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Abstract

We have investigated a Schottky barrier solar cell based on n-type CIGS material. The
anode metal; situated on the top of the cell, satisfy the Schottky contact condition.The
cathode (Al), however, is defined to be Ohmic contact. Two samples were investigated; in
the sample (A), the cathode is situated on the bottom of the cell, and in sample (B), the two
cathode electrodes are located on the top of the cell. With using platinum (Pt) as anode
metal (¢,, = 6.35 eV),the cell thickness increase in the range [0.5- 8um] showed an
optimal conversion efficiency n around 21,98% for the sample (B) with thickness
d~ 3um, for the sample (A), the better  is around 27,48 % for a thickness more larger
(d~ 8 um).The doping concentration effect of the CIGS base layer (Ny;) in the range
[1012 — 10™¢m~3], with the cell thickness d of 1.2 um, showed an optimal value of
doping N, = 10*°¢m™3 which provided a conversion efficiency n =20.48% for sample
(A), and n =21.80% for sample (B). Three choices were considered for the anode metal: Pt
(¢, = 6.35€V) ,Au (¢, =5.47eV) and Ni (¢,, = 5.22 eV), showing that the cell
approached the ideal case of p*-n junction for the first choice. The second choice made the
cell operating as standard Schottky barrier solar cell. The third choice, however, was the

worst choice because it reduced significantly the solar cell performances.
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General introduction

General introduction

Thin-film solar cells are considered the second generation of photovoltaics, they are
expanding in the photovoltaic market due to their competitive cost with the traditional
silicon cell [1]. This is due to the thin-film using less material than the silicon solar cells.
In order to absorb the same amount of sun light the silicon solar cell requires 100-200um
of material and the thin-film solar cells only requires a few micrometers of material [1].

The group I-111-VI chalcopyrite (Ag,Cu)(In,Ga)(S,Se)2 semi-conductor alloys,
commonly known as CIGS, are particularly suitable absorber materials for solar cells.
Their direct band gaps range from ~1 to 2.7 eV [2], they are advantageous for application
in multi junction solar cells, since the gap of the different layers can be tuned by varying
the ratio of In and Ga, and/or S and Se. They have high absorption coefficients and
favourable intrinsic defect properties that enable high minority carrier lifetimes, and solar
cells the refrom are intrinsically stable in operation [2]. Their first reported efficiency was
a 12% single-crystal device in the mid 1970 s[3]. Subsequently, CIGS thin-film absorbers,
processing, and contacts have improved dramatically, yielding 23.3% small-area thin-film
cells [4,5].

In this study, we will investigate the Schottky barrier solar cell based on n-type
Copper Indium Gallium Selenide (Cu(In,Ga)Se : CIGS) material, exposed to the AM1.5
standard spectrum at ambient temperature (300°K®) . The anode metal, situated on the top
of the cell, should satisfy the Schottky contact condition by having a work function (¢,,)
higher than the electron affinity (y,.) of the semiconductor (n-type CIGS).The metals used
in this study to satisfy this condition are respectively Pt (¢,, = 6.35¢eV), Au (¢,, =
5.47 eV) and Ni (¢,, = 5.22 eV) [6].The cathode (Al) is defined to be neutral (Ohmic
contact). Two solar cells will be considered in this study; for the first one (sample A), the
cathode is situated on the bottom of the cell giving a sandwich configuration. For the
second one (sample B), two cathode electrodes are located on the top of the cell giving a
coplanar configuration. The investigation will be achieved using the numerical simulation
software SILVACO-ATLAS, which allows the calculation of all the internal parameters of
the solar cell such as the distribution of the band diagram, the electron and holes

concentrations...etc. The external parameters will also be calculated such as the current
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density-voltage (J — V) and the provided power — voltage (P — V) characteristics under
illumination, which allow the extraction of the photovoltaic output parameters of the solar
cell namely the short circuit current density J,., the open circuit voltage V,, the fill factor
FF jthe maximum power P,,, provided by the cell and the photovoltaic conversion
efficiency n of the cell. For the two considered solar cells, we will investigate the thickness
variation effect of the n-type CIGS layer in the range [0.5- 8um], the n-type doping
concentration (N,) effect of the CIGS layer in the range [101? — 10*°cm ™3], and the work
function (¢,,,) effect by changing the anode metal (Pt, Au and Ni).

In addition to the general introduction and conclusion, the thesis is organized in four

chapters as follow:

In chapter I, we will give an introductory overview of the important concepts in
photovoltaic. It ranges from the basic solar cell functioning to the different technologies of
solar cells. The characteristics of the solar cell based on PN junction and Schottky barrier

junction will also be presented.

In chapter I, we will give a short overview on the present knowledge of CIGS-based
thin film solar cells. We will focus on three points: (i) Description of the basic material
properties such as crystal and optical properties. (ii) Description of the classic (standard)
CIGS solar cell structure. (iii) Description of the Schottky barrier solar cell based on n-type
CIGS material.

In chapter Ill, we will present a description of Silvaco-Atlas simulation software;
which we will use to investigate the electrical characteristics of the Schottky barrier solar

cell based on CIGS material.

In chapter 1V, we will present a detailed description of the investigated Schottky
barrier solar cell based on n-type CIGS material, then, we will present and discuss the main

results obtained in our study.
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Chapter | : Photovoltaic and Solar Cells

I.1.Introduction

Solar energy is the most promising source of energy of modern area. It has a biggest
advantage over the conventional power generation systems that the sunlight can be directly
converted into solar energy with the help of solar cells. This type of electrical energy
production methods is cost effective, generates no toxic materials and follows green
approach. The sun light can easily compensate the energy drawn from the non-renewable
sources of energy such as fossil fuels and petroleum deposits inside the earth. The
fabrication of solar cells has passed through a large number of improvement steps from one
generation to another. Silicon based solar cells were the first-generation solar cells grown
on Si wafers, mainly single crystals. Further development to thin films, dye sensitized solar
cells and organic solar cells enhanced the cell efficiency. The development is hindered by
the cost and efficiency [7, 8].

This chapter gives an introductory overview of the important concepts in photovoltaic. It
ranges from the basic solar cell functioning to the different technologies of solar cells. The
characteristics of the solar cell based on PN junction and Schottky barrier junction are also

presented.
|.2.Photovoltaic effect

The photovoltaic effect is the process by which sunlight is converted into electrical
energy. This occurs when a semiconducting material absorbs a photon’s energy and
generates an electron-hole pair. If the photon’s energy is sufficiently large, the charge
carriers will move to a higher energy state. Semiconducting materials arranged as a p-n
junction collect these energetic charge carriers and facilitate their movement as electrical
current. This is the process by which all photovoltaic solar cells operate. Mastery of this
process has had a profound impact on global energy generation. The Cu(ln,Ga)Se, or
CIGS thin-film solar cell, through advances in device characterization, processing, and

materials, has achieved photovoltaic conversion efficiency of over 22% [9].

1.2.1.PN junction

As illustrated in Figure 1.1, a PN junction can be fabricated by implanting or diffusing
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donors into a P-type substrate such that a layer of semiconductor is converted into N type.
Converting a layer of an N-type semiconductor into P type with acceptors would also
create a PN junction [10].

Donor ions

by oy b b oy oy b

N type

P type

Figure 1.1: PN junction fabrication by converting a layer of P-type semiconductor in to N-
type with donor implantation or diffusion [10].

A PN junction has rectifying current—voltage (I-Vor IV) characteristics as shown in

Figurel.2.

i — T
V)

= |

Reverse bias ««—|—s= Forward bias Diode

< symbol

Figure 1.2: The rectifying IV characteristics of a PN junction [10].

As a device, it is called a rectifier or a diode. The PN junction is the basic structure of solar
cell, light-emitting diode, and diode laser, and is present in all types of transistors. In
addition, PN junction is a vehicle for studying the theory of the depletion layer, the quasi-
equilibrium boundary condition, the continuity equation, and other tools and concepts that

are important to the understanding of electronic and optoelectronic devices [10].
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Using special technological processes as said above, we can assemble two
semiconductor materials; one P-type doped, and the other N-type doped, to obtain the so-
called PN junction, like presented in Figure 1.3.

E
N

pl 1
eeegeceee®e®
000 6ceee®®
S KKK

- s

Ec A
\' =

E‘!"-'-'-'-'-‘-'-'-'-‘
N N

Figure 1.3: Band scheme representation of PN junction [11].

When the two types of semiconductors come into contact, a concentration gradient of
charge carriers is created between the two materials. Electrons from the n-type material
migrate to the p-type material and combine with holes, leaving behind a positively charged
ion. Holes from the p-type material migrate to the n-type material to combine with
electrons, leaving behind negatively charged ions (Figure 1.3). This is known as diffusion
current. The accumulation of charged ions in each material creates anelectric field which is
referred to as the “built-in field”. The region the built-in field extend sover is called the
space-charge region (SCR). The SCR is stabilized when the drift current caused by the
built-in field equals the diffusion current.The Fermi level (Er) alignment at thermal

equilibrium induces the band bendingand a potential barrier (V) is established [11].
There are two type of PN junctions:

. Steep junction (step junction): the transition from the P-type region to the N-type

region ‘takes place on an infinitely fine thickness.
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" Gradual junction (linearly graded junction): the transition from the P-type region to

the N-type region takes place according to a linear law [12].

Shockley’s equation explains the general characteristics of forward and reverse biasing

regions of diode [13].The diode current equation is given as:

(AR
Ip = Is[exp mksT

—1] (1.1)
where I, is the diode current, Isis reverse saturation current, Vpis diode voltage, n is
semiconductor constant, depends on the construction and operating conditions (1 to 2,
usually taken as 1), kgis Boltzmann’s constant ,Tis absolute temperature in kelvin and qis

magnitude of electronic charge [14].

1.2.2.S0olar cell

The heart of the solar energy generation system is the solar cell which is a device that
converts the sunlight energy into electrical energy through the photovoltaic effect (Figure
1.4).

Sunlight

Electron
Flow

Photons | | |

LI

\ 'o' ° { / |
Bogeo" ) muee [t

£ y silicon | silicon

Junction

"Hole"
Flow

Figure 1.4: Solar cell work principle.
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Solar cell consists of three major elements namely [15]:

1-The semiconductor material which absorbs photons (whose energy is greater than the
gap) and generates an electron—hole pair.

2- The junction formed with in the semiconductor, which separates the photo-generated
carriers (electrons and holes) electrons to the negative terminal and holes to the positive
terminal.

3- The contacts on the front and back of the cell that allow the current to flow to the
external circuit.

When the sunlight hits the semiconductor surface, an electron springs up and is attracted to
wards the N-type semiconductor material. This will cause more negatives in the N-type
and more positives in the P-type semiconductors, generating a higher flow of electricity.
This is known as Photovoltaic effect. The amount of current generated by a Photovoltaic
(PV) cell depends on its efficiency, its size (surface area) and the intensity of sunlight
striking the surface. For example, under peak sunlight conditions a typical commercial PV
cell with a surface area of about 25 square inches will produce about 2 watts peak power
[15].

1.2.3.Solar radiation

A solar cell having a PN junction or Schottky barrier structure can convert sunlight
directly into electricity. Precise incident solar irradiance power under different conditions
are used for the calculation of power conversion efficiency of a solar cell [16]. The radiant
energy particularly electromagnetic energy emitted by the sun is solar radiation [17].
Figure 1.5 illustrates the solar irradiance spectra for two air-mass (AM) conditions [14].The
upper curveis the AMO solar irradiance spectrum and is measured above the earth’s
atmosphere. Under AMO conduction the irradiant power of the sun is 136.61mW/cm?. The
lower curve is the AM1 solar irradiance spectrum characterizes the sunlight on the earth’s
surface when the sun is at its zenith angle. Under AM1 condition total incident power of

sunlight 92.5 mW/cm?. AM1.5G (global) is the standard spectrum at the earth's surface.
AML.5G spectrum (6 = 48.2°) has been normalized to give 100mW/cm?. For the

calculation of solar cell power conversion efficiency in the terrestrial environment,

AM1.5G spectrum is the most suitable incident solar irradiance. To calculate the power
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conversion efficiency of the solar cell, specifying the exact AM condition is very important
[16].

2500 -
E i |deal black body
NZ 2000 (Temperature 5900 K)
E Extraterrestrial solar radlation
= 1500 (AN 0)
g / Terrestrial solar radiation
B (AM 1.6)
= f
® 1000 -
)
£
€ 500
§ J
K=

250 500 750 1000 1250 1500 1750 2000 2250
Wave length [nm]

Figure 1.5: Solar irradiance spectrums versus wavelength [16].

[.2.4.Characteristics of a PN junction solar cell

The solar cell characteristics are measured in standard test conditions (STC) to allow
for location-independent and unbiased comparisons. STC for solar cells specifies a cell
temperature of 25°C and total irradiance of 1000 W/m2 with an air mass 1.5 (AM1.5G)
spectrum. These correspond to the irradiance and spectrum of sunlight incident on a clear
day upon a sun-facing 37°-tilted surface with the sun at an angle of 41.81° above the
horizon [18].

Commonly made of silicon, solar cells, also known as photovoltaic cells, can convert
sunlight to electricity with 15 to 30% energy efficiency [10]. A solar cell’s structure is
identical to a PN junction diode but with finger-shaped or transparent electrodes so that

light can strike the semiconductor (Figure 1.6).
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(a) (b)
Figure 1.6: (a) Light can produce a current in PN junction at V = 0. (b) Solar cell IV
product is negative, indicating power generation [19].

Light is also a driving force that can produce a diode current without voltage, i.e., with the
two diode terminals short-circuited so that VV = 0. Figure 1.6 shows that when light shines
on the PN junction, the minority carriers that are generated by light with in a diffusion
length (more or less) from the junction can diffuse to the junction, be swept across the
junction by the built-in field, and cause a current to flow out of the P terminal through the
external short circuit and back into the N-terminal. This current is called the short-circuit

current, I.. I;.is proportional to the light intensity and to the cell area, of course [10].

The total diode (solar cell) current is the sum of the current generated by the voltage (/)

and that generated by light (I.).

1= Ip—Isc = I |exp (%) —1] -1 (1.2)

The negative sign indicates that the direction of I, (Figure 1.6(a)) is opposite to that of the
voltage-generated current (Ip). The solar cell IV curve is shownin Figure 1.6(b). Solar cell
operates in the fourth quadrant of the IV plot. Since I and V have opposite signs, solar cell
generates power .Each silicon solar cell produces about 0.6 V. Many cells are connected in
series to obtain the desired voltage. Many such series strings are connected in parallel into
a solar cell panel. There is a particular operating point on the IV curve (Figure 1.6(b)) that
maximizes the output power, [I X V]. A load-matching circuit ensures that the cell operates
at that point [10].
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1.2.5.Equivalent electrical circuit of a solar cell

To understand the working principle of a solar cell, it is appropriate to make a model
which is electrically equivalent. The ideal solar cell simplest model is given in Figure 1.7
and consists of a constant current source and parallel connected diode. Constant current
source works like a generator to push the electrons to the external circuit. Photo current I,
(I, = L) is generated due to the photovoltaic effect. Photo current depends on the
intensity of the available sunlight, I, of a curent source is directly proportional to solar
radiation. It means that with an increase of intensity of available sunlight, I, must be

increased. Iis the diode dark current of a solar cell [20].

L
1) ¥ v

o

Figurel.7: Ideal solar cell.

Practically photovoltaic cells are not ideal. So, shunt and series resistance components are

added to the equivalent circuit. The subsequent equivalent circuit is given in Figurel.8.

Figurel.8: Photovoltaic cell equivalent circuit.
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From the schematic of a solar cell equivalent circuit, it is exemplified that the output
current of a photovoltaic cell is the difference of photogenerated current, diode current, and
shunt resistance current given in Eq.(1.3) [21].

I=1,—-I,— Iy  (13)

The voltage across these components governed the flow of currents..
Vp =V + IRs(1.4)
Where Vp is the voltage across shunt resistance (Rgy)and diode, V is the output
terminal voltage and the voltage across the series resistance is IR:
I, is the dark diode current from Shockley diode equation (Eq. 1.1).

Current flows through shunt resistance can be calculated from ohms law

V,
Isy = —- (1.5)
RSH

By substituting these values in Eq.(l.3), we get:

(q(V”RS)) V + IR,
I =1, —Is|exp mksT —1—( )

(1.6)

[.2.6.Figures of merit of a solar cell

Solar cells are easily characterized with characteristic current density - voltage (] — V)
curves (Figure 1.9). Furthermore, to reliably compare different devices there is some

Figures of Merit that allow to assess the performance of solar cells. [22].

short circuit

Sy
>

2 A current density ) .
z ) ) maximum power point
S Jee illuminated J-V curve
! |4 000 T
E= Jmp
2 Ry
3 =
O | dark J-Vcurve - G2
= Voltage o 0
g fe=d = ° 0\)“‘
2= S o et
L =3 poo ?
illuminated J-V curve 38 0‘}\9\1 dpen circuit voltage
R, ; >
Vip Voe Voltage

Figure 1.9:] — V' curves characteristic of solar cells [23].
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J — V curves provide most of the following performance parameters: short-circuit current
density /5., which is the current for OV applied voltage; open-circuit voltageV,. which
represents the voltage for no current passing through the solar cell; fill factor FF, which
indicates howclose, in percentage, the solar cell is from its maximum potential power
considering the V,cand Jg. and light to power conversion efficiency n, which relates to the
solar cell conversion efficiency. Additionally, it is possible to extract from /] — V curves the
current andvoltage of the solar cell working in its maximum power point, [, andV,,

respectively, as wellas the Ry and Rgy, resistances [22], [24].
1.2.6.1.Short circuit current (I,)

The short-circuit currentl,.is the current of a solar cell under standard illumination
conditions when the load has zero resistance (terminals are shorted together). In this case,
the voltage at the terminals is zero. It means that for an ideal solar cell, the short circuit

current is equal to the photogeneration current I;.:.:

L(V=0)=1, (1.7)
1.2.6.2.0pen-circuit voltage (V,.)

The open circuit voltage V. is the maximum voltage that can generate the cell. It is the
voltage between the terminals of a solar cell under standard illumination conditions when
the load has infinite resistance that is open, in this situation, the current flowing through
the cell is zero (I = 0).V,. is given by the relation:

nkgT I
Voe = Ln (— + 1) (1.8)
q Is
1.2.6.3.The maximum power (P,,,4+)

The operating point is imposed by the load resistance and not by the cell it self. A
judicious choice of the load resistance will thus make it possible to obtain the maximum

power B, ., either

Prax = Imp X Viny (1.9)
1.2.6.4.Fill factor (FF)

The fill factor or FF gives us an overview of the cell quality. It is the ratio between the

maximum power provided P,,,, and the ideal power (V,. X I.)(The surface of the largest

12
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rectangle), whereV,,,, and L, are the voltage and current value corresponding to the
operating point B,,,, for which the power is maximum. The following relation gives the
FF:.

Pmax _ Imp X Vmp

FF = =
Voc X Isc Voc X Ioc

(1.10)

1.2.6.5.Power conversion efficiency (n)

From the output parameters (V,. , I and FF), it is possible to determine the power
conversion efficiency of the cell. Termed as n or PCE, it is the most important parameter
since it allows the evaluation of the performance of the PV cell. It is defined as the
percentage associated with the ratio between the maximum power provided by the cell
(Pnax) and the input power (P;,) from the sun illuminating the cel; P;, is often taken as

1000 W/m?. 7 is calculated according to the following formula [25]:

FF X I;. X V.
— 2% 100% (1.11)

P, Ly X Vo
M % 100% = —2— T % 100% =

r] =
Pip Pip P;

Power conversion efficiency (n) is important since it determines how effectively the
space occupied by a solar cell is being used and how much area must be covered with solar
cells to produce a given amount of power. Since larger areas require more resources to
cover with solar cells, higher(n)is often desirable. We can improve it by increasing the

short circuit current I, the open circuit voltage V. and the fill factor FF.

1.2.6.6 . The quantum efficiency

The quantum efficiency of a solar cell is defined as the ratio of the number of electrons
in the external circuit produced by the number of an incident photon of a given
wavelength. Thus, one can define external and internal quantum efficiency denoted by
EQE(A) and IQE (A) respectively. They differ in the treatment of photons reflected from
the cell; all photons impinging on the cell surface are taken into account in the value of the
EQE(4) but only photons that arenot reflected are considered in the value of IQE (1)[21].

The following relation gives the external quantum efficiency [24]:

1 he ()
EQEQ) = X7 %5 @

(1.12)
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Weregq is the unit charge, A is the photon wavelength, h is Planck’s constant, c is the speed

of light in air, I, is short circuit current and P;,, is incident light power.

It is worth noting that the EQE spectrum measured under nobias voltage can be used to
calculate Is. (I,p,= Is).If the internal quantum efficiency (IQE(4)) is known, the total

photogenerated current is given by[26]:

Ln=q fu) ®(D){1 - RMW}IQE(N)dA (1.13)

Where®(A) is the photon flux incident on the cell at wavelength A; R(4) is the reflection
coefficient from the top surface , and the integration is carried out over all wavelength A, of
light absorbed by the solar cell. The values of the internal and external quantum efficiency
are routinely measured to assess the performance of a solar cell by using interference filters
or monochromators [26].EQE graph for different materials used in solar cells is presented
in Figure 1.10.

P
Triple junction Triple junction
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pe-Si
Figure 1.10: EQE graph for different materials used in solar cells [27].

1.3.Schottky barrier solar cell

The choice of Schottky solar cells was informed by the simplicity of the design and

fabrication process, coupled with a reduction in material cost compared to other forms of
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silicon structures like pn and p-i-n structures [28]. When a metal and semiconductor are
brought into electrical contact, a junction is formed. The junction can either behave as a
Schottky contact or an Ohmic contact depending on the characteristics of the interface
which is majorly influenced by the work function and electron affinity of the metal and
semiconductor respectively [29-30]. Additionally, surface states can also affect the nature
of the junction formed. Currently, Schottky solar cell present an attractive advantage over
pn junction solar cell, such as lower forward turn-on voltage, coupled with the
noncomplexity of the fabrication of these devices. Figurel.11 depicts the schematic

diagram of a typical Schottky junction solar cell [28].

Photon of Light

Schottky Junction

~sngh
S VNS

Electron

Figure 1.11: Schematic diagram of a Schottky junction solar cell showing the flow of
electrons to the external load represented by the green rectangle adapted
from [30]. Photon of light shone at the metal and semiconductor junction to

facilitate electron flow.

The operational principle of Schottky solar cells is such that, when photon absorption
occurs in the Schottky solar cell, with energies greater than the band gap of the
semiconductor, electron-hole pairs (EHP) are created in the device and charge separation
occurs at the Schottky interface. There is a sweeping effect of the minority carriers (holes
h) into the metal region, resulting in the charging of the semiconductor by the majority

carriers left behind. The quasi—Fermi level of the majority carriers in the semiconductor
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tends to shift as depicted in Figure 1.12, and it will be observed that, the quasi-Fermi level
of the electrons for instance an n-type semiconductor is some distance away from the
junction and increases with illumination intensity. This quasi Fermi level becomes higher
than the Fermi level of the metal. A photo-voltage is the reby produced in the external load
connected to the solar cell, due, largely to the splitting of the Fermi energy level [30]. The
tendency of the semiconductor layer to sustain the difference in the quasi-Fermi level in
the Schottky junction is crucial to maintaining the photovoltaic to electrical energy

conversion.

Photon of light

Vacuum level

E‘u‘an:uum

Barrier height ¢
ght &g ¥ Electron Affinity

Built in voltage

E¢ Conduction ban
...... -———Eg Fermilevel

Fermilevel Er,, .
n-Type
semiconductor

Sp—— Ey Valence band
ha

Figure 1.12 Simplified band diagram of a metal and n-type semiconductor Schottky solar
cell depicting the thermionic emission across the Schottky junction under

illumination condition adapted and drawn from [30].

A Schottky junction is formed when the metal and semiconductor are brought into
electrical contact with each other. Charge carrier (electrons or holes) will diffuse from the
higher concentration region to a lower concentration region. This mechanism occurs due to
the two way exchange of charge carriers between the metal and semiconductor. Thus at
zero bias condition, some electrons will flow from the metal to the semiconductor and vice
versa. However, since the height of the barrier is higher on the metal layer, more electrons

will transfer from the semiconductor to the metal than in the opposite direction.
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Under the condition of thermal equilibrium, the Fermi energy level of the Schottky
junction is constant in each layer of the material, since no external electric DC bias voltage
is applied across the solar cell [31]. This is shown in the diagram in Figure 1.13.

-
b BT

ed

f

eVp= e(®,—D.)

Epy

Metal

Semiconductor

Figure 1.13: The energy band diagram of metal/n-type semiconductor junction which
reveals the band bending process after the metal semiconductor junction

comes into contact adapted from [32].

If the work function of the semiconductor (®) is lower than that of the metal (®,,),
presented by (&, < @,,), electrons will flow from the semiconductor to the metallic layer,
the reby leaving a region of uncompensated donor or positive charges ND* , resulting in
the formation of a depletion region with a built in voltage (eVp;) in the semiconductor layer
[32, 33].

The built-in-voltage formed, prevents the further migration of electrons from the
semiconductor to the metal. The barrier created at the metal/semiconductor interface is the
barrier height; which is the difference between the Fermi energy level of the metal (Eg,,)

and the band edge (E.;) where the majority carriers are located in the Schottky diode [33].
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If xsc 1s the electron affinity of the semiconductor, consequently, the barrier height for n-
type of Schottky junction can be computed using Eq.(1.14) :

qds = q (dm — Xsc) (1.14)
Or simply:
b5 = (dm — Xsc) (1.15)

If ppis expressed in eV.

The contact potential between the metal and semiconductors at thermal equilibrium creates
a balance in charge carrier transport, so that the net current flow is zero. Under forward and
reverse voltage bias conditions. The current flow depends on the type of bias and the
amount of applied external potential [33]. Now, using an illustration of a metal-and n-type
semiconductor diode in forward bias, the semiconductor layer is connected to the negative
region, and a positive voltage is applied to the metal layer. The external potential applied
opposes the built-in voltage with in the depletion layer. Hence, the Fermi levels are the
refore no longer at equilibrium but shifted with respect to one another based on the
magnitude of the applied voltage as shown on the left side in Figure 1.14 [28]. With the
application of a positive DC bias voltage seen on the left of Figure 1.14, the Fermi energy
level (Egy ) of the metal layer is lowered with respect to the Fermi level of the
semiconductor layer (Egg). As such, there is a reduction in the built—in-potential (V5;), and
the depletion layer so that electrons from the semiconductor layer can migrate to metal
layer having to surmount a lower barrier before reaching the metal. Consequently, if the
applied voltage (V) is equivalent or greater than to the (Vp;), then, a positive current termed
the forward current begins to flow at the Schottky junction.

Jo =Js fexp [-2=| - 1} (1.16)

nkgT

Where J,, is the current density in (4/cm?) Js is the reverse saturation current density in

(A/cm?),(n) is the ideality factor of the diode and kj is Boltzmann’s constant.
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Figure 1.14: Metal and n-type Schottky junction solar cells in positive DC voltage bias and
negative DC voltage bias conditions on the left and the right respectively
Adapted from [32].

On the application of a negative DC bias as shown on the right of Figure 1.14, the Fermi
level of the metal layer (Eg,,) increases with respect to the Fermi level of the
semiconductor layer (Erg) making the depletion layer to widen and the built in electric
field larger at the Schottky junction interface. The barrier height remains constant so small
leakage current can flow in the junction which is totally not a function of the applied DC
negative bias voltage [32]. Usually, the dominant transport mechanism in Schottky
junctions is the thermionic emission mechanism. In this case, the reverse saturation current

density is given by :

Js = A*T?exp (;;%TB) (1.17)

Where ( A*) is effective Richardson’s constantin A cm™2°K~2, T is the absolute

temperature in °Kand (¢5) is the Schottky barrier height in eV/.

Other mechanisms that are responsible for charge carrier transport in Schottky barrier solar
cell are field-effect thermionic emission or tunnelling of charge carriers through the
Schottky barrier and drift-diffusion of charge carriers from the semiconductor to the metal
[32-33].

Under illumination, the photo-generated current density (/,,) 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 [34, 35]:
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14
]ph = ]sc_]D = ]sc _]S {exp [nZBT] - 1} (|18)
Where Js.denotes the short circuit current density of the solar cell under illumination.

If the reserve saturation current J is limited by thermionic emission, then :

Jon = Jse=Jp = Jse = A'T2exp (722) {exp |25 | - 1] (1.19)

And the open circuit voltage V,-can be deduced simply by setting J,;, = 0, which is:

n|(%5)n (25) + 2] (1.20)

|4
oc q q

IR

|.4.Generations of solar cells

Traditionally solar cells are separated into four generations [14].

1.4.1.First Generation solar cells

First generation (1G) of solar cells is mainly based on silicon wafers and typically the
power conversion is about 15-20%. Generally, in comparison of non-silicon based solar
cells, this solar cell technology is more efficient and of longer life but at the higher
temperature, they are more peril to lose some part of their efficiency. Currently, four types
of silicon-based photovoltaic cells are commercially used for the manufacturing of solar
panels. These types are monocrystalline, polycrystalline, amorphous and hybrid solar cells
[36,37].

[.4.2.Second Generation solar cells

Second generation (2G) of solar cells are based on amorphous silicon and non-silicon
materials namely copper indium gallium selenide (CIGS) and cadmium telluride (CdTe),
where typically the power conversion efficiency is about 10-15%. Use of silicon wafers are
avoided in second generation solar cell and consumption of lower material reduces the
production cost of 2G solar cells in comparison of the first-generation solar cell. This cell
generation class is also known as thin film solar cells because of using only few
micrometer thicknesses of different layer materials in comparison of crystalline silicon
based cells. This type of technology is commercially using because of lower manufacturing
cost and using less material. The second-generation solar cells production is still limited
due to the use of rare elements and high-temperature treatments. So, the production cost is

less than the first generation solar cell but still higher than other technologies [36,37].
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1.4.3.Third Generation solar cells

In this new technology solar cells are made from the variety of new materials rather
than using silicon such as solar inks using in printing technology, silicon wires, nanotubes,
conductive plastics, and organic materials. The goal is to improve the commercially
available solar cell by enhancing the efficiency and to reduce the cost to make them
economical. So, more peoples will use this solar cell technology. Polymer solar cells are a
subcategory of organic solar cells. Third generation solar cells are expensive high
performance multi junction experimental solar cells. Mostly the work is done in
laboratories and not commercially available. Currently new class of thin film solar cell
sunder investigations are perovskite solar cells and quaternary compounds material based
solar cells such as kesterite solar cells. These types of devices show an enormous potential
with record power conversion efficiency of about 20% on a very small area. Polymer solar
cells are fabricated by roll to roll (R2R) technology and can be compared to the
newspaper printing. In the comparison of first and second-generation solar cells, third
generation solar cells are limited but they have great potential. Recently research interest is

significantly increases in polymer solar cells [38].

|.4.4.Fourth-generation Solar Cells

These are solar cells which are also called organic-inorganics because, they combine the
flexibility of polymer thin films with the stability of inorganic nanostructured layers with a
view targeted at maintaining the low cost of thin film photovoltaic [28], improving charge
transport (carrier lifetime) ,enhancement in energy harvesting cross section of the solar cell and
improved optical coupling by increasing the optical path length especially when metal
nanoparticles (mNP) are incorporated within the layers of a perovskite solar cell (PSC) [36].An
example of a fourth generation solar cell is a perovskite solar cell (PSC) that has incorporated
within its layers carbon nanotubes (CNT), metal nanoparticles (mNP), nano hybrid materials or
grapheme [39]. Further more, it has been established that, the incorporation of inorganic
materials within active materials like PSC, has greatly improved the carrier life time of solar

cell devices.

|.5.Different types of solar cells

Solar cells are divided into two major groups. They are silicon semiconductor type and

non-silicon type. The details are as follows [14].
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1.5.1.Silicon semiconductor type solar cells

There are three major types of silicon semiconductor photovoltaic cells, which are used to

create panels (Figure 1.15) [14].

Mono Crystalline Poly Crystalline Thin film
Figure 1.15: Types of photovoltaic solar cells [14].

1.5.1.1.Monocrystalline solar cell

These types of solar cells belong from first-generation solar cell technologies. The
width of the wafer used in these types of solar cells is up to 200um. The cell slice is cut
from a pure silicon bar, which allows them to more efficiently converting the sunlight
radiation energy into electrical energy. Silicon used in monocrystalline is single-crystal
silicon. The complete cell is aligned in the same direction, so when the light falls on the
cells at the accurate direction, they are very efficient. In a sunny day, photovoltaic cells
work best with the sunlight directly falls on accurate direction. They are absorbing most of
the solar radiation, so they have a uniform blacker color. Cost of the production of these
types of solar cells is more than in the comparison of a polycrystalline cell. In a
comparison of polycrystalline, monocrystalline is the most efficient type of photovoltaic

solar cells.

1.5.1.2.Polycrystalline solar cell

These types of solar cells also belong from first-generation solar cell technologies.
These cells are made up of several silicon cells joined together instead of using a single
crystal of silicon. In general, the cost of production of a polycrystalline solar cell is not
much higher than monocrystalline. Therefore, they are also more affordable. In comparison
with a monocrystalline solar cell, the power conversion efficiency of polycrystalline solar

cell is less. Their overall manufacturing design can often make up for the efficiency loss.
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1.5.1.3.Amorphous solar cell

Amorphous silicon (a — Si) solar cells belong from a thin-film solar cell. In these types
of solar cells, one or more layers of photovoltaic materials are deposit on a substrate. In
comparison with other technologies, they have low manufacturing cost. To make thin-film
photovoltaic solar cells, manufacturers spray a layer of silicon on a substrate. They are
produced by placing one or more thin layers of photovoltaic composite on a substrate. Thin
film photovoltaic solar cells are different from other types; they are also more flexible than
other types. It can be put onto different surfaces i.e. curved and straight.

1.5.2.0ther types of solar cell

Above discussed, silicon-based solar cells are most commonly used solar cells. There
are some other types such as (CIGS) and cadmium telluride (CdTe) based solar cells,
kesterite and perovskite solar cells, which are also used due to their good conversion
capabilities, earth-abundant materials, and enhanced power conversion efficiencies. These

types of photovoltaic solar cells are deliberated in detailed in the next section.
1.6.Thin film solar cells

Thin film photovoltaic solar cells belong from second and third generation solar cell
technology. These types of solar cells are manufactured by depositing one or more layers
of photovoltaic materials on a metal, plastic or glass substrate. Commercially thin film
photovoltaic solar cells are used in various technologies, such as copper indium gallium
selenide (CIGS), cadmium telluride (CdTe), Kkesterite and perovskite solar cell
technologies. The film thickness of these types of solar cells varies from few nm to tens of
um, due to this; these types of solar cells are flexible and lower in weight. Thin film
technology is cheaper than other technologies because of devices have relatively less
material. Thin film photovoltaic technologies are based on various types of light absorbers
semiconductor materials. The absorption coefficient of these types of materials is higher
than crystalline materials. Therefore, a very thin layer of the absorber layer is sufficient for
the effective absorption of sunlight. Historically in the thin film technology, amorphous
silicon-based solar cells played a momentous role. Now a day’s researchers move towards
cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) based thin film
devices because of their high efficiency and good performance and reached in the
commercial stage. In research and development scale these technologies have power
conversion efficiency up to 18% [40] while commercially they have a conversion

efficiency of 14-16 % [41,42]. For the fabrication and development of low cost and
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sustainable thin film photovoltaic cells kesterite based absorber materials are intensively
studies such as copper zinc tin sulfide Cu2ZnSnS4(CZTS), Copper zinc tin selenide
Cu2ZnSnSes(CZTSe) and  sulfur-selenium  alloy  CuZnSn(SxSei-—x)s(CZTSSe)
[43,44]. These materials drawing attention because of their good optical properties for
photovoltaic applications [45]. These absorber materials are copper based nontoxic
semiconductor materials [46]. They are the good replacement for the chalcopyrite
absorbers by replacing indium (In) with comparatively inexpensive zinc (Zn) and gallium
(Ga) with tin (Sn) in the CIGS absorbers [47,48]. The outstanding features and efficient
performance of these kesterite based materials made them very fascinating in the thin
film’s community [49,50]. Table 1.1 lists the current state of the art single junction solar
cells for both p-n and excitonic junctions under the AM1.5G spectrum [51].

Table 1.1. Current state of the art single junction solar cells [51].

Category  Cell Voe (V) Jie (mAc) FF PCE
p-n
Silicon Crystalline 0.696 42.0 0.836 24.4%
Silicon Multicrystalline 0.664 37.7 0.809 20.3%
Silicon Amorphous 0.886 16.7 0.670 10.1%
I-v GaAs thin film 1.111 294 0.859 28.1%
oI-v GaAs multicrystalline 0.994 23.2 0.797 18.4%
oI-v InP crystalline 0.878 29.5 0.854 22.1%
Thin Film CIGS 0.690 355 0.812 19.9%
Thin Film CdTe 0.845 26.1 0.755 16.7%
Thin Film CZTSS 0.516 28.6 0.654 9.7%
Excitonic

Dye-sensitized 0.736 21.7 0.736 10.9%

Organic polymer 0.816 144 0.702 8.3%
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I1.1.Introduction

The usage of photovoltaic solar energy is increasing in recent years. The second
generation of thin-film solar cells based on Cu(In,Ga)(Se, S)2, or CIGS for short, has

achieved a record efficiency of 23.3% [52,53], and is one of the main competitors to
silicon cells with respect to efficiency and cost. In addition, CIGS is also advantageous for
application in multi junction solar cells, since the gap of the different layers can be tuned
by varying the ratio of In and Ga, and/or S and Se. Point defects and impurities, which may

act as dopants, traps, or recombination centers, playa critical role in the photovoltaic
properties of the material [54-55].CIGS alloys are intrinsically p-type [56].CulnSez can
easily be doped n-type or p-type depending on the dominant defects. Usually, n-type
CulnSez is grown under Cu-rich and Se-deficient environment where as p-type CulnSez is
grown under Cu-poor and Se-rich environment [57, 58]. Thus Se vacancy (Vse) and Cu
vacancy (Vcy) are believed to be the dominant defects in n- and p-type CulnSe;
respectively [58]. Effective n-type doping of CuGaSe, can be achieved by hydrogen
incorporation [56]. This latter does not only passivate intrinsic defects by forming a defect
complex with the most abundant native defects Vcy,Cuga, and Gacy, but can produce
shallow donors mainly by the formation of shallow donor Vcy+2H defects; which turn

CuGaSe, n-type [56].

In this chapter, we give a short overview on the present knowledge of CIGS-based thin
film solar cells. We focus on three points: (i) Description of the basic material properties
such as crystal and optical properties. (ii) Description of the classic (standard) CIGS solar
cell structure. (iii) Description of the Schottky barrier solar cell based on n-type CIGS

material.

11.2. CIGS material properties
11.2.1. Structural and Compositional Properties

CulnSe,; and CuGaSey, the materials that form the alloy Cu(ln,Ga)Se2 or CIGS,

belong to the semiconducting I-111-VI2 materials family that crystallize in the tetragonal

chalcopyrite structure [59].The CIGS forms a quaternary compound when Gallium (Ga)
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atoms partially substitute Indium (In) atoms in CulnSe; ternary system. The CIGS has a

chalcopyrite tetragonal structure, which is similar to that of the CulnSe; structure as shown

in Figurell.1.

@ Copper
@ |ndium
. Selenium

Figure 11.1: Chalcopyrite crystal structures of CIGS [after 60].

The tetragonal structure of the chalcopyrite compound can be considered as a super lattice
Zinc Blende structure by elongating the unit cube along the z-axis twice the length that
becomes the c-axis of the chalcopyrite structure [57,61]. The ratio of the tetragonal lattice
parameters c/a, which is called tetragonal deformation, is close to 2 and varies due to the
difference in bond strength in Cu-Se, In-Se or Ga-Se. So, the c/a ratio is a function of

gallium molar fraction; x where x = Ga/(In+ Ga), such as (c/a) > 2 for x =

0and(c/a) < 2 forx =1 [57]. CIGS is formed by alloying CulnSe in any proportion
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with CuGaSez. In high performance CIGS cell, the Ga/(In + Ga) and the Cu/(In + Ga)

ratios are typically 0.2-0.3 and0.7-1, respectively [57]. There is the possibility of high
defect density in the Cu-poor film but these defect densities should be reasonably low and

electronically inactive to avoid adverse effects on solar cells performance [57, 62].
11.2.2. Optical Properties and Band Gap Grading

The system of copper chalcopyrites Cu(In,Ga,Al)(Se,S)2 includes a wide range of
band-gap energies (E,) from 1.04 eV in CulnSez up to 2.4 eV in CuGaSy, and even2.7 eV
in CUA1Sy, thus, covering most of the visible spectrum. All these compounds have a direct

band gap making them suitable for thin film photovoltaic absorber materials. Figure 11.2

summarises lattice constants (a) and band-gap energies(Eg) of this system [59].

3 ,5 "—. v T T T T
“CUAIS,
s ™~
3.0¢ ~ k
= ~._ CuAlISe,
|-l.| ﬂ‘-"“'-\
@ 2.5 \ CuGas \
) . 1
c N \
I_u , '-.,ﬁ A"
. \'\ o . \."
g 207 S\, . CuGaS
0 . ~CuGaSe,
o N .
g 15| u ~ N \ ]
o o CulnS, T S\
x“:‘:‘}\
1 0 i J CU“’ISEI "'._

53 54 55 56 57 58
t.attice Constant a [A}

Figurell.2: Band-gap energies (Eg) vs. the lattice constant (a) of the Cu (In, Ga,A1)(S,
Se); alloy system [59].

CIGS films have very high absorption coefficient, with values larger than 105cm~1for 1.5

eV and higher energy photons [57,63]. So, only a few micrometer thick CIGS film is
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needed to absorb most of the incident light. The absorption coefficient, can be calculated

from the transmission and reflection coefficients using the following expression [64]:

a =M (1.1)

Where d is the thickness of the thin film, R is the reflection and T is the transmission.
Since CIGS is a direct gap semiconductor, the absorption coefficient in the region of strong

absorption obeys the following equation [57]:
a=2(w-E)" (11.2)
hv 9 )

Where h is the Planck constant, v is the radiation frequency, E, is the band gap energy and
A is a constant, which depends on the nature of the radiation. The extrapolation of the
linear portion of the (ahv)? versus hv graph at hv = 0 gives therefore the band gap value
of the material. Cu(In,Ga)Sezhas a tunable band gap that varies with x = Ga/(In + Ga).
The relation between the E; and x can be expressed by the following empirical formula
[65]:

E;(x) = (1 —x)E,(CIS) + xE;(CGS) — bx(1 — x) (1.3)

Where E;(CIS) is 1.04 eV, the band gap of CulnSez; E;(CGS) is 1.68 eV, the band gap of
CuGaSep; and b is the bowing parameter that depends on the growth. The mostre
producible values of b are around 0.15-0.24 eV [65]. The Ga content in the Cu(In,Ga)Se;
thin film affects the band-gap primarily in the conduction band. The band gap of
Cu(In,Ga)Se increases with increasing Ga content by shifting the conduction band
position [65]. So, with an appropriate spatial variation of Ga in the Cu(In,Ga)Sez, various

and gap profiles can be achieved as shown in Figure 11.3[57]. Introducing a higher

Ga/(In+ Ga) ratio near the front surface (Space charge region) and at the back surface
region of Cu(In,Ga)Sez film will increase the band gap locally. The increase in the band
gap, AE,,creates an additional electric field, which is also called quasi electrical field [66].

The Ga gradient in the space charge region (SRC) and at the back surface improves J.

performance due to the additional force created that increases the carrier collection [57].
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Figure 11.3: Different types of absorber band gap profiles: (a) Uniform band gap, (b) Front
grading (Space charge region grading),(c) back surface grading, (d) Double
grading [57].

The back surface recombination can be reduced significantly due to the back surface
grading, which also enhances the voltage by reducing recombination. The SCR grading as
an addition to the back surface grading also increases the device voltage since the voltage
is also determined by the band gap in the space charge region. In general, a proper band-
gap grading in the SCR and back surface are capable of significantly improving the device

performance [57].
11.3. The conventional (standard) CIGS solar cell structure

Typically, the conventional (standard) CIGS solar cells are composed by the layers
present in Figure 11.4 [67]. From bottom to top, it consists of a glass substrate, Mo back
contact, CIGS absorber, CdS buffer layer and the window layer. The soda-lime glass
(SLG) is as the common substrate to be used in the industry and at the laboratory scale.
During the CIGS growth, Na diffuses into the CIGS absorber improving its structural and
electrical properties [67, 68,69]. Additional advantages of SLG is its low cost, accessibility

and the expansion coefficient being near the CIGS coefficient value [70].
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Figure 11.4; Standard layer structure of CIGS solar cells, layers not at scale [67 ]

CIGS solar cells are typically made in substrate configuration, also known as bottom up
approach. This means that the cell fabrication starts from the substrate layer (the bottom-
most layer in Figure 11.4), continues with the formation of the subsequent layers and ends

with the light-facing transparent conductive oxide (TCO) layer [71].

The most commonly used back contact for CIGS solar cells is molybdenum (Mo),
normally formed by direct current (DC) sputtering [72]. Mo is popular, because it is stable

and inert during high-temperature growth of the CIGS layer, it is economical and provides

an ohmic contact with CIGS due to a MoSe> layer formation [65], [73].

The conventional buffer material for CIGS solar cells is CdS with a few tens of nanometer
thickness. CdS is a semiconductor with a band gap of 2.4 eV which promotes a suitable
band alignment at the CIGS/CdS interface and lattice match with CIGS [74, 75]. The
buffer layer forms the p-n junction with the absorber and is placed between the window
layer and the absorber (Figure 11.4).The role of the n-type buffer layer in CIGS solar cells
is manifold: better lattice match between the absorber and the window layer (transparent
front contact), protection of the CIGS surface during the sputtering of the window layer

and the formation of a low-recombination hetero junction [76], [77].

The window layer is composed by a zinc oxide bi-layer. Near the CdS is depositedan

intrinsic ZnO (i:ZnO) to prevent possible shunts, that degrade the cell performance by
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providing alternative paths to charge current, due to its high resistivity. Towards the front
contact this zinc oxide layer is typically doped with aluminium, ZnO:Al (AZO), due to its
high conductivity coupled with high transparency allowing for an effective charge
collection [75]. Finally, it is normally deposited a Ni/Al/Ni grid layer as a front contact and
connection to the external circuit. The presence of Ni is justified by the encapsulation of Al

to prevent it to react with both the AZO window layer and the atmosphere [78].
11.4. Schottky barrier solar cell based on CIGS material

In this last section we give a brief description of the Schottky barrier solar cell based
on CIGS material which will be the aim of our study. Figure 11.5 (a) displays a schematic
diagram of a CIGS-based Schottky solar cell and the corresponding band diagram is shown
in Figure 11.5 (b) under sunlight illumination. The base layer is n-type CIGS with band gap
energy E; = 1.15 eV. This latter corresponds to a Ga/(In + Ga) ratiox = 0.25which is
recommended for high performance CIGS solar cells [57]. The Schottky barrier at the
metal/semiconductor interface is obtained by making the anode metal (which is situated on
the top of the cell) from platinum (Pt). With such a choice; the anode work function (¢,,,)
is higher than the electron affinity (y,.) of the CIGS material (¢,, = 6.35eV > y . =
4.8 eV).However, the cathode (Al) is defined to be neutral (Ohmic contact). The bands of
CIGS at the (Pt/ CIGS) interface bend upward at zero bias (Figure 11.5 (b)).Once optical
absorption occurs in the Schottky solar cell, electron-hole pairs (EHP) are photogenerated
in the device and charge separation occurs, at the Schottky interface, by the built-in field of
the depletion region, resulting in a photovoltage between the metallic anode and the bulk
of the CIGS material. The sweeping effect drifts the minority carriers (holes h) into the
metal region; and the majority carriers (electrons €) into the neutral n-type region; where
they have to reach the collection electrode (cathode) by diffusion. Incident photon
illumination creates electron-hole pairs in the depletion region, as well as in the neutral
region of the n-type CIGS material. For the latter, however, only those holes within the
diffusion length from the edge of the depletion region have a chance to diffuse to the
depletion region, and only those electrons within the diffusion length from the edge of the
collection electrode have a chance to diffuse to the cathode electrode. The carriers
sweeping effect in the depletion region, and the carrier diffusion in the neutral region,
produce the photo-generated current which flows in the opposite direction to the forward

current under dark conditions
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Figure 11.5: Schematic diagram of :(a) CIGS-based Schottky barrier solar cell,

(b) the corresponding band diagram under sunlight illumination and zero

bias.
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II1.1Introduction

SILVACO TCAD is the abbreviation of Silicon Valley Corporation Technology
Computer Aided Design. It is a semiconductor process simulation package which consists
of several physically based simulators (ATHENA, ATLAS, MERCURY, SSUPREM3 ...
etc.) gathered under one environment called DECKBUILD. Each of them simulates
different processes [79]. Silvaco Atlas is a software package used to simulate
semiconductor devices. It predicts the electrical behavior of a device, which can be
modelledin either two dimensions (2D) or three dimensions (3D). The software consists of
several integrated programs that work together to achieve the desired results. The main
programs are Deckbuild, Devedit, Tonyplot, and Athena, but there are several subprograms
that are accessed during simulation that serve more specific functions. These programs
give the user the ability to simulate the production process to manufacture a semiconductor
device and test its characteristics. There are many models, numerical methods, and types of
material built into the program, giving a wide range of functionality to the user. This

allows the modeling of anything from simple devices to complex circuits [80, 81].
II1.2.Numerical modelling software SILVACO-ATLAS

Atlas is a physically-based device simulator that predicts the electrical characteristics
based on physical structures and bias conditions. It does this by applying a set of
differential equations based on Maxwell’s laws and the semiconductor transport equations
to the nodes of a grid overlaid on the device. This allows the simulation of transport
carriers through the structure. The three equations derived from Maxwell’s laws are
Poisson’s equation, the continuity equations, and the transport equations. This allows the

simulation of transport carriers through the structure [80].

Poisson’s Equations relates the electrostatic potential to the space charge density and is

given by [80]:

div(eVy) = —p. (1.1)

Where ¢ is the local permittivity, i is the electrostatic potential, and p is the local space

charge. The carrier continuity equations for electrons and holes are defined, respectively,

by
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) .
a—?=%dw]n+Gn—Rn (111.2)
ap 1 ,.

E=—Edlv]p+Gp—Rp (|||3)

where n and p are the electron and hole concentrations, J,, and ], are the electron and hole
current densities, G, and G,, are the generation rates for the electrons and holes, R, and R,,
are the recombination rates for electrons and holes, and q is the charge of an electron. The
transport equations come from the Boltzmann Transport Equation. Applying
approximations and simplifications to this equation results in the drift-diffusion model. For
this model [80]:

Jn = qnu,E + qD,Vn (111.4)
Jp = qpuy,E — qD,Vp (111.5)

where p,, and w, are the electron and hole mobilities, E'is the electric field, n is the electron
concentration in the conduction band, p is the hole concentration in the valence band, D,,
and D, are the diffusion coefficients for electrons and holes, Vn and Vp are the electron

and hole concentration gradients.

For the device simulation, Atlas has to solve the total system of equations depending on the
models selected. For each model type there are three techniques, decoupled Gummel,
fully-coupled Newton, and Block. The Gummel method solves each unknown while
keeping the other variables constant. It continues to do this until a stable solution is found.
The Newton method solves the total system of equations together to find a solution. 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 de-coupled [80,
82].

111.3.DECKBUILD

Deckbuild (see Figurelll.1) is the main program that runs the simulation and calls the
associated programs as needed. Deckbuild uses command line code to designate what and

how to run. To run Atlas simply type:

Go atlas

This runs the Atlas program within Deckbuild and is usually the first command unless
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running one of the other programs, such as Athena, first [80, 82].

[ DeckBuild - E;/Sujet-masterOctober2021/CIGS_prog-2-2022 - Am2-schottkyCIGS-Cathod-bottom-2carrierin
File Edit View Run Tools Commands Help

B HOPMNEXMO P BT a IQ@»‘@E@

Deck

Ela SO —

="l

[go atlas -

set Xwidth=2

set PDoping=7el5s

set Wtunnel=4e-2

set Wsc=1.2

set thickoxi=10

set Woxi=$thickoxi/le04

mesh width=0.5e8

P T

x.m 1=0 5=0.01
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fryl 1100
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Figurelll.1: Screenshot from Deckbuild.

Once Atlas is initiated, the next step is to set the parameters of the device. Atlas has a
specific order (see Figurelll.2) in which the statements must be placed; otherwise the
program may not function correctly. Even if it does run, it is possible that certain

parameters may not be used, which causes inaccurate results. Generally the format is:

<STATEMENT><PARAMETER>=<VALUE>

Statements can have more than one parameter defined. Deckbuild provides many built-in
examples of different devices that allow a user to run the simulation and view the results.

The examples are helpful to see how the code is written when unsure how it is used [80]
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Group Statements

MESH
REGION
ELECTRODE
DOPING

1. Structure Specification

MATERIAL

z . . MODELS
2. Material Models Specification  ———— CONTACT

INTERFACE

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

LOG

. P SOLVE
4. Solution Specification ——— LOAD

SAVE

5. Results Analysis e EXTRACT
TONYPLOT

Figurelll.2: Atlas statement hierarchy, from [82,p.34].

I11.4.Main steps of the numerical simulation of Schottky barrier
solar cell based on CIGS material using Silvaco-Atlas

In the following sections, we present the main steps applied in Silvaco-Atlas to
simulate a Schottky barrier solar cell based on CIGS material. For this example; the total
width of the cell is 2 um and the thickness is 1.2 um. The base layer is n-type CIGS. The
Schottky barrier at the metal/semiconductor interface is obtained by making the anode
metal (which is situated on the top of the cell) from platinum (Pt). With such a choice; the
anode work function (¢,,) is higher than the electron affinity (x,.) of CIGS (¢,, =
6.35eV > y,. = 4.8 eV ).The cathode (from Al) is defined to be neutral (Ohmic

contact), and is situated on the bottom of the cell.
111.4.1.Buildingthe device

When building the device to be simulated, the first thing to do is to define the mesh
that will be the frame work for the model. A mesh is a collection of triangles that overlays
the device (see Figure 111.3). Each corner of the triangle is called a node. Nodes are where
the equations used to solve for a solution are calculated. When running simulations for a

2D device, there is a limit of 100,000 nodes. A finer mesh results in more triangles, which
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give more nodes and increases the resolution of the solution to give more accurate results.
The downside to this is that the larger number of calculations require an increase in the
time it takes to run the simulation. A coarser mesh has the opposite effect. Fewer triangles,
less nodes, and less accuracy, but the run time is shorter. The key to setting up a mesh is to
recognize where in the device things are happening (such as at a junction). In these areas a
finer mesh is desired so that information is not lost. If the triangles are too big, and the
characteristics of the device changes too much, then the calculations will not reflect actual
conditions [80].
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Figurelll.3: Mesh example for Schottky barrier solar cell based on n-type CIGS material.

111.4.2. Defining the Structure
There are three ways a structure can be made. The first; is it can be read in by a
previously created structure that has been saved in a separate file. This is done by typing

the command line:

MESHINFILE=<filename>
The second way to define a structure is to use the automatic interface feature of Deckbuild.
The automatic interface feature allows a user to run Athena or Devedit from within
Deckbuild using the “Go Athena” (or “Go Devedit”) command input. Once the structure is
built, run Atlas to run the simulation. This is all done within the same window. The

automatic part is due to the hand off of structure information between Athena/Devedit and
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Atlas. The third way to define a structure is to simply use the command language in

Deckbuild to define the structure. The command language for this is:

MESHSPACE.MULT=<value>

Space.mult is a scaling factor that controls the granularity of the mesh. The default value is

one. Any value greater than one gives a coarser mesh, and a value less than one 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.MESHLOCATION=<value>SPACING=<value>

These two statements specify the location of the line and the spacing in microns. At least

two x and two y statements are needed to define the mesh. If a different spacing is used,

Deckbuild automatically inserts extra lines to allow for a gradual transition. An alternate

method to the space.mult command is to use the automatic mesh function:

MESHAUTO
This statement is followed by x.mesh statements. When using the automatic mesh there is
no need to use the y.mesh command inputs because the y-axis mesh is automatically

determined based on the region statements.
111.4.3.Regions

Once the mesh has been defined, the next step is to define the regions. If a region has
been imported from Athena or Devedit, this may not be necessary unless more regions are

needed. A typical region statement is:

REGIONNUMBER=<integer><material_type><position_parameters>

When using the command line, these regions are numbered, starting with one, up to a
maximum of 1000 for a device. The user should number the regions; otherwise, Deckbuild
automatically numbers them with consecutive numbers. Awkward numbering can be
confusing when observing results because the region numbers in the code will not match
those in the plots. The material type parameter defines the type of material for the region.
The properties for many materials are already stored in the program. They can be changed
in a material statement further down in the code once the entire mesh is complete and
doping concentrations are defined. The position parameter defines the location in microns
of the region. One way to define the location is with x.min, x.max, y.min and y.max

statements that look like:
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X.MIN=<location>X.MAX=<Iocation>Y.MIN=<location>Y.MAX=<location>
The x.min lists the minimum position in the x-direction, and x.max lists the maximum
position in the x-direction. The same holds true for the y-axis. It should be noted that the x-
axis starts at zero on the left and is maximum on the right, just like a standard x-y
Cartesian coordinate system. The y-axis, however, is opposite what one might expect. The

y.min starts at zero on the top, and downward is maximum (see Figure 111.4).
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Figurelll.4: Tonyplot screenshot showing the layout of the x and y-coordinate system in
Atlas for Schottky barrier solar cell based on n-type CIGS material.
It is important to remember the axis convention since many aspects of the program are
position dependent and need to be accurate to ensure proper results. It would not be wise to
define a light source underneath a solar cell when trying to simulate its output. Likewise, it
would prove confusing for others trying to understand the code and simulation if the
standard convention is not followed. It is not always necessary to define both a maximum
and minimum for a particular direction. Defining only one suffices, and the program
extends the region to the dimensions of the mesh. If x.min=0.9 was defined but no x.max,
then the region starts at 0.9 microns and extend all the way to the maximum Xx-value
defined in the mesh. The same thing occurs for they-direction as long asy.max was defined

for the mesh, which is not the case when using the auto mesh feature.

111.4.4.Electrodes
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Once the regions and materials are specified, the electrodes can be defined. There must
be a minimum of one electrode (that touches the semiconductor material) defined for the
program to work. Up to 100 electrodes can be specified, and if any of the defined
electrodes are given the same name, then the electrodes are considered electrically
connected. A typical electrode statement is:

ELECTRODENAME=<electrode name><postion_parameter>
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. Figure 111.5
shows the electrode positions in the Schottky barrier solar cell based on n-type CIGS

material.
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Figurelll.5: Electrode positions of the Schottky barrier solar cell based on n-type CIGS
material.
The anode metal (platinum: Pt) is placed on the top of the cell; the electrode statement for
this is:
Electrode name=anode material=platinum top x.min=0.9 length=0.2.
The anode metal fulfills the Schottky contact contition. The CONTACT statement is used

to specify the metal work function of the anode as follows:

contact name=anode WORKFUN=6.35

The cathode (from aluminum: Al) is placed on the bottom of the cell and is assumed to be
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ohmic (neutral), so the electrode and contact statements are respectively as follow:
electrode name=cathode material=Aluminum bot

contact name=cathode neutral
111.4.5.Doping
Doping parameters are specified next and are generally in the form:
DOPING<distribution_type><dopant_type><postion_parameter>

The distribution type can be uniform, Gaussian, or complementary error function. The
dopant type can be specified as n.type or p.type, and the concentration amount can be
defined. The position parameter can be specified by region number or the
minimun/maximum parameters. For the n-type CIGS base layer with doping concentration
N, = 7 X 10*°¢m™3, the doping statement is :

doping region=1 uniform n.type conc=7e15

111.4.6.Modifying Parameters

After the mesh, geometry, and doping parameters have been defined, the
characteristics of the electrodes can be changed, the material parameters modified, and the
physical models chosen. The electrodes in contact with a semiconductor material are
ohmic by default. As we indicated in the electrode section (sectionlll.4.4), defining a work
function with the contact statement causes it to be treated as a Schottky contact. Using the
materials statement allows the user to change properties of the specified material such as
electron mobility, band gap, or carrier lifetime. Specifying region after the material
statement changes the material properties for the material in only the specified region and
is useful when multiple regions are made of the same material but not all of them need to
be changed. To specify the physical models, use the models statement followed by the
name of the models. Adding print in the model statement displays the models and
parameters used during the simulation into the runtime output, and allows the user to
ensure the correct parameters were used. The statement of the physical models used in
simulation is as follows:

models temperature=300 print conmob srh Fermi ni. fermi auger bgn UST.

The signification of each model will be presented in chapter IV.

111.4.7.Numerical Solutions

The next thing to define is the numerical solution which tells the program which
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numerical methods to use when calculating solutions for the device. There are three
methods that Deckbuild uses. They are Gummel, Block, and Newton which are specified
after the method statement. Each numerical method uses a different approach to solving the
equations. 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
by the Gummel way and the rest by the Newton way. Generally, the Newton method is
preferred and is the default if the method statement is not used. For our example we used
Newton method through the statement:

method newton carriers=2.
which means that Atlas solves both electron and hole continuity equations.
111.4.8.0Obtaining Solutions

To obtain solutions for the created device, the user has the options of using DC, AC,
small signal, and transient voltages for the calculations. Once the voltages for the
electrodes are defined, Atlas calculates the currents and the internal quantities. To set the

voltage of an electrode named anode:

SOLVEVANODE=1.0
This sets the anode voltage to one volt. Multiple solve statements can be used in succession
to ramp up the voltage or a sweep can be used:
SOLVE VANODE=0 VSTEP=0.01 VFINAL=1 NAME=anode
SOLVEVSTEP=0.02 VFINAL=1.6NAME=anode

This sweeps the voltage from zero volts to one volts in 0.01volt increments. The second
solve statement sweeps from one volts to 1.6 volts in 0.02volt increments. Atlas
remembers the last voltage of the electrode, one volts after the first solve statement and
1.6volts after the second solve statement. If an anode voltage was stated in the second
solve statement, then the starting voltage for the sweep is instead set to this value. When
Atlas attempts to find a solution, the program uses an initial guess for the variables to be
evaluated at each bias point. The initial guess usually comes from the two previous
solutions, and if none are available convergence problems can arise. When previous
solutions are not available, Atlas uses the doping profile to make the initial guess for
potential and carrier concentration. To do this the initial solution must be made at zero bias

which is done by:
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SOLVEINIT
If this statement is not included, Atlas automatically evaluates an initial solution prior to

the first solve statement.

111.4.9.Results

When running the simulation it is useful to open a log file to save the terminal
characteristics calculated by Atlas. To save the terminal characteristics, open a log file
prior to any solve statements:

LOGOUTFILE=<filename>
This opens a log file and saves it under the chosen file name. All outputs from solve
statements are saved in this log file until either another log statement is opened under a
different file name or the log is closed by using the log statement with the off parameter.
Once the simulation is complete, this log file can be used in Tonyplot to view the results.
The electrical current values stored in the log file are generally in Amperes per micron,
because Atlas is a 2D simulator and sets the z-axis to be one micron. If a width dimension
is specified, the cylindrical coordinate system is used, or when simulating a 3D device,
then the units are in Amperes. The log file is also useful for extracting parameters by using

the extract command:

EXTRACTINITINF=<filename>

This uses the specified file to perform the extraction. If a log file is currently open, then
there is no need to specify a file, as the extract statement defaults to the currently open log
file [80]. Calculation can be performed on the extracted data and the results saved in a file
for later use such as viewing in Tonyplot. The results from the extraction display in the
run-time output and are stored in a file called results.final. The user can also specify a
different file in which to store the results by adding a different file at the end of the extract

statement:

EXTRACT....... DATAFILE=<filename>
Another type of file that provides utility is a solution or structure file, which contains an
image of the device at a particular bias point and gives the user the ability to view several
parameters of the device [80]. Having the ability to view the device parameters allows a
user to see what is going on at that particular point in the simulation. These parameters can
greatly assist in troubleshooting the simulation by giving the user an idea of what part of

the code to examine for problems [80].
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111.4.10. Tonyplot

Tonyplot is a graphical tool used to plot data obtained from device simulations. It can
be called directly in Deckbuild by typing:

TONYPLOT -overlay
If the file is a log file, Tonyplot displays the data in an x-y plot. It the file is a structure file,
the information is displayed as a 2D mesh plot [80].

111.4.11.L.uminous

Luminous is a general purpose program integrated into Atlas that is used for light
propagation and absorption. Luminous calculates the optical intensity within a device and
uses this to find the photo-generation rates used in the solution equations. There are four
physical models for light propagation. Ray tracing is a general method for resolving non
planar geometries and is generally the preferred starting point but ignores the effects of
diffraction and coherence. The transfer matrix method is a 1D method and is recommended
for large area devices that includes interference effects. The beam propagation method is a
general 2D method that is computationally intensive because it includes diffraction effects.
Finally, the finite-difference, time-domain method is a general 2D and 3D method that is
the most computationally intensive because it includes both diffraction and coherence
effects [80].

111.4.12.Solar cell simulation

The light propagation and absorption properties of Luminous make it ideal for
simulation of solar cells. The user has the ability to define the spectra used in the

simulation or to use the built-in spectra for AMO and AM1.5.To define abeam statement:

BEAM NUM=1 AM1.5 X.0=1 Y.0=-1.5 ANGLE=90\
WAVEL.START=0.200WAVEL.END=2.5WAVEL.NUM=200
Here the AM1.5 spectrum is specified and is sampled between 0.2 microns and 2.5
microns with 200 samples. The propagation model for the light can also be stated in the
beam statement. To get the simulation data, solve statements are used. The first statement

is usually:

SOLVEB1=1.0
This turns on the light beam. In this example, the value one corresponds to full intensity.

Values less than one reduce the intensity and larger values increase the intensity, such as
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with a solar concentrator. Once the beam is turned on, it is necessary to open a log file to
save the current and voltage characteristics and set the voltage of one of the electrodes.
Extract statements can also be used to pull pertinent data and solve for common
characteristics of solar cells like the fill factor, efficiency, maximum output power, open

circuit voltage, and short circuit current, which are shown in the following example:
Extract init in file="solarexMS_fwd_light.log"

extract name="ISC_[mA/cm”2]" y.val from curve(v."anode",i."cathode"*1e3) where
x.val=0.0

extract name="VOC_[V]" x.val from curve(v."anode",i."cathode"*1e3) where y.val=0.0

extract name="Vmax_[V]" x.val from curve(v."anode",v."anode"*i."cathode") where

y.val=max(v."anode"*i."cathode™)

extract name="Imax_[mA/cm”2]" x.val from

curve(i."cathode"*1e3,v."anode"*i."cathode") where y.val=max(v."anode"*i."cathode")

extract name="power" curve(v."anode",(v."anode"*i."cathode"))

outfile="powerlight_MS.dat"

extract name="Pmax" max(curve(v."anode", (v."anode" * i."cathode™ )))

extract name="FF"($"Vmax_[V]"*$"Imax_[mA/cm"2]")/($"VOC_[V]"*$"ISC_
[mA/cm”2]™)

extract name="EFF_[%]" $"Vmax_[V]"*$"Imax_[mA/cm"2]"

With the graphical tool Tonyplot, we can plot the data obtained from device simulations as
shown on FigureslIl.6 and 111.7 which show, respectively, the current density-voltage(J —
V)and the power-voltage ( P — V) characteristics obtained from the simulation of the
Schottky barrier solar cell based on n-type CIGS material, in the dark and illumination
conditions. The values of the photovoltaic output parameters of the cell, computed by

Silvaco-Atlas, are also displayed in Figures I11.6.
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Chapter IV : Study Of Schottky Barrier Solar Cell Based On CIGS Material

1V.1. Introduction

In this chapter, we will investigate the Schottky barrier solar cell based on n-type
Copper Indium Gallium Selenide (Cu(In,Ga)Se; : CIGS) material, exposed to the AM1.5
standard spectrum at ambient temperature (300°K°®).The anode metal, situated on the top of
the cell, should have a work function (¢,,) higher than the electron affinity (y,.) of the
semiconductor (n-type CIGS) to form Schottky contact with appreciable Schottky barrier
height. The metals used in this study to satisfy this condition are respectively Pt (¢, =
6.35 eV), Au (¢,,, = 5.47 eV) and Ni (¢,, = 5.22 eV) [83].The cathode (Al) is defined to
be neutral (Ohmic contact). Two solar cells are considered in this study; for the first one
(sample A), the cathode is situated on the bottom of the cell giving a sandwich
configuration. For the second one (sample B), two cathode electrodes are located on the
top of the cell giving a coplanar configuration. The investigation is carried out using the
numerical simulation software SILVACO-ATLAS, which allows the calculation ofall the
internal parameters of the solar cell such as the distribution of the band diagram, the
electron and holes concentrations...etc. The external parameters are also be calculated such
as the current density-voltage (/—V ) and theprovided power — voltage (P —
V)characteristics under illumination, which allow the extraction of the photovoltaic output
parameters of the solar cell namely the short circuit current density J., the open circuit
voltage V,., the fill factor FF ,the maximum power B, ., provided by the cell and the
photovoltaic conversion efficiency n of the cell. For the two considered solar cells, we
investigate the thickness variation effect of the n-type CIGS layer in the range [0.5-8um],
the n-type doping concentration (N,) effect of the CIGS layer in the range [1012 —
10cm™3], and the work function (¢,,) effect by changing the anode metal (Pt, Au and
Ni).

IV.2. Description of the studied Schottky barrier solar cell based on
CIGS

The two studied solar cells (samples A and B) are presented respectively in cases (a)

and (b) of figure IV.1. The corresponding spatial mesh is shown on figure 1V.2.
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Figure IV.1: Structure of the Schottky barrier solar cell based on CIGS : (a) sandwich

configure (sample A), (b) coplanar configuration (sample B).
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Figure 1V.2: Two dimensional (2D) mesh of the Schottky barrier solar cell based on
CIGS: (a) sandwich configure (sample A), (b) coplanar configuration

(sample B).
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The optical constants, presented by the absorption coefficient (o) and the optical index
of refraction (n), are measered data saved in Silvaco data base, and are presented in figure
IV.3 (cases (a) and (b) respectively) for the different layers of the studied Schottky barrier
solar cell based on CIGS. The anode metal for this case is Pt (¢,,, = 6.35 eV’).
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Figure 1V.3: Optical spectre of: (a) absorption coefficient (a) and (b) index of refraction
(n) in the different layers of the studied Schottky barrier solar cell based on
CIGS.
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Using Silvaco-Atlas, the Poisson equation, together with current density and
continuity equations, are solved simultaneously to obtain the distribution of the electrical
potential and carrier density along the solar cell structure; essentially along the base layer
(CIGS). The determination of these internal parameter distributions allows the calculation
of current density of electrons and holes, and so the current density — voltage (J — V)
electrical characteristic of the cell, either in dark condition or under illumination.

The physical models that we used to simulate the carrier transport through the device

are stated via Silvaco-Atlas as follows:
models temperature=300 print conmob srh fermi ni. Fermi auger bgn UST
Table IV.1 gives a brief description of each employed model [82].

Table 1V.1:Brief description of the employed models in simulation[82].

Model Syntax Description

Dependent is used for CIGS. This model is a doping versus mobility
table valid for 300K only.

Shockley- srh Specifies Shockley-Read-Hall recombination using fixed

Read-Hall lifetimes.

Fermi-Dirac | fermi Specifies that Fermi-Dirac carrier statistics be used.

n; calculation | ni.fermi Includes the effects of Fermi statistics into the calculation

using Fermi- of the intrinsic concentration in expressions for SRH

Dirac recombination.

statistics

Auger Auger Specifies Auger recombination.

Band gap | bgn Specifies band gap narrowing model.

narrowing

Universal UST Enables the universal Schottky tunnelling model .

Schottky

tunneling

model
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Table V.2 gives the simulation parameters of the studied Schottky barrier solar cell by
Silvaco-Atlas[82]; where mass.tunnel specifies the effective mass for band to band
tunneling, me.tunnel and mh.tunnel specify the electron and hole effective masses for
tunneling used in the universal Schottky tunneling model, d.tunnel specifies the maximum

tunneling distance for the universal Schottky tunneling model.

Table 1V.2: Input parameters of the studied Schottky barrier solar cell based on CIGS
simulated by Silvaco-Atlas [82].

Parameters Value
Cell width, x;o¢ (pm) 2
Anode width (um) 0.2
Cathode width (um) Sample (A) 2
Sample (B) (two electrodes ) 0.05 (each one)
Thickness, d (um) 0.5-8
Doping concentration (n-type), N, (cm?) 1012 —10%°
Energy gap, E; (eV) 1.15
Permittivity, &, 13.6
Affinity, ys. (eV) 4.8
Electron mobility, p, (cm?V~1s71) Conmob
Hole mobility, p, (cm*V~1s1) Conmob
Effective density at E., N (cm™3) 2.2x1018
Effective density atEy,, N, (cm™3) 1.8 x 10%°
Intrinsic carrier concentration ,n; (cm™3) 1.38 x 10°
Band-to-band tunnelling | mass.tunnel 0.25
me.tunnel 0.197
Parameters mh.tunnel 0.801
d.tunnel (um) 0.04
Recombination Parameters | z,,4 (S) 1077
Tpo (S) 1077
Anode work | Pt 6.35
function(¢,,, (eV)) Au 5.47
Ni 5.22
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IV.3. Schottky Contact and the Universal Schottky Tunneling (UST)
Model

To specify a Schottky contact [84, 82], we specify a work function (¢,,) using the
WORKFUN parameter of the CONTACT statement. In practice, the work function (¢,,,) is
defined as :
bm = 5 + Xsc (IV.1)

Where ¢gis the barrier height at the metal/semiconductor interface in eV.

We can enable the thermionic emission model by specifying any of the following
parameters

of the CONTACT statement: SURF.REC, E.TUNNEL, VSURFN, VSURFP, or
BARRIER.

For example, to specify a the rmoinic emission Schottky contact with tunneling and barrier
lowering, the command would be:

CONTACT NAME=ANODE SURF.REC E. TUNNEL BARRIER.

In the Universal Schottky Tunneling (UST) Model [85, 86], the tunneling current is
represented by localized tunneling rates at grid locations near the Schottky contact. For

electrons, this is illustrated in Figure 1V.4.
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Figure IV.4: Local tunneling generation rate representation of the universal Schottky
tunneling model [82].

The tunneling component of current can be described by Eq.(1V.2):

Jr =22 [ TN (25 4 (IV.2)

1+ fm(E")
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Here, Jris the tunneling current density, A*is the effective Richardson's coefficient, T is the
lattice temperature, T'(E)is the tunneling probability, f;(E) and f,,,(E)are the Maxwell-
Boltzmann distribution functions in the semiconductor and metal and E'is the carrier
energy.

The tunneling probability I'(x)can be described by Eq.(IV.3):

M(x) = exp [ 22 [X(Ec(x") - Ec(x))dx'| (IV.3)
In Eq.(IV.3), m*is the electron effective mass for tunneling, and E;(x) is the conduction
band edge energy as a function of position(x). Assuming linear variation of E; around a

grid location, Eq.(IVV.3)can be reduced to Eq.(1V.4)[82]:

I'(x) = exp I_NTx (Efm +q¢, — Ec(x)) /Zl (1V.4)

Where Eg,,, is the Fermi level in the contact and ¢, is the barrier height.

To enable the universal Schottky tunneling model, we should specify UST on the MODEL
Sstatement. We are also required to specify SURF.REC on the CONTACT statement for
each contact that we wish the model to apply. Once enabled, this model automatically
applies to both electrons and holes. For a given grid point, however, the model will only
apply to one carrier according to the relative direction of the local electric field [82].

Once we enable the model, for each electrode with thermionic emission, the model will be
applied to all grid points within a specified distance of the electrode, To specify this
distance,

We use D.TUNNEL parameter of the MATERIAL statement. The default value of
D.TUNNEL is 10~%in units of cm [82].

IV.4.Results and discussion:

Figure IV.5 shows, the band diagram of the Schottky barrier solar cell based on CIGS
(sample A) with platinum (Pt) anode metal (¢,, = 6.35 eV). The cell thickness isd =

1.2 um and the doping concentration of the CIGS base layer is N; = 7 X 10*°cm ™3,

Case (a) of figure 1V.5 corresponds to the thermal equilibrium; case (b) corresponds to the

short — circuit condition under AM1.5 spectrum illumination.
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Figure 1V.5 Band diagram of the Schottky barrier solar cell based on CIGS (sample
A)with platinum (Pt) anode metal ( ¢,, =6.35¢el) : (a) at thermal

equilibrium, (b) at short circuit condition.

As the anode work function is higher than the electron affinity of CIGS (¢,,, = 6.35 eV >
Xsc = 4.8 eV), the bands of CIGS at the (Pt/ CIGS) interface bend up wardat zero bias.

The splitting of the quasi-Fermi levels, at short-circuit condition, shows a significant
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increase, by photo-generation, of the electron carrier density in the depletion region of
Schottky barrier. However, the hole carrier density increases significantly almost along the
neutral region of the base layer (n-type CIGS). This is clearly showed by FigurelV.6 which
displays, the carrier density distributions in the Schottky barrier solar cell based on CIGS,

at thermal equilibrium and short-circuit condition.
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Figure 1V.6: Carrier density distributions in the Schottky barrier solar cell based on CIGS

(sample A)at thermal equilibrium and short circuit condition.

Figure V.7 presents the simulated current density — voltage (J — V)and the provided
power — voltage (P — V)characteristics of the Schottky barrier solar cell based on CIGS
with platinum (Pt) anode metal (¢,, = 6.35 eV),under the AML1.5 standard spectrum and
T = 300°K. The cell thickness isd = 1.2 um and the doping concentration of the CIGS
base layer is N; = 7 x 10'5cm™3.Case (a) of Figure V.7 corresponds to the sample (A),
case (b) of Figure V.7 corresponds to the sample (B).The photovoltaic output parameters

of the cell (samples A and B) are also shown on Figure 1V.7 and Table 1V.3.
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Figure 1V.7: Simulated ] — Vand P — Vcharacteristics of the Schottky barrier solar cell
based on CIGS with platinum (Pt) anode metal (¢, = 6.35 eV), under the
AML.5 standard spectrum and T = 300°K : (a) sample (A), (b) sample (B).
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Table 1V.3: Comparisonbetween the photovoltaic output parameters of the samples (A)
and (B) of the simulated Schottky barrier solar cell based on CIGS with
platinum (Pt) anode metal (¢,,, = 6.35 eV).

Ce" ]SC I/OC Pmax FF n
(mA/cm?) ) (Watt/cm?) (%)
Sample (A) 38.64 0.6652 0.01 0.71 18.43
Sample (B) 40.80 0.6804 0.02 0.75 20.95

We notify an enhancement in the photovoltaic output parameters of the sample (B)
relatively to the sample (A). Indeed, the /. is improved from ~38.64mA/cm? to 40.80
mA/cm?, the V.. is improved from ~ 0.66 V to ~ 0.68V , the FF is enhanced from ~ 0.71 to
~ 0.754 and the conversion efficiency n is enhanced from ~18.43 % to ~ 20.95 %.This
performance improvement of the sample (B) relatively to sample (A) is related to the %
ratio where x;,;, = 2um is the total width of the cell and d is the cell thickness. When the

% ratio is significant (% >1), this favours the performance enhancement of the sample
(B) relatively to the sample (A). In the opposite case when the % ratio is less significant

(% <1), this favours the performance enhancement of the sample (A) relatively to the

sample (B). This is clearly showed in Figure 1V.8 and Table IV.4.
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Figure 1V.8: Photovoltaic output parameters evolution with the cell thickness increasefor

the two samples (A) and (B) of the simulated Schottky barrier solar cell based
on CIGS.
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Table 1V.4: Photovoltaic output parameters evolution with the cell thickness increase for

the two samples (A) and (B) of the simulated Schottky barrier solar cell based

on CIGS.
Thickness (um) Jse Ve FF n
(mA/cm?) (4] (%)
0.5 | Sample (A) 26,2133 0,63429 0,65763 10,9344
Sample (B) 34,0605 0,68097 0,76662 17,7811
1 Sample (A) 36,2876 0,66007 0,70427 16,8687
Sample (B) 39,691 0,68068 0,75785 20,4748
1.2 | Sample (A) 38,6446 0,66528 0,71707 18,4355
Sample (B) 40,8066 0,68048 0,75479 20,9592
2 Sample (A) 44,2454 0,67922 0,74688 22,4454
Sample (B) 43,1632 0,67908 0,74558 21,8538
3 Sample (A) 47,6519 0,68683 0,76211 24,9427
Sample (B) 43,9183 0,67729 0,73897 21,9809
4 Sample (A) 49,4263 0,69071 0,76791 26,2158
Sample (B) 43,8485 0,67614 0,73567 21,8111
5 Sample (A) 50,3843 0,69224 0,7705 26,8735
Sample (B) 43,6199 0,67549 0,73414 21,6315
6 Sample (A) 50,8999 0,693 0,77153 27,2149
Sample (B) 43,4283 0,67515 0,73347 21,5056
7 Sample (A) 51,1741 0,69338 0,77194 27,3908
Sample (B) 43,3026 0,67497 0,73317 21,429
8 Sample (A) 51,3177 0,69356 0,77209 27,4802
Sample (B) 43,2284 0,67487 0,73307 21,3865

These latter display the photovoltaic output parameters evolution with the cell thickness
increase in the range [0.5- 8um ] where the total width of the cell (x,,) is kept fixed to
2um (x4, = 2um) for both samples (A and B). The optimal conversion efficiency 7 is
around 21,98% for the sample (B) with thickness of d~ 3um, for the sample (A) however,
the better n is around 27,48 % for a thickness more larger (d~ 8 um).

Figure IV.9 and Table V.5 show the n-type doping concentration effect of the CIGS base
layer (N;) in the range [1012 — 10¢m 3] with the cell thickness d of 1.2 ym and
platinum (Pt) anode metal (¢,, = 6.35eV)for the two samples (A) and (B) of the

simulated Schottky barrier solar cell.
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Figure 1V.9: Doping concentration effect of the CIGS base layeron the photovoltaic
output parameters of the simulated Schottky barrier solar cell with (Pt)

anode metal for the two samples (A) and (B).

Table 1V.5: Doping concentration effect of the CIGS base layer on the photovoltaic output
parameters of the simulated Schottky barrier solar cell with (Pt) anode metal
for the two samples (A) and (B).

Doping, Nd(cm_3) Jsc (mA/CmZ) Voc (V) FF 1n(%)
102 | Sample (A) 50,7622 0,4238 0,69733 15,0017
Sample (B) 51,2028 0,45767 0,6853 16,0593
1013 | Sample (A) 50,8265 0,48389 0,7195 17,6956
Sample (B) 51,2447 0,51629 0,70903 18,759
101* | Sample (A) 50,6775 0,54759 0,72834 20,2118
Sample (B) 51,1904 0,57261 0,71959 21,0926
1015 | Sample (A) 47,1208 0,61302 0,70903 20,4812
Sample (B) 47,2438 0,63028 0,73215 21,8013
1016 | Sample (A) 37,0309 0,67467 0,72367 18,0801
Sample (B) 39,6814 0,68975 0,75992 20,7994
1017 | Sample (A) 29,1125 0,73267 0,7797 16,6308
Sample (B) 33,8161 0,7457 0,80107 20,2004
1018 | Sample (A) 25,7314 0,77122 0,81161 16,1062
Sample (B) 31,0336 0,77948 0,82427 19,9392
1019 | Sample (A) 24,2496 0,67758 0,77803 12,7837
Sample (B) 29,7582 0,68503 0,78639 16,0307

60




Chapter IV : Study Of Schottky Barrier Solar Cell Based On CIGS Material

The optimal value of doping is aboutN,; = 101°cm~3which gives a conversion efficiency
n =20/48% for sample (A) and n =21.80% for sample (B). The V. is significantly
enhanced from ~ 0.42 V to 0.77V for sample (A) and from ~ 0.45 V to~ 0.78 V for sample
(B) as the doping concentration increases from 1012¢m=3.to 1018cm 3.

For the solar cell, V,. can be derived by setting the net current density ( J)to zero and is
given by :

nkgT

V. = 2B (’]—+ 1)atj = 0 (IV.5)

From the above equation (Eq.(IV.5)), it is clear that open circuit voltage depends on Js (the
saturation current density) and J., (the short circuit current density). Jsin the solar
cellmaybe limited by diffusion, recombination or thermionic emission [87]. So, V,. is a
measure of the amount of the dominant mechanism in the solar cell (diffusion,
recombination or thermionic emission).

Usually for the Schottky barrier solar cell, V,. is dependent on the Schottky barrier
height (¢p5) through the reverse bias saturation current density J¢ which is limited by
thermionic emission:

Js = A*Tzexp(—% (1V.6)

whereA*is the effective Richardson constant for the semiconductor. For n-type CIGS, A* =
23.7Acm™2K°~2[82].

But we can see from Figure 1V.9 and Table 1V.5 that an increase in doping levels results in
larger open circuit voltage and smaller short circuit current. This means that V. is
noticeably dependent on the doping levels which can occur only if the Schottky barrier
solar cell behaves as an ideal p*-n junction diode in the voltage range of solar cell
operation [88]. This is satisfied when the Schottky barrier height is high enough which is
the case with the Pt as anode metal. Indeed, the high work function of the anode (¢,,, =
6.35 el ), relatively to the electronic affinity of the n-type CIGS (y,. = 4.8 eV ), ensures
the establishment of a Schottky barrier relatively high at the semiconductor surface such
as:

¢ = by — Xsc = 1.55 eV (IV.7)

With this structure it is possible to produce minority carrier dominated diodes with the
appropriate type of semiconductor and metal contact which are chosen [88]. This means
the dark current approaching the ideal value with a saturation current density /s limited by

diffusion.
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So if the doping density increases the saturation current density /s will decrease according

to Eq.(IV.8) and hence V. increases according to Eq.(1V.5).

—an2(~ [Pn 4 L [P
Js=an [P+ 2 (v )
This means that the limiting open circuit voltages reached in such a structure are those of

ideal p*-n junctions and their characteristics are determined solely by the base layer (n-type

CIGS) properties and do not depend critically on the barrier height (¢p5) at the
metal/semiconductor interface. Hence V,. is determined only by the saturation current J
given by Eq.(IV.8). Once the minority carrier Schottky barrier solar cell is obtained, the
limiting open circuit voltage reached is that of ideal p-n junctions. Its characteristics are
determined solely by the base layer bulk properties and do not depend critically on the
barrier height at the metal/semiconductor interface. In other words, the dominant current is
governed by the transport properties in the semiconductor viadrift-diffusion of minority
carriers.

Unfortunately the drawback for higher doping density is the decrease in short circuit
current density /s due to the decrease in theminority carrier diffusion length L,[88].
Figure 1V.10 and Table V.6 show the n-type doping concentration effect of the CIGS base
layer (Ng) in the range [101%2 — 10¥%cm~3]with the cell thickness d of 1.2 umfor the
sample (B) of the simulated Schottky barrier solar cell. Three cases are taken into account
for comparison where the anode metal is respectively: Pt (¢,, = 6.35eV), Au (¢,, =
5.47 eV) and Ni (¢,, = 5.22 eV). As the anode metal work function (¢,,) decreases, we
notice that I/, becomes less dependent on the doping levels and do not show a significant
increase with the doping density augmentation. This means that, as the anode metal work
function (¢,,) decreases, the Schottky barrier height decreases as well, and V. becomes
more limited by the barrier height at the metal/semiconductor interface through the
saturation current density /¢ which will be limited by thermionic emission rather than
diffusion. Consequently, with the first choice of Pt as anode metal, the Schottky barrier
height is high enough to reduce the thermionic emission and gives a very low saturation
current limited by diffusion so that the cell approaches the ideal case of p™-n junction
where the dominant mechanism in the solar cell is drift-diffusion of minority carriers. The
second choice of Au as anode metal can present an example of a standard Schottky barrier
solar cell where the transport properties are moderately limited by the barrier height effect
at the metal/semiconductor interface and thermionic emission. That is to say such barrier

height ensures a low saturation current even if this latter is limited by thermionic emission.
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The optimal conversion efficiency reached in that case is typical to Schottky barrier solar
cell, and is about n =9.63% for doping density N; = 10**cm™3. However, the third choice
of Ni as anode metal is the worst choice for the Schottky barrier solar cell operation
because it establishes a low barrier height at the metal/semiconductor interface which
gives, via thermionic emission, a saturation current relatively high. This latter will reduce

significantly the solar cell performances.
Ni
N < Voc
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Figure 1V.10:Doping concentration effect of the CIGS base layer on the photovoltaic
output parameters of the simulated Schottky barrier solar cell (sample B) for
three cases of the anode metal: Pt (¢, = 6.35¢eV), Au (¢,, = 5.47 eV)
and Ni (¢, = 5.22 eV).

Table V.7 gives an estimation of the thermionic emission current density (J,,)versus the
Schottky barrier height (¢p5 = ¢,, — xsc)at T = 300°K according to Eq. (1V.6).
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Table 1VV.6:Doping concentration effect of the CIGS base layer on the photovoltaic output
parameters of the simulated Schottky barrier solar cell (sample B) for three
cases of the anode metal: Pt (¢,, = 6.35¢eV), Au (¢,, = 5.47 eV) and
Ni (¢, = 5.22 eV).

Doping, Ny(cm™) Jsc(mA/cm?) Voe (V) FF 1 (%)
1012 | Pt (¢, = 6.35 eV) 51,2028 0,45767 0,6853 16,0539
Au (¢, = 5.47 eV) 48,3562 0,28949 0,46596 6,52291
Ni (¢, = 5.22 eV). 17,2747 0,04025 0,25936 | 0,18034
1013 | Pt (,, = 6.35 V) 51,2447 0,51629 0,70903 18,759
Au (¢p,, = 5.47 eV) 49,1914 0,32891 0,52933 8,5644
Ni (¢, = 5.22 eV). 34,216 0,07974 0,30635 | 0,83585
1014 | Pt (¢, = 6.35 eV) 51,1904 0,57261 0,71959 21,0926
Au (¢, = 5.47 eV) 49,0572 0,32902 0,59698 9,63585
Ni (¢, = 5.22 eV). 41,1578 0,0804 0,36626 1,21195
1015 | Pt (¢,, = 6.35 eV) 47,2438 0,63028 0,73215 21,8013
Au (¢,, = 5.47 eV) 43,8194 0,30618 0,6438 8,63758
Ni (¢, = 5.22 eV). 39,4942 0,05951 0,35986 | 0,84573
1016 | Pt (¢, = 6.35 eV) 39,6814 0,68975 0,75992 20,7994
Au (¢,, = 5.47 eV) 37,2028 0,27941 0,65936 6,85395
Ni (¢, = 5.22 eV). 34,8286 0,03671 0,33356 | 0,42647
107 | Pt (¢,, = 6.35 V) 33,8161 0,7457 0,80107 20,2004
Au (¢,, = 5.47 eV) 32,4716 0,24555 0,65909 5,25513
Ni (¢, = 5.22 eV). 31,3864 0,01612 0,28758 |  0,14549
1018 | Pt (,, = 6.35 eV) 31,0336 0,77948 0,82427 19,9392
Au (¢, = 5.47 eV) 30,2042 0,18818 0,60383 3,43207
Ni (¢, = 5.22 eV). 29,4965 0,0025 0 0
10%° [ Pt (¢, = 6.35 eV) 29,7582 0,68503 0,78639 16,0307
Au (¢,, = 5.47 eV) 28,9369 0,00654 0 0
Ni (¢, = 5.22 eV). 28,255 1,15 x 1075 0 0

Table 1V.7: Estimation of the thermionic emission current density(J,,)versus the Schottky

barrier height (¢p)
Anode metal Barrier height Thermionic emission current
(b5 = dm — Xsc) density,/, (4/cm?)
Pt (¢, = 6.35 eV) 1.55 eV =~ 2x10720
Au (¢p,, = 5.47 eV) 0.67 eV =~12x%x107°
Ni (¢,, = 5.22 eV). 0.42 eV = (.19
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1VV.5.Conclusion:

In this study, we have investigated the Schottky barrier solar cell based on n-type
Copper Indium Gallium Selenide (Cu(In,Ga)Se; : CIGS) material, exposed to the AM1.5
standard spectrum at ambient temperature (300°K°).The investigation was carried out
using the numerical simulation software SILVACO-ATLAS, which allows the calculation
ofall the internal parameters of the solar cell such as the distribution of the band diagram,
the electron and holes concentrations...etc. The external parameters are also be calculated
such as the current density-voltage (J — V) and the provided power — voltage (P — V)
characteristics under illumination, which allow the extraction of the photovoltaic output
parameters of the solar cell namely the short circuit current density Jg., the open circuit
voltage V,., the fill factor FF ,the maximum power B, ., provided by the cell and the
photovoltaic conversion efficiency n of the cell.

Two solar cells were investigated in this study; for the first one (sample A), the cathode is
situated on the bottom of the cell giving a sandwich configuration. For the second one
(sample B), the two cathode electrodes are located on the top of the cell giving a coplanar
configuration. For both samples of the cell, the anode metal, situated on the top of the cell,
should have a work function (¢,,) higher than the electron affinity (y,.) of the
semiconductor (n-type CIGS) to form Schottky contact with significant Schottky barrier
height. The metals used in this study to satisfy this condition were respectively Pt (¢,, =
6.35¢eV), Au (¢,, =5.47 eV) and Ni (¢,, = 5.22 eV). However, the cathode (Al) is

defined to be neutral (Ohmic contact).

An improvement was notified in the photovoltaic output parameters of the sample (B)
relatively to the sample (A) for the cell thickness = 1.2 um, a doping concentration of the
CIGS base layer N; = 7 x 1015¢m™3, and platinum (Pt) as anode metal (¢,,, = 6.35 eV).
Indeed, the J. is improved from ~38.64 mA/cm? to 40.80 mA/cm?, the V. is improved
from ~ 0.66 V to ~ 0.68 V , the FF is enhanced from ~ 0.71 to ~ 0.754 and the conversion

efficiency 7 is enhanced from ~18.43 % to ~ 20.95 %. This performance improvement of

the sample (B) relatively to sample (A) is related to the % ratio where x.,, = 2um is the
total width of the cell and d is the cell thickness. When the % ratio is significant

(% >1), this favours the performance enhancement of the sample (B) relatively to the
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t

sample (A). In the opposite case when the % ratio is less significant (% <1), this

favours the performance enhancement of the sample (A) relatively to the sample (B).

The cell thickness increase in the range [0.5- 8um ] shows an optimal conversion
efficiency n around 21,98% for the sample (B) with thickness of d~ 3um, for the sample

(A) however, the better n is around 27,48 % for a thickness more larger (d~ 8 um).

The doping concentration effect of the CIGS base layer (N;) in the range [1012 —
10¥%cm=3],with the cell thickness d of 1.2 um and platinum (Pt) anode metal (¢,, =
6.35 eV), shows that the optimal value of doping is about N; = 10'5cm™2 which gives a
conversion efficiency n =20/48% for sample (A), and n =21.80% for sample (B).The V.
is significantly enhanced from ~ 0.42 V to 0.77 V for sample (A) and from ~ 0.45 V to ~

0.78 V for sample (B) as the doping concentration increases from 1012¢m=3.to 108cm =3,

V,.is a measure of the amount of the dominant mechanism in the solar cell (diffusion,
recombination or thermionic emission).For that purpose, three cases of the anode metal
were taken into account for comparison: Pt (¢,, = 6.35eV) , Au (¢,, = 5.47 eV) and Ni
(¢, = 5.22 eV) in sample (B) as example. With the first choice of Pt as anode metal, the
Schottky barrier height is high enough (¢ = 1.55 eV) to reduce the thermionic emission
and gives a very low saturation current limited by diffusion so that the cell approaches the
ideal case of p*-n junction where the dominant mechanism in the solar cell is drift-
diffusion of minority carriers. The second choice of Au, as anode metal, has presented an
example of a standard Schottky barrier solar cell where the transport properties are
moderately limited by the barrier height effect at the metal/semiconductor interface and
thermionic emission. That is to say such barrier height (¢5 = 0.67 eV) provides a low
saturation current even if this latter is limited by thermionic emission. The optimal
conversion efficiency reached in that case is typical to Schottky barrier solar cell, and is
about n =9.63% for doping density N; = 10*cm™3 . The third choice of Ni, as anode
metal however, is the worst choice for the Schottky barrier solar cell operation because it
establishes a low barrier height(¢z = 0.42 eV) at the metal/semiconductor interface which
gives, via thermionic emission, a saturation current relatively high. This latter has reduced

significantly the solar cell performances.
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General conclusion

Among the thin-film solar cell technology, the Copper Indium Gallium Selenide,
Cu(In,Ga)Se,, (CIGS) photovoltaic cell has a preeminent pace both in the current
photovoltaic industry and at the research level. Such cells have already achieved high
efficiencies of 23.3% and are attractive for use in photovoltaic technology because of their
band gap, which has a value near optimal and the broad choice of hetero junctive partners
available, allowing additional degrees of freedom for optimizing performance. The
extensive study of CIGS to date has revealed many of their properties and characteristics.
The most important are the thickness of the cell, which is flexible, resulting in cost
reduction because of the use of less material and their tunable energy-gap, which enables
the efficient exploitation of different parts of the solar spectrum, yielding high record
efficiencies among photovoltaic cells to date.

In this study, we have investigated the Schottky barrier solar cell based on n-type
Copper Indium Gallium Selenide (Cu(In,Ga)Se; : CIGS) material, exposed to the AM1.5
standard spectrum at ambient temperature (300°K°). The investigation was carried out
using the numerical simulation software SILVACO-ATLAS, which allows the calculation
of all the internal parameters of the solar cell such as the distribution of the band diagram,
the electron and holes concentrations...etc. The external parameters are also be calculated
such as the current density-voltage (J — V) and the provided power — voltage (P — V)
characteristics under illumination, which allow the extraction of the photovoltaic output
parameters of the solar cell namely the short circuit current density J., the open circuit
voltage V., the fill factor FF, the maximum power B,,,, provided by the cell and the
photovoltaic conversion efficiency n of the cell.

Two solar cells were investigated in this study; for the first one (sample A), the cathode is
situated on the bottom of the cell giving a sandwich configuration. For the second one
(sample B), the two cathode electrodes are located on the top of the cell giving a coplanar
configuration. For both samples of the cell, the anode metal, situated on the top of the cell,
should have a work function (¢,,) higher than the electron affinity (y,.) of the
semiconductor (n-type CIGS) to form Schottky contact with significant Schottky barrier

height. The metals used in this study to satisfy this condition were respectively Pt (¢,, =
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6.35¢eV), Au (¢,, =5.47 eV) and Ni (¢,, = 5.22 eV). However, the cathode (Al) is
defined to be neutral (Ohmic contact).

An improvement was notified in the photovoltaic output parameters of the sample (B)
relatively to the sample (A) for the cell thickness = 1.2 ym , a doping concentration of the
CIGS base layer N; = 7 x 10*5cm™3, and platinum (Pt) as anode metal (¢, = 6.35 eV).
Indeed, the /.. is improved from ~38.64 mA/cm? to 40.80 mA/cm?, the V. is improved
from ~ 0.66 V to ~ 0.68 V , the FF is enhanced from ~ 0.71 to ~ 0.754 and the conversion

efficiency n is enhanced from ~18.43 % to ~ 20.95 %. This performance improvement of

Xtot

the sample (B) relatively to sample (A) is related to the e ratio where x.,; = 2um is the

total width of the cell and d is the cell thickness. When the % ratio is significant
(% >1), this favours the performance enhancement of the sample (B) relatively to the
Xtot
d
favours the performance enhancement of the sample (A) relatively to the sample (B).

sample (A). In the opposite case when the ratio is less significant (% <1), this

The cell thickness increase in the range [0.5- 8um ] shows an optimal conversion
efficiency n around 21,98% for the sample (B) with thickness of d~ 3um, for the sample

(A) however, the better n is around 27,48 % for a thickness more larger (d~ 8 um).

The doping concentration effect of the CIGS base layer (N,;) in the range [10'2 —
10Y¥%cm™3], with the cell thickness d of 1.2 um and platinum (Pt) anode metal
(¢, = 6.35 eV), shows that the optimal value of doping is about N; = 10*°¢m ™2 which
gives a conversion efficiency n =20.48% for sample (A), and n =21.80% for sample (B).
The V. is significantly enhanced from ~ 0.42 V to 0.77 V for sample (A) and from ~ 0.45
V to ~ 0.78 V for sample (B) as the doping concentration increases from 10*2¢cm™=3.to

108cm—3.

V,.is a measure of the amount of the dominant mechanism in the solar cell (diffusion,
recombination or thermionic emission). For that purpose, three cases of the anode metal
were taken into account for comparison: Pt (¢,, = 6.35eV) , Au (¢,, = 5.47 eV) and Ni
(¢, = 5.22 eV) in sample (B) as example. With the first choice of Pt as anode metal, the
Schottky barrier height is high enough (¢ = 1.55 eV) to reduce the thermionic emission
and gives a very low saturation current limited by diffusion so that the cell approaches the

ideal case of p™-n junction where the dominant mechanism in the solar cell is drift-
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diffusion of minority carriers. The second choice of Au, as anode metal, has presented an
example of a standard Schottky barrier solar cell where the transport properties are
moderately limited by the barrier height effect at the metal/semiconductor interface and
thermionic emission. That is to say such barrier height (¢ = 0.67 eV) provides a low
saturation current even if this latter is limited by thermionic emission. The optimal
conversion efficiency reached in that case is typical to Schottky barrier solar cell, and is
about n =9.63% for doping density N, = 10**c¢m™3 . The third choice of Ni, as anode
metal however, is the worst choice for the Schottky barrier solar cell operation because it
establishes a low barrier height (¢p = 0.42 eV) at the metal/semiconductor interface
which gives, via thermionic emission, a saturation current relatively high. This latter has

reduced significantly the solar cell performances.
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Abstract

We have investigated a Schottky barrier solar cell based on n-type CIGS material. The
anode metal; situated on the top of the cell, satisfy the Schottky contact condition.The
cathode (Al), however, is defined to be Ohmic contact. Two samples were investigated; in
the sample (A), the cathode is situated on the bottom of the cell, and in sample (B), the two
cathode electrodes are located on the top of the cell. With using platinum (Pt) as anode
metal (¢,, = 6.35 eV),the cell thickness increase in the range [0.5- 8um] showed an
optimal conversion efficiency n around 21,98% for the sample (B) with thickness
d~ 3um, for the sample (A), the better  is around 27,48 % for a thickness more larger
(d~ 8 um).The doping concentration effect of the CIGS base layer (Ny;) in the range
[1012 — 10™¢cm ™3], with the cell thickness d of 1.2 um, showedan optimal value of
doping N, = 10*°¢m™3 which provided a conversion efficiency n =20.48% for sample
(A), and n =21.80% for sample (B). Three choices were considered for the anode metal: Pt
(¢, = 6.35€V) ,Au (¢, =5.47 eV) and Ni (¢,, = 5.22 eV), showing that the cell
approached the ideal case of p™-n junction for the first choice. The second choice made the
cell operating as standard Schottky barrier solar cell. The third choice, however, was the

worst choice because it reduced significantly the solar cell performances.
ua.?.dﬁ
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	IV.2. Description of the studied Schottky barrier solar cell based on CIGS
	The two studied solar cells (samples A and B) are presented respectively in cases (a) and (b) of figure IV.1. The corresponding spatial mesh is shown on figure IV.2.

