cell, in this section a comprehensive study of several values of the Pt work
function that has been reported in several research works: 5.65 eV[43], 5.93 eV[118], 6.1
eV[119] and 6.35 eV[120]. Figure Il1. 9 shows the obtained electrical output parameters of the
solar cell for the different reported values of ¢,, versus In composition.
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Figure 111. 9: Electrical output parameters for the different reported values of ¢, versus In

composition: (a) Jsc, (b) V¢, (c) efficiency i and (d) FF.

Jsc i1s not affected by the change of ¢, and it keeps increasing with increasing indium
composition (figure 111.9 (a)). Whereas in the case of Vit increases with increasing metal work
function as observed in figure 111.9 (b). The value of the peak efficiency improves from n =
7.1% to n =22.18% at In composition of x;,=0.54 and x;,,= 0.7, respectively, as shown in Table
I11.2 and we notice that the deterioration of FF weakens as the work function ¢,, increases

(Figure 111.9 (d)). Schottky solar cell composed of platinum metal with a work function of




¢y =6.35eV and a semiconductor with an indium composition of x;,= 0.7 is the cell that shows

good performance and gives an efficiency of 22.18%.

Table I11. 2: The optimum Indium composition for the different Pt work function values.

0.54 0.6 0.65 0.7

_ 7.10 12.41 16.05 22.18

Figure 111.10 and Figure 111.11 show the ] — V characteristics with respect to the In composition
and Pt work function, respectively. Changing indium composition effects on both of Jsc and
Voc, While the work function affects only Voc.
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Figure I11. 10: (J — V) characteristic for different Indium compositions.
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Figure 111. 11: (J — V) characteristic for different Pt work function.

111.4 Optimizations

We suggested a number of approaches to optimize the cell performance and the first one

is the following:
111.4.1 Adding a uniform Intrinsic Layer

We suggest adding an intrinsic layer to the Schottky solar cell to give better performance.
The added layer is located between the metal Pt and the Ino7GaosN semiconductor. Figure I1I.
12 shows the effect of changing the thickness of the intrinsic layer on the output of the solar

cell.

As we can see, there is an improvement in the performance of the cell as the thickness of the
intrinsic layer increases with a saturated efficiency of n = 23.30% at 10 um. This improvement
is related to the improvement of /¢, by increasing the width of the space charge region. Thus
an increase in photo-generation and separation of carriers[39]. The V,. and FF are
approximately constant. Consequently, for an efficiency of 23.09% we choose a thickness of 4

pum for the added intrinsic layer.
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Figure 111. 12: Jsc,, Voc, FF and n as a function of intrinsic layer thickness.

111.4.2 The effect of interfacial layer defect

Experimental results of the InGaN-based Schottky solar cell provided much lower

performance than expected in the simulation results[6,13]. This difference may be related to the

effect of traps at the interface layer between the metal and the semiconductor, and according to

the results of deep-level transient spectroscopy DLTS, traps Ec-0.18, Ec-0.39 and Ec-0.65 eV

are among the dominant traps in InGaN material[121,122]. Table 1I1.3 presents the

characteristics of these traps.

Table I11. 3: Traps related to InGaN layer.

Trap level (eV) Electron capture cross section (cm?)
Ec—0.39 1.24 x 10716
Ec—0.18 2.40 x 10720
Ec—0.65 1.00 x 10716

Density (cm™)

1.9 x 10®°

1 x 10%°
1x10%°

The effect of the added traps on output parameters of the solar cell is presented in Figure 111.13

(@). The effect of traps with levels Ec-0.39 and Ec-0.65 on Jsc is clearly shown especially when
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the density of traps exceed 5 x 1017 and 5 x 101°, respectively. This is mostly due to that these
defects act as recombination centres of the carriers. According to Grassa et al, Ec-0.65 level
behave as non-radiative recombination level. The shallow level trap Ec-0.18 eV has a neglectful

effect on J.
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Figure 111. 13: Effect of trap levels on (a) Js¢, (b) Vo, (¢) n and (d) FF.

Schottky barrier height is related to the number of traps occupied at the Pt-InGaN interface so
that the height increases as the traps increase. Therefore, V. increases because it is related to
the barrier height according to the relation 111.1. And this is only for traps with levels Ec-0.39

and Ec-0.65, and the trap Ec-0.18 also does not affect V. as we can see in Figure I11. 13(b).
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Figure 111.13(c) shows a significant decrease in n when the density of the traps Ec-0.39 and
Ec-0.65 is increased to 10" and 5x10%°, respectively. This is due to the low Js. in these terms.

A decrease in FF at the same intensity is shown in Figure 111.13(d).

111.4.3 Adding gradual intrinsic layer

InGaN-based Schottky barrier solar cells perform well in two cases: (1) The higher the V¢,
and this is when the InGaN semiconductor has a low indium composition (high Schottky barrier

height). (2) When the J,. is high and that is when the InGaN layer has a large Indium

composition.

Ohmic Schottky contact Ohmic

contact (Pt) contact

I __‘
In0.3Ga0.7N
In0.4Ga0.sM

Intrinsic
Ino.55Ga0.45N layer

In0.6Ga0.4M
Sapphire

Figure 111. 14: InGaN based Schottky barrier solar cell with gradual intrinsic layer structure.

In the context of enhancing the efficiency of this solar cell, we changed the uniform Indium
composition of the intrinsic layer to a gradual composition, from a low in contact with the metal
to high in contact with N-InGaN layer. The composition of indium is as follows x;,=0.3
(0.1um); x;,=0.4 (0.1um), x;,=0.55 (3.7um) and x;,=0.6 (0.1um). Figure 111.14 shows the
enhanced cell structure. This gradient in the indium composition occurs in the energy band gap,
as shown in Figure 111.15.
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Figure 111. 15: Band gap energy diagram at equilibrium of the InGaN Schottky solar cell with
gradual band gap energy of the intrinsic layer.

From Figure 111.16 and Table 111.4, we can notice that the efficiency in the case of a solar cell
with a gradual intrinsic layer is higher than that of a cell with a uniform intrinsic layer. This is
due to the observed improvement in the open-circuit voltage V. The reason for this high rise
is that the InGaN layer that forms contact with the metal has a low indium composition (low
electron affinity) and therefore a large Schottky barrier height. Jsc decreases because the larger
thickness (3.4 pm) has a composition less than 0.7 which is x;,= 0.55. Figure 111. 17 represents
the difference in the external quantum efficiency spectrum (EQE) between a uniform intrinsic

layer solar cell and a gradual layer solar cell, and shows the reason for the decrease in /..
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Figure 111. 16: (J — V) characteristic for InGaN Schottky solar cell with a uniform intrinsic

layer and gradual intrinsic layer.

Table I11. 4: Jg¢, Voc, FF and i for InGaN schottky solar cell with uniform intrinsic layer
and gradual intrinsic layer.

28.220 0.936 87.426 23.089

_ 26.324 1.593 91.660 38.426
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Figure I11. 17: External quantum efficiency (EQE) for InGaN Schottky solar cell with a

uniform intrinsic layer and gradual intrinsic layer.

Figure 111.18 represents the effect of defects Ec-0.39 and Ec-0.65 on the efficiency of the gradual
intrinsic layer solar cell. As we have seen previously, these two defects affect the efficiency of
the cell negatively, as it decreases in this case from 38.42% to 28.89%. However, this efficiency
remains high for the cell with the uniform intrinsic layer, whose efficiency after adding defects
became 15.55%. Therefore, it is expected that this gradual layer will be effective in reducing
the effect of defects on this type of solar cell. Although the density of defects may not reach this

limit in InGaN if the surface is treated well.
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Figure I11. 18: The gradual intrinsic layer solar cell efficiency n versus defect densities.

111.4.4 Influence of an insulating layer on the Schottky solar cell

In this part, we added an oxide layer of Schottky cell between the metal and the N-type
semiconductor, to become a MIS solar cell (Metal-Insulator-Semiconductor) as shown in Figure
I11. 19. The oxide has a thickness of 1 nm[123] and is thin enough to allow a large number of
electrons to tunnel through it. In addition, it used for the purpose of increasing the Schottky
barrier height [124]. The comparison in the outputs of a Schottky cell and a MIS cell is shown
in Table I11.5, and the J — V' characteristic of the two solar cells is shown in Figure 111.20.

Ohmic Ohmic
contact Schottky contact contact
e Oxide

Sapphire

Figure I11. 19: InGaN based MIS solar cell structure.




From the curves in Figure 111.20, it is clear that the MIS solar cell shows a higher open circuit
voltage VVoc than the Schottky solar cell, due to the increase of the Schottky barrier height at the
Pt/N-InGaN interface as expected. The short circuit current /s of the MIS solar cell decreases.
This decrease may be due to the high Schottky barrier height which reduces the electrons passing
over the Schottky barrier by thermionic emission (TE). However, this decrease does not affect
the efficiency n, as Table I11.5 shows. It is obvious that the efficiency of the MIS solar cell is
much higher than the Schottky junction solar since it increases from 22.18% to 31.59% due to
the increase in the open circuit voltage from 0.93 V to 1.39 V. Also, the fill factor FF has
increased by almost 3%.
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Figure 111. 20: (J — V) characteristic for InGaN Schottky solar cell and MIS solar cell.

Table 111. 5: Jg¢, Vo, FF and i for InGaN Schottky solar cell and MIS solar cell.

Jsc (mA/cm?) Voc (V) FF % n %
Schottky 27.009 0.9286 87.719 22.180
MIS 24.888 1.3994 90.703 31.590

71



111.4.5 Changing the Schottky solar cell to a MIS solar cell

In order to improve more the Schottky solar cell, we suggest to introduce an insulator

material between the contact and the InGaN semiconductor.

Next to specify the appropriate oxide for an InGaN-based MIS solar cell, we suggest various
prospective oxides, which are: SiO2, Al2O3 and HfO2. The parameters of the oxides are display
in Table I11.6.

Table I11. 6: Parameters of oxides: Band gap, Affinity, Permittivity, electron and hole effective
masses and fixed charge.
Eg4 (eV) x (eV) Eox m,/m, mp/m, Fixed charge
SiO2 8.9[125] 0.9[126] 4[127] 0.4[128] 0.32[128] positive[128]

AbOs | 7[125]  1.9[126]  9[127]  0.46[125] 0.54[125] negative[128]

HfO, | 5.7[125] 1.88[129] 25[127] 0.42[125] 0.58[125] positive[128]

Figure 111.21 represents | — V characteristic of MIS solar cell with different oxides. The output
parameters are shown in Table I11.7. According to the obtained results, we notice that SiO> oxide
gives the highest value of /5.(25.75 mA/cm?), while Al>Osz gives the highest value in V., FF
and n. The efficiency at Al.O3z oxide reaches 31.59% due to the high V, (1.39 V), while it
reaches 28.85% and 25.82% for SiO. and HfO respectively.
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Figure 111. 21: (J — V) characteristics of simulated structure for different oxides.

Table 111. 7: Jg., Voc, FF and n for InGaN MIS solar cell with different oxides.

1.254 89.354 28.851
1.399 90.703 31.590
23.570 1.220 89.791 25.824

In order to explain why J. is different for each oxide, we extract the reflectance factor (R) from
the refractive index (n) and extinction coefficient (k) according to the following
expression[130]:

_ (n—1)%+k?

T (n+1)24kK2 (11.2)

Figure 111.22 presents the obtained reflectance factor. It is clearly that SiO. oxide, which
recorded the highest short circuit current, has the lowest reflectance. The reflectance clearly

affects the J- of the MIS cell, and the reason is that the cell structure contains a metal that




covers only 30% of the cell surface, thus, the oxide covers the remaining surface, which reflects

a percentage of the light.
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Figure 111. 22: Reflectance factor of the oxides used in the simulation.

The External quantum efficiency (EQE) curves of the solar cell at the studied oxides are
represented in Figure 111.23. The obtained results prove the validity of the previous

interpretation.
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Figure I11. 23: External quantum efficiency (EQE) for different oxides.




Al>0O3 has negative fixed charges that are reduce surface recombination by repelling
electrons[131], this is what makes this oxide give the highest V,. as shown in Table Ill. 7 and

Figure I11. 21.

Figure 111.24 presents the change in the output parameters as a function of negative fixed charges
density in the oxide layer. The increase in the density of the fixed charges causes a significant
increase in both the open circuit voltage V. and the cell efficiency n, which may reach 1.586

V and 36.186 %, respectively.
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Figure l11. 24: Jsc, Voc, FF and n as a function of negative fixed charge density in Al2O3

oxide.

The second reason for the different V. values for oxides is the permittivity of the oxide. We
notice in Figure 111.25 that as permittivity increases, V. and n decrease. The permittivity does
not affect much in the case of SiO2 and HfO: positively charged oxides according to Figure
I11.21. The permittivity of the oxide &,, affects the ideality factor according to Equation 1.10
mentioned earlier. So that the increase in permittivity leads to a decrease in the ideality factor

and therefore the open circuit voltage according to the Equation 1.11.
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According the obtained results, we conclude that Al>O3 oxide is the most suitable to provide a
performant MIS solar cell since it is notable from the other suggested oxides in several

properties.
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Figure 111. 25: Jg¢, Voc, FF and i as a function of permittivity of Al>O3 oxide.

I11.5. Summary
Schottky solar cells based on InGaN have faced many challenges in the design and
material’s manufacturing. Consequently, the study has focused on the appropriate parameters

for good efficiency, in addition to a comprehensive improvement of the device.

The preliminary study of this type of solar cell depends on the selection of the suitable indium
composition (xin = 0.54) in the InGaN semiconductor and the suitable metal to form a good
Schottky contact (platinum metal) given an efficiency of n = 7.1%. The metal work function
have been varied to 6.35 eV and better efficiency of # = 22.08% for In composition of xjn = 0.7

was obtained.

The next step was divided in several optimisation processes in the aim to improve the solar cell.
First, adding an intrinsic layer between the Ino.7Gao.sN semiconductor and the metal contact (Pt-
¢y =6.35 eV). We have noticed a significant increase in the efficiency. Then, we have

considered the presence of traps in this layer and studied their effects. Under these consideration,
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the efficiency has dropped dramatically to n = 15.55%. The second step suggested in the
improvement was the addition of intrinsic layer with a gradual composition to absorb larger
amount of photon spectrum. The results show that the efficiency in the ideal case has increased
significantly to n = 38.42% due to the noticeable increase in V,. and with considering defects,

the efficiency has again relatively reduced but remaining good enough for a solar cell.

The last suggested improvement that we have made on Schottky cells is to changing it to a MIS
(Metal-Insulator-Semiconductor) solar cell, by adding an oxide layer between the metal and the
semiconductor. An increase in the value of V., was achieved, which led to an improvement in
efficiency to approximately n = 29.19%. Several oxides were studied to choose the most suitable
one for the MIS junction. After analysing the obtained results, it was found that Al.O3 oxide
gives the best efficiency of n = 31.59%.

These studies, which included the selection of appropriate parameters in addition to the different
improvements, constitute an appreciate contribution in the development of InGaN-based
Schottky solar cells and improve their performance in the future.
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General Conclusion




General Conclusion

InGaN material offers excellent properties in semiconductor devices and the development
of InGaN-based solar cells is very important for future high-efficiency solar cells. However,
these materials faced obstacles that may limit their capabilities and advantages and it is
necessary to discover alternative methods such as structures without P-type semiconductor and
methods for produce high-quality alloys with high indium content. Among the proposed
solutions, Schottky barrier is a good alternative to the P- type layer, since this simple structure

may achieve good efficiency with InGaN when the appropriate metal is provided.

The preliminary study of this type of solar cell depends on the selection of the suitable indium
composition in the InGaN semiconductor and the suitable metal to form a good Schottky contact
with high efficiency. The indium composition of xin = 0.54 with platinum metal given an
efficiency of n = 7.1%. Then the metal work function have been varied to ¢,, = 6.35 eV and

better efficiency of n = 22.08% for In composition of xij» = 0.7 was obtained.

The next step was divided in several optimisation processes in the aim to improve the solar cell.
First, adding an intrinsic layer between the Ino.7Gao.sN semiconductor and the metal contact (Pt-
¢y =6.35 eV). We have noticed a significant increase in the efficiency. Then, we have
considered the presence of traps in this layer and studied their effects. Under these consideration,
the efficiency has dropped dramatically to n = 15.55%. The second step suggested in the
improvement was the addition of intrinsic layer with a gradual composition to absorb larger
amount of photon spectrum. The results show that the efficiency in the ideal case has increased
significantly to n = 38.42% due to the noticeable increase in V, . and with considering defects,

the efficiency has again relatively reduced but remaining good enough for a solar cell.

The last suggested improvement that we have made on Schottky cells is to changing it to a MIS
(Metal-Insulator-Semiconductor) solar cell by including an oxide layer between the metal and
the semiconductor. An increase in the value of V-, was achieved, which led to an improvement
in efficiency to approximately n = 29.19%. Several oxides were studied to choose the most
suitable one for the MIS junction. After analysing the obtained results, it was found that Al>O3

oxide gives the best efficiency of n = 31.59%.
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These studies, which included the selection of appropriate parameters in addition to the different

improvements, constitute an appreciate contribution in the development of InGaN-based

Schottky solar cells and improve their performance in the future.
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ARTICLE INFO ABSTEACT

Eeyword In this work, an extensive numerical simulation of an IngGay- N Schotiky barrier solar o=l is
Galar cell carvied out using Silvace ATLAS simulator. Firstly, the effect of different Schottky metals and
Gehotky Indium fraction (in n,Ga; _ N compound) on the solar cell outpat parmmeters are studied. A
i‘““"“":‘ standard Platinum (Pt) work function of 5.65 &V gave a low efficiency of about 7.10% for an
_l_:m"“ Indium (In) malar fraction af 0.54. Since other studiss have shown that Pt may have higher wark
Dj;il.iumn function, this latter was scanmed from 5065 to 635 eV, Consequently, the efficiency increased

from 7.10% to 22.18% for a work function of 6.35 ¢V and a 0.7 In fradtion. Additional optimi

zations improved the cell efficiency to 23.3%, by intmoducing a 4 pm thick mirinsic ng Gag N
layer between Pt and the doped Ing ¢ Gag, oM. Further improvement is achieved using a gradual
band gap intrinsic layer. Furthermore, this gracheal band gap intrinsic layer reduces the effect of
mterface traps which were found to induce serious degradation of the cell effidency. The
introduction of this gradual band gap intrinsic layer provides a cell effidency of 38.42% at Low
trap densities and 26.8% at higher densities.

1. Intreduction

Metal-cemiconductor based devices find important applications in field affect transistors, detectors, photosransistors, bipolar
tranciotors, and space zolar cell A high-performance Schowsky barrier iz important to the orability and reproducibility in device de-
velopments. The Schotthy junction zolar cell hag been congidered one among the unasruming photovoltaic device gince it can be
fabricated in simple manner and at low coat and iz expected to give better spectral recponse in the chorter-wavelength region due to the
cloge surface depletion region [1]. The semiconductor layer iz placed between two metallic contacta. The firot one in the front of the
device and should form a Schotthy barrier contact with the semiconductor while the second one i the end edge of the device and
chould form an Ohmic contact. In case of n-type cemiconductor, the metal work function of the Schotthy contact should exceed the one
of the semiconductor while in Ohmic contact, metal work function should be lower [2].
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