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General Introduction

The very important goal nowadays is to find a new renewable form of energy. The
renewable sources of energy derived from the sun are one of the promising options.
Extensive studies on the photovoltaic cell as one of a renewable energy sources have been
carried out in order to obtain cheap PV cells that are more efficient and safe.

The most important loss mechanisms in single band gap cells are the incapability to
absorb photons with energy less than the band gap and thermalization of photon energy
exceeding the band gap. The third generation solar cells have attracted wide attention in these
last years, the concepts of this generation are still under fundamental investigation and are
based on tackling one or both of the previous loss mechanisms in order to increase cell
conversion efficiency. The impurity photovoltaic effect (IPV) is one of these concepts. It can,
improve the conversion efficiency of a conventional single junction solar cell by the
incorporation of optically active impurities into the device. These impurities permit electrons
to be excited from the valence band to the conduction band via the defect level through the
absorption of sub-band-gap photons.

The work presented in this thesis is focused on attempts to develop the efficiency of
the silicon solar cell above the Shockley-Queisser efficiency limit through the IPV effect. We
investigate numerically the potential of the IPV effect in silicon solar cell doped with sulphur
as novel IPV impurity. The influences of light trapping and certain impurity parameters like
impurity concentration and position in the gap on the silicon solar cell performances (Short
circuit current density Jsc, open circuit voltage Voc, conversion efficiency » and quantum
efficiency QE) were studied.

In chapter 1, the essential principles of a solar cell, the main concepts and materials
used for making solar cells, the efficiency loss mechanisms in PV cells and how to reduce or
overcome these losses will be explicated. In the present day there are many attempts to invent
and develop new concepts aimed to obtain high efficiency over the present limit. Chapter 11
will describe in detail many classes of these concepts and will further explain in more detail
the impurity photovoltaic effect which is the purpose of our study. Chapter 111 comprises two
parts: in the first part, a detailed description will be given of the Solar Cell Capacitance
Simulator in one Dimension (SCAPS-1D) that is used in this work. In part two, the most

significant results and discussion of the study will be presented.



Chapter One

Principles of Solar Cells



I.1 Introduction

This chapter lays out the theoretical foundations on which the analyses in this thesis
are based. First, some notions about the sun as source of energy will be presented. Than, we
will present the basic principles of a solar cell, the principal materials used in this field, the
efficiency losses mechanisms in solar cells and the methods used to reduce these losses will
be also analysed.

L.2 Solar Spectrum

The study of solar cells (progress, optimization and characterization....etc.) need some
information about the source of energy used; the sun. This star is the biggest member of the
solar system. The sun is a big sphere of plasma composed of H and He and some small
amounts of other elements, it has an effective black-body temperature Ts of 5777 K. The
diameter of the sun is around 1.39x10° m and the distance between it and the earth is about
1.5x10™ m. The solar radiation is partially absorbed and scattered by its passage through the
atmosphere. The absorption of the X-rays and extreme ultraviolet radiations of the sun is
principally caused by nitrogen and oxygen while the absorption of the ultraviolet (1<0.40 um)
and infrared radiations (1>2.3 wm) is mainly caused by the ozone and water vapors. The
atmosphere of the earth absorbs the ultraviolet (UV) and far infrared radiation and allows
only short wavelength radiation (i.e. between 0.29 wm and 2.3 wum). It does not permit
radiation having wavelength A>2.3 um, (i.e. long wavelength radiation) [1]. Figure (I-1)
shows the solar spectrum as a function of photon energy. The terms AMO and AM1.5 used in
this figure are the designations of a particular radiation conditions. The concept ‘Air Mass
(AM)’ represents the amount of atmosphere through which the solar radiation has travelled

and is correlated to the amount of absorption.
AM =1/ cos (0) I-1)
The 0 represents the angle of the sun to the vertical. Outside the atmosphere the spectrum is

AMO and that on the surface of the earth for normal incidence is AM1. The spectrum AM1.5

corresponds to an angle of incidence of solar radiation of 48° relative to the surface normal.



This energy spectrum is regarded as the standard spectrum for measuring the efficiency of PV

cells used for terrestrial applications.
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Figure I-1: Solar spectrum for different Air Mass and blackbody radiation corresponding to
the sun.

1.3 Basic Principles of a Solar Cell

The photovoltaic effect was first observed by Henri Becquerel [2] in 1839. This
phenomenon is the basic physical process in which a solar cell converts solar energy to
electricity. In a global sense, the device intended to capture solar and non solar radiation is
usually known as solar cell. Verily, this device require to realise two steps: the first, is the
photogeneration of charge carriers (electrons and holes) and secondly the separation of these
carriers to a conductive contact that will transmit the electricity. Currently, the majority of
solar cells in use are silicon semi-conductor junction devices. Therefore, in order to study the
photovoltaic cells we must have an understanding of the basics of the semi-conductor

materials and particularly the PN junction, although, PN junctions and semiconductors are not



the only principles and materials to understand photovoltaic cell. Many materials,
mechanisms and new concepts have been studied in the last years (see chapter 2).

To recognize the function of semiconductor devices and therefore, of solar cells, it
necessary to understand deeply, the processes within a p-n junction is important. The
semiconductor junction is generally the base unit of many PV cells, in which two different
dopants directly adjoin one another. This is called a p-n junction if a p-doped layer merges
into an n-doped layer within the same lattice. In a simple example, we assume that — in silicon
— both dopants are of the same magnitude and merge together abruptly. Figure 1-2 may clarify
this behaviour. The left-hand side x < 0 would, for example, be doped with boron atoms with
a concentration of Na = 10"® atoms per cm ™2, making it p-conductive. The right-hand side x >
0, on the other hand, could be doped with phosphorus atoms, at Np = 10*® cm™, making it n-
conductive. The freely moving charge carriers will not follow the abrupt change in
concentration from Na to Np. Rather, the carriers will diffuse due to the difference in
concentration, i.e., the holes from the p region will move into the n region, and the electrons
from the n area will move into the p region. Diffusion currents will arise. The ionized
acceptors and donors, which are no longer electrically compensated, remain behind as fixed
space charges (Figure 1-2). Negative space charges will arise on the left-hand side in the p
region, and positive space charges arise on the right-hand side in the n region.
Correspondingly — as occurs in a plate capacitor — an electric field is created at the p-n
junction, which is directed so that it drives the diffusing charge carriers in the opposite
direction to the diffusion. This process continues until equilibrium is created or, in other
words, until the diffusion flow is compensated by a field current of equal magnitude. An
(extremely large) internal electric field exists — even if both sides of the semiconductor are
grounded. When the p-n junction is illuminated, charge carrier pairs will be generated
wherever light is absorbed. The strong field at the junction pulls minority carriers across the
junction and a current flow results. The semiconductor device is not in thermal equilibrium,
which means that electric power can be delivered to a load. This is the basic mechanism of a
solar cell[3]. A typical such solar cell according to Figure 1-3 consists of a p-n junction, which

has a diode characteristic. This characteristic can be derived from standard solid state physics.

| = |0[eV: —1} (1-2)

The 1 is the current through the diode at applied voltage Va. V1 is a constant, the so-called

Itis:

thermal voltage. | is the diode saturation current, which depends on the type, doping density,
9



and quality of the semiconductor material and the quality of the p-n junction. If this junction

is illuminated, a supplementary current, the light-generated current Iy, is added: than the

equation I-2 becomes

\Q
I:I{eVT 1}|ph

v
kT
Or I=1,—l,[e" -

(1-3)

The kg is the Boltzmann constant, T is the absolute temperature, g (>0) is the electron charge,

and V is the voltage at the terminals of the cell. 1y is well known to electronic device

engineers as the diode saturation current serving as a reminder that a solar cell in the dark is

simply a semiconductor current rectifier, or diode. The photogenerated current Iy, is closely

related to the photon flux incident on the cell and its dependence on the wavelength of light is

frequently discussed in terms of the quantum efficiency or spectral response. The

photogenerated current is usually independent of the applied voltage with possible exceptions

in the case of a-Si and some other thin film materials [4-6].
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Figure (I-3) Operation mechanism of single-crystal silicon p-n junction
solar cell.

The negative sign in equation (I-3) results from polarity conventions. Now the current I is no
longer zero at zero voltage but is shifted to 1,,. Power can be delivered to an electric load. The

I-V characteristic with and without illumination is shown in Figure 1-4.

L=

Figure (I1-4) I-V characteristic of a solar cell with and without illumination.
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1.4 Solar Cell Characteristics

PVcells are usually characterised with four performances: short circuit current I, open
circuit voltage V., fill factor FF, and conversion efficiency 7. These parameters can be
represented using Figure (I-5). The curve drawn in figure (I-5) is same as illuminated curve
shown in figure (1-4), but negative current axis is shown as positive, this signification is done

for the sake of convenience.

//

Vimax Voc

Figure I-5 Typical plot of a solar cell’s I-V curve and its parameters.

I.4.1 Short Circuit Current Isc

The short-circuit current is the current through the solar cell when the voltage across
the solar cell is zero (i.e., V=0). When we put V=0 in equation I-3 we obtain the short circuit
current as Jsc =-Iph. The Iy is usually represented in terms of current density and current per

unit area in terms of mA/cm>.

1.4.2 Open Circuit Voltage

The open circuit voltage is the maximum possible voltage generated across the

terminals of a solar cell when they are kept open, i.e., I=0 (Figure I-5).

12



1.4.3 Fill Factor FF

The fill factor is defined as the ratio of maximum power P, =V, .l that can be
extracted from a solar cell to the ideal power P, =V,..l . . So,
Vv,
FF == I-4
VI (1-4)

oc" " sc

The FF is a key parameter in evaluating the performance of solar cells. It is represented in
terms of percentage.
1.4.4 Efficiency

The conversion efficiency is the most important property of a solar cell. It is defined as
the ratio between the generated maximum power, Pm, generated by a solar cell and the incident
power, Pin.

P 1.V. FFRILV,

P P

n=g- (1-5)

in in in

I.5 Losses in Solar Cells

The conversion efficiency of a real solar cell is generally lower than that of an ideal solar
cell due to the various loss factors, some of these are avoidable but others are intrinsic to the
system. Schematic presentation of the important loss mechanisms in solar cells is presented in

Figure 1-6 and these factors are:

1.5.1 Loss of Low Energy Photons:

In the solar cell a significant part of the solar spectrum is not utilised because of the
incapability of the material to absorb the photons which have energy less than the band gap
energy. Therefore, these photons do not contribute to the generation of electron hole pairs.
This is referred to as “transmission loss”, and is almost equal to 23% for a single junction

solar cell.

1.5.2 Thermalization Loss (loss due to excess energy of photons)

A photon which have energy equal to that of the band gap energy is needed to excite an

electron from valance band to conduction band. If the energy of the absorbed photons E is

13



larger than the band gap energy Eg, the excess energy E-Eg is dissipated into lattice
vibrations within a picoseconds. This loss is referred to as thermalization loss. For a single

junction solar cell, this loss is equal to about 33%.

1.5.3 Voltage loss

The voltage factor is the ratio of the maximum voltage V,. developed by the cell to the
band gap voltage Eg/g. This loss happens due to the unavoidable intrinsic Auger
recombination. The ration Voc/ (Eg/q) lies in the range of 0.65 to 0.72 for a thick silicon solar

cell.

I.5.4 Fill Factor Loss

The fill factor FF describes the squareness of the IV curve. If the FF is equal to one, the (I-V)
curve of an ideal solar cell is square. In reality, the cell 1-V curve is given by the exponential
behaviour. This form of loss appears from the parasitic resistances (series and shunt

resistance) of the cell.

EmMiciency loss mechanisms in solar cells

[caiones |

\ A

*Reflection of the firont surface . - -
*Shadowing of contact metallization Ohmic losses Recombination losses
*Light which is not absorhed within the
volume of the silicon wafer / /
*Resistance of the conmtact *Reconbinaton in the emitier
fingers ( and hushars ) and hase of the solar cellvia
*Contact resistance of the -impurities
Ptehl—senﬁcnnductnr -defecis
interface -grain houndaries
*Resistance due to the
lateral current flow heiween *Surface recombination at the
contact fingers front ide
*Resistance of the back side *Surface recomhbination at the
matallization hack side

Figure 1-6 Efficiency loss mechanisms in solar cells
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I.5.5 Reflection losses:

The reflection loss occurs from the top surface of the PV cells. A part of incident photons

are reflected from this surface and not absorbed.

1.5.6 Loss by Incomplete Absorption due to the Finite Thickness

Incomplete absorption in the absorber due to its limited thickness is an additional loss that
reduces the efficiency of the energy conversion. It refers to the loss of photons which has
enough energy to be absorbed in the cell, but can not absorbed in the cell by reason of limited
solar cell thickness. The incomplete absorption is becoming important in the current when the
wafer becomes thinner in order to save the active material for cost reduction purpose. Light

trapping methods are generally used to reduce this loss.

I.5.7 Loss Due to Metal Coverage

The front contact of the solar cell is made by the form of finger, and busbar. This metal

contact shadows some light. This loss is equal to about 10%.

I.5.8 Recombination losses

Not all the generated (electron — hole) pairs contribute to solar cell current and voltage due
to recombination. The carriers recombine in the bulk, at the interfaces, and/or at the surfaces of
the junction. Many techniques are used to minimize several recombination problems including
passivation techniques.

The optical and electrical losses mentioned above should be minimized in order to get high
solar cell characteristics. Many methods and techniques can be used for reducing efficiency

losses. In the last two sections, these methods will be described in detail.

1.6 Model of a Solar Cell

I.6.1 Ideal Solar Cell

An ideal solar cell can be considered as current source connected in parallel with a
rectifying diode, as shown in the equivalent circuit of Figure 1-7. The I-V characteristic is
described by the Shockley solar cell equation (equation (1-3)):

15



v
kgT
=1, -1 e -1

The term Iy represents the the diode saturation current. kg represents the Boltzmann constant,
T is the absolute temperature, q : is the electron charge, and V is the voltage at the terminals of

the cell and I,y is the photogenertated current.

Figure I-7: The equivalent circuit of an ideal solar cell (full lines). Non-ideal components are
shown by the dotted line.

Figure 1-8(a) shows the I-V characteristic (Equation (I-3)). For the ideal solar cell, the short
circuit current I is equal to the photogenerated current Iy,
Open circuit voltage is obtained by setting 1=0 in the expression for overall current i.e. 1=0
when V=V,.. Therefore, the open circuit voltage V. is given by equation
vV, = Kol In(1+|—ph] (1-6)
q o
The power P = | V produced by the cell is shown in Figure 1-8 (b). The cell generates the

maximum power P at a voltage Vi, and current I, and it is convenient to define the fill

factor FF by

FE = _m'm _ _'max (|_7)

16



The fill factor FF of a solar cell with the ideal characteristic will be furnished by the subscript

0(i.e. FF=FF( in the absence of any parasitic resistance) as given by the approximate
expression [7]

Vg —In(v, +0.72)

FF, = 1-8
0 v, +1 (1-8)

sc a
l'- “
=
o
=
=
o .
Maximum power
rectangle
Voltage
|
Enax!
- | b
@ |
3|
o
o

Voltage Vm Voc

Figure 1-8. The I-V characteristic of an ideal solar cell (a) and the power produced by the
cell (b). The power generated at the maximum power point is equal to the shaded
rectangle in (a).
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1.6.2 Real Solar Cell

The behaviour of a real solar cell is deviated from the ideal due to electrical and
optical losses. The I-V equation of equivalent circuit (Figure 1-7) of real solar cell can be

written in the form of the following equation.

V +IRs V +Rsl V +1IRs
=1, —1,3ex =1, —1g,4ex -1|-1;- 1-9
o) fo e ) et

The form of this equation is called “two-diode model”. The term lo; and lo, represent

the saturation current densities. The first term represents the recombination in the base and
emitter of the cell. While Iy, represents the recombination in the space charge region of the
cell. The real solar cell (or circuit) may also contain series (Rs) and parallel (or shunt, R, or
(Rsh)) resistances. The series resistance arises from the bulk resistance of the silicon wafer, the
resistance of the metallic contacts of the front- and back surface and further circuit resistances
from connections and terminals. The parallel resistance is principally caused by leakage
currents by reason of p-n junction non-idealities and impurities near the junction, which cause
partial shorting of the junction, particularly near the cell edges. These parameters are shown

in the equivalent circuit of Figure (1-7) by the dotted lines.
Influence of Shunt and Series Resistances on Solar cell Efficiency

The effect of the series and parallel resistances, on the 1-V characteristic of the solar
cell is shown in Figures 1-9 (a and b). The series and shunt resistances affect mainly the fill
factor and therefore affect the efficiency of the solar cell. The influence of these parameters
on the fill factor can be written as

FF = FF,(1-r,) (1-10)

|
Where, I, = Rs.—= .

oc

And FF = FF{l—ij (1-11)

I’-sh
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[
Where, I, =R,.—=
sh sh \/

oc

The fill factor indicates how well a junction was made in the cell and how low the series

resistance was. Preferably the value of Ry, must be very large, in range of hundred Ohms.

Only larger series resistances reduce the short-circuit current but very small shunt resistances

reduce the open-circuit voltage. However, their effect reduces mainly the value of the Fill

factor. Therefore, the maximum power output is decreased.

It must also be taken into consideration, other parameters such as radiation intensity and

temperature which also affect the efficiency of a solar cell.

medium R,

current

voltage

-
~

~ medium Rg,, oA
small Rg,, 7 ., ‘

b

Figure 1-9 The effect of series (a) and parallel (b) resistance on the I-V characteristic of the

solar cell.
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Temperature and Insolation Effects

For practical uses, solar cells do not operate under standard conditions (1000w/m?,
AM1.5global spectrum, 25°C). Two important effects that must be taken into account are due
to the variable temperature and insolation level.

The I-V characteristic of the solar cell, presented in Figure 1-8(a), is only for a certain
irradiance, Gt, and cell temperature T. The I-V curve in figure 1-10, is plotted to demonstrate
the influence of these two parameters on the cell characteristic. As shown in  Figure 1-10(a),
the open circuit voltage increases logarithmically by increasing the solar radiation, while the
short circuit current increases linearly. The influence of cell temperature on the cell
characteristics is shown in the Figure 1-10(b). The most significant effect of the increase in
cell temperature is on open circuit voltage, which decreases with increasing temperature; thus

the cell efficiency decreases. The temperature variation of the current is less marked.

]r ik ]r F
""'. Irradiance
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(a) (b)

Figure 1-10 influence of irradiation and cell temperature on PV cell characteristics

(a) Effect of increased irradiation. (b) Effect of increased cell temperature.
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.7 Quantum Efficiency and Spectral Response

The quantum efficiency of a solar cell is defined as the ratio of the number of carriers
collected by the PV cell to the number of photons of a given energy incident on the solar cell.
One can define external and internal quantum efficiencies (designated by EQE(Z) and IQE(4),
respectively). They are different in the treatment of photons reflected from the cell: For the
value of EQE all photons impinging on the cell surface are taken into account, however, for
the value of IQE just photons that are not reflected are considered. The QE is given as a
function of either wavelength or energy. If the internal quantum efficiency is identified, the

total photogenerated current is given by

|y = q(j #(A)L-RNQE(2)dA (1-12)
)

The @(4) represents the photon flux incident on the cell at wavelength A, R(Z) is the reflection
coefficient from the top surface. In an ideal case, Quantum efficiency has a square shape, in
which the QE value is fairly constant across the entire spectrum of wavelengths measured. In
general, the QE of solar cells is reduced due to some factors like the effect of recombination,
in which charge carriers are not capable of move into an external circuit. The same
mechanisms that affect the collection probability also affect the QE. For example, modifying
the front surface of a PV cell can affect carriers generated near the surface. A quantum
efficiency curve for silicon solar cell is shown in Figure 1-11 [8].

The spectral response SR(4) of a solar cell permits an examination of how photons of
different wavelengths contribute to the short circuit current. The SR (1) is defined as the ratio
of the photocurrent generated by a solar cell under monochromatic illumination of a given

wavelength, to the value of the spectral irradiance at the same wavelength. The SR () is given
by [9]:

SR(4) = %QE(/I) =0.808.4.QE(4) (1-13)

Spectral response in equation (I-13) can be either internal or external, depending on which

value is used for the quantum efficiency.
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Figure I-11  The quantum efficiency of a silicon solar cell.

[.8 Solar Cell Materials and Different Generations

1.8.1 Technology Generation

According to M. A. Green’s classification there are three major classes of solar cells
(first, second and third generation). His classification is based on the nature of the material,
the maximum efficiency reachable, and the cost of each type. There are a lot of researches
into all these types but the first-generation technologies are dominant in the commercial

production, accounting for 89.6% of 2007 production [10].

1.8.1.1 First Generation

First-generation cells consist of large-area, high-quality and single junction devices.

These cells are usually made using a silicon wafer. The highest conversion efficiencies
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obtained up to now are in first generation PV cells. Single junction silicon devices are

approaching the theoretical limiting efficiency of 33, 2%.

1.8.1.2 Second Generation

This generation is considerably cheaper to produce than first generation cells; low cost
is associated with the use of such though they have lower efficiencies. The most successful
second-generation materials are cadmium telluride (CdTe), copper indium gallium selenide,
amorphous silicon and micromorphous silicon. These technologies do hold promise of higher

efficiencies and offer cheaper production costs.

1.8.1.3 Third Generation

Principally, Third-generation technologies aim to improve poor electrical performance
of second-generation thin-film technologies and keep the low production costs. Recent
research has marked conversion efficiencies of 30-60% while retaining low cost materials
and manufacturing techniques [11]. In order to achieve these high efficiencies, many concepts
have studied in this last years such as intermediate solar cell, tandem solar cell, up and down
conversion, impurity photovoltaic effect....etc (each of these approaches will be described in
detail in chapter 2).

1.8.2 Photovoltaic Materials

The previous generations of technologies are made of various materials and with
different structures in order to diminish the cost and reach maximum efficiency. Many types
of solar cell material can be distinguished; single crystal, polycrystalline and amorphous
silicon, compound thin-film materials and other semi-conductor absorbing layers.

The most popular type of Photovoltaic cells is made of crystalline silicon, while this
type is expensive. The amorphous silicon thin-film solar cells are less expensive. The
efficiency of an a-Si module is about 6-8% [12]. A variety of compound semi-conductors can
furthermore be used to fabricate thin-film solar cells. These compound materials are CulnSe,,
CdS, CdTe, Cu,S and InP. In this part it will be explained in some detail these materials.
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1.8.2.1 Silicon

After oxygen, the silicon is the most abundant element in the earth’s crust; it
constitutes about 26% of this crust. It is never occurs free in nature, but in combination with
oxygen forming oxides and silicates. In addition to the previous properties, silicon is a non
toxic and stable element. It has dominated the majority semi-conductor applications for a long
period. Elemental silicon is used in photovoltaic as the main semiconductor material
converting light to electricity. The most prevalent bulk material for solar cells is crystalline
silicon. Crystalline silicon panels are the most expensive. Bulk silicon is classified into
several categories according to crystallinity and crystal size in the resulting ingot, ribbon or
wafer [12].

1. Monocrystalline silicon (c-Si): Often made using the Czochralski process. Single-
crystal wafer cells tend to be expensive and, because they are cut from cylindrical
ingots, do not completely cover a square solar-cell module without a substantial waste
of refined silicon. Therefore, generally mono-crystalline panels have uncovered gaps
at the four corners of the cells.

2. Poly- or multicrystalline silicon (poly-Si or mc-Si): is produced using of cast square
ingots — large blocks of molten silicon carefully cooled and solidified. Mc-silicon cells
are cheaper to produce than single-crystal cells but are less efficient (around 12%).
Polycrystalline silicon wafers are made by wire-sawing block-cast silicon ingots into
very thin (180 to 350 micrometre) slices or wafers. The wafers are usually lightly p-
type doped. To make a solar cell from the wafer, a surface diffusion of n-type dopants
is performed on the front side of the wafer. This forms a p-n junction a few hundred
nanometres below the surface.

3. Ribbon silicon: formed by drawing flat thin-films from molten silicon and having a
multicrystalline structure. These cells have lower efficiencies than poly-Si, but save on
production costs due to a great reduction in silicon waste, as this approach does not
require sawing from ingots.

Silicon thin-films are mainly deposited by chemical vapour deposition (typically plasma-

enhanced (PE-CVD)) from silane gas and hydrogen gas. Depending on the deposition’s

parameters, this can yield:

1. amorphous silicon (a-Si or a-Si:H)

2. protocrystalline silicon or

3. Nanocrystalline silicon (nc-Si or nc-Si:H).
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These types of silicon present dangling and twisted bonds, which results in deep defects as
well as deformation of the valence and conduction bands. The solar cells made from these
materials tend to have lower energy conversion efficiency than bulk silicon, but are also less
expensive to produce. The quantum efficiency of thin-film solar cells is also lower due to the
reduced number of collected charge carriers per incident photon. Amorphous silicon has a
higher band gap (1.7 eV) than crystalline silicon (c-Si) (1.1 eV), which means it absorbs the
visible part of the solar spectrum more strongly than the infrared portion of the spectrum. As
nc-Si has about the same band gap as c-Si, the two materials can be combined in thin layers,
creating a layered cell called a tandem cell. The top cell in a-Si absorbs the visible light and
leaves the infrared part of the spectrum for the bottom cell in Nanocrystalline Si.

Recently, solutions to overcome the limitations of thin-film crystalline silicon have
been developed. Light trapping schemes, where the incoming light is obliquely coupled into
the silicon and the light traverses the film several times, enhance the absorption of sunlight in
the films. Thermal processing techniques enhance the crystallinity of the silicon and pacify
electronic defects. Despite the several attempts at making better solar cells by using new
materials, the reality is that the photovoltaic market is still dominated by solar cells based on

silicon wafer.

1.8.2.2 Cadmium Telluride (CdTe)

Cadmium telluride has a direct band gap (about 1.45eV) which enables it to convert
solar energy into electricity more efficiently than the indirect band gap semiconductors. It is
an efficient light-absorbing material for thin-film solar cells. CdTe is easier to deposit and
more appropriate for large-scale production. In 2008, CdTe modules accounted for over 6% of
the word production, more than any other thin film technology. In addition their conversion
efficiencies of around 11% look set to advance towards 15% in the next few years [13].
Despite the toxicity of CdTe-based solar cells, this is the only technology (except for
amorphous silicon) that can be delivered on a large scale.

The toxicity of CdTe is derived from the toxicity of elemental cadmium, a heavy metal that is
a cumulative poison. Many studies, principally by researchers of the National Renewable
Energy Laboratories (NREL) in the USA, have shown that the release of cadmium to the
atmosphere is lower with CdTe-based solar cells than with silicon photovoltaics and other

thin-film solar cell technologies [14].
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The main layers in these thin films solar cells are a transparent top contact, a
CdS/CdTe heterojunction and absorber, and a metallic back contact as shown in Figure (I-
12). A suitable supporting substrate of glass, metal or plastic depending on the rigidity or

flexibility of the cell is necessary.

GLASS

low restivity oxide coating
high restivity oxide coating

n-doped CdS window

CdTe cell

Figure 1-12 CdTe solar cell structure.

Au contact

1.8.2.3 Copper-Indium Selenide (CulnSe2)

The materials based on CulnSe2 that are of interest for photovoltaic applications take
into account several elements from Groups I, Il and VI in the periodic table. These semi-
conductors are particularly attractive for thin-film solar cell applications because of their high
optical absorption coefficients and versatile optical and electrical characteristics.

The basic structure of a Cu(In,Ga)Se2 thin-film solar cell is shown in Figure(l-13).

The most common substrate is soda-lime glass of 1-3 mm thickness. This is coated on one
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side with molybdenum (Mo) that serves as metal back contact. The Cu(InGa)Se2 is deposited
on top of the molybdenum back electrode as a PV absorber material. The heterojunction is
then completed by chemical bath deposition of CdS and by the sputter deposition of a
nominally undoped ZnO as an intrinsic layer and then a heavy doped ZnO layer. ZnO layer
acts as the window layer of the solar cell. Efficiencies approaching 19% have been reported

for laboratory scale service [15].

Attucture of
CulnGase Y

wolar cell Hif&l contacts

p-type

Figure 1-13 Cross section of CIGS solar cell structure

1.8.2.4 Gallium Arsenide (GaAs)

Gallium is one of the elements in Group Il of the periodic table while arsenic is in
Group V. For this reason, gallium arsenide (GaAs) is referred to as a Group IlI- V
semiconductor. The GaAs semiconductor has been used in photovoltaic field in space thanks
to its higher efficiency than silicon. Its high efficiency is partly as a result of its direct band
gap which means that light is absorbed much more efficiently than it is by silicon. The total
active thickness is only a few micrometers. Other advantages for the current interest in GaAs
space solar cells are its high radiation tolerance and high conversion efficiency. But there are
some notable disadvantages of GaAs solar cell compared to silicon are its high cost, heavy
weight and weak nature.

High-efficiency cells, especially multijunction cells have been developed for satellites

application and space discovery. These cells consist of multiple thin films produced using
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molecular beam epitaxy. A triple-junction cell, for example, may consist of the semi-
conductors GaAs, Ge and GalnP2 [16].

A multijunction photovoltaic cell is a cell which has several layers of film, all of
which operate to absorb energy from the sun. Each layer (semi-conductor) will have a
characteristic band-gap energy which causes it to absorb light most well at a certain colour or,
more precisely, to absorb electromagnetic radiation over a portion of the spectrum. The semi-
conductors are carefully chosen to absorb nearly the entire solar spectrum, thus generating
electricity from as much of the solar energy as possible.

Up to now, GaAs multijunction devices are the most efficient solar cells. This type of
solar cell reaches about 40.7% efficiency under solar concentration and laboratory conditions
[17]. These devices use 20 to 30 different layers in series. This will be explained in more

detail in chapter I1.

1.8.2.5 Light-absorbing Dyes

Dye sensitized solar cells were discovered by the Michael Greatzel et al in 1991, these
cells also called ‘greatzel cells’. They are photoelectrochimical cells that use photo-
sensization of large band gap mesoporous oxide semiconductors. Figure (1-14) represents a

Schematic representation of a dye-sensitized solar cell.
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Figure I-14 Schematic representation of a dye-sensitized solar cell (DSSC).
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Typically a ruthenium metal organic dye (Ru-centred) is used as a monolayer of light-
absorbing material. The dye-sensitized solar cell (DSSC) depends on a mesoporous layer of
nanoparticulate titanium dioxide to greatly amplify the surface area (200-300m?/ g TiO,, as
compared to approximately 10m?/ g of flat single crystal). The photogenerated electrons from
the light-absorbing dye are passed on to the n-type TiO2, and the holes are passed to an
electrolyte on the other side of the dye[12]. The circuit is completed by a redox couple in the
electrolyte, which can be liquid or solid [18]. This type of cell permit a more flexible use of
materials, and is in general manufactured by screen printing, with the potential for lower
processing costs than those used for bulk solar cells. However, the dyes in this type of cells
also suffer from degradation under heat and UV light. Furthermore, the cell casing is difficult
to seal due to the solvents used in assembly. These cells are extremely promising due to their

make-up of low cost materials.

1.8.2.6 Organic/Polymer Solar Cells

Organic solar cells are studied extensively for their potential as solution-processable,
light-weight, low-cost, and large-area energy generators. Organic solar cells and polymer
solar cells are built from thin films (typically 100 nm) of organic semi-conductors such as
polymers and small-molecule compounds like polyphenylene vinylene, copper
phthalocyanine (a blue or green organic pigment) and carbon fullerenes. [19]. The organic
materials like conjugated polymer, dyes or molecular organic glasses can offer the possibility
for the production of thin solar cells due to their high optical absorption coefficients. Energy
conversion efficiencies achieved up to now using conductive polymers are low compared to
inorganic materials, with the highest reported efficiency of 6.5% [17] for tandem cell

architecture.

1.8.2.7 Nano-crystalline Solar Cells

These structures make use of some of the same thin-film light absorbing materials but
are overlain as an extremely thin absorber on a supporting matrix of conductive polymer or
mesoporous metal oxide having a very high surface area to increase internal reflections (and
hence increase the probability of light absorption). Using nanocrystals allows one to design
architectures on the length scale of nanometres, the typical exciton diffusion length. In

particular, single-nanocrystal (channel) devices, an array of single p-n junctions between the
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electrodes and separated by a period of about a diffusion length, represent a new architecture
for solar cells and potentially high efficiency [12].
Table 1 provides a summary of the state of the art conversion efficiency reported for

various semiconductors based solar cells (sources adapted from MA Green [20].

Table I. Confirmed terrestrial cell and submodule efficiencies measured under the global
AML.5 spectrum (1000W/m2) at 25°C

=

Classification® Effic.? Area® Ve T FF'  Test centre®
(%) (em’) (V) (mA/em’) (%) (and date)

Silicon

Si (crystalline) 250+0.5 400(da) 0705 427 82.8 Sandia (3/99)"

Si (multicrystalline) 204+0.5 1.002 (ap) 0664 380 809 NREL (504)

Si (thin film transfer) 16.7+0.4 4017 (ap) 0645 330 78.2 FhG-ISE (7/01)

Si (thin film submodule) 0.5+0.3 9.0 (ap) 0492¢ 297 721 FhG-ISE &07)F
II-V cells

GaAs (crystalline) 261+0.8 0008 (ap) 1038 297 84.7 FhG-ISE (1207)

GaAs (thin film) 26.1+0.8 1.001 (ap) 1045 295 84.6 FhG-ISE (0708)

GaAs (multicrystalline) 184+0.5 4011y 0994 232 79.7 NREL (11/95)

InP (crystalline) 221+0.7 402 (1) 0878 295 854 NREL (400)
Thin film chalcogenide

CIGS (cell) 194+0.6" 0994 (ap) 0716 337 80.3 MNREL (108)

CIGS (submodule) 16.7+0.4 160 (ap) 06615 3368 751 FhG-ISE (3/00)

CdTe (cell) 16.7+0.5" 1032 (ap) 0845  26.1 75.5 NREL (9/01)
Amorphous/manocry stalline 51

Si (amorphous) 95403 1070 (ap) 0859 175 63.0 NREL (4/03)

Si (nanocrystalline) 10.1 +0.2 1.199 {ap) 0530 244 76.6 JQA (1207)
Photochemical

Diye sensitised 1044035 1004 (ap) 0720 220 652 AIST (%/05)"

Dye sensitised (submodule) 82403 2545(ap) 07058 19.1% 611 AIST (12/07)

Dye sensitised (submodule) B2+0.3% 1850 0.659% 199% 629 AIST (6/08)
COrganic

Organic polymer 515+03% 1021 (ap) 0876 939 625 NREL (1206)

Organic (submodule) 1.1+03% 2328 (ap) 293 0.072 512 NREL (308)
Multijunction devices

GalnP/GaAs/Ge 20+15 3980 () 2622 1437 850 NREL (103)

GalnP/GaAs 30.3 4.0 (t) 2488 1422 856 JQA (4/96)

GaAs/CIS (thin film) 258+13 4000 NREL (11/89)

a-Sifue-Si (thin submoduley” 11.7+04" 1423 (ap) 5462 299 713 AIST (9/04)

%C1GS=CulInGaSe2; a-Si=amorphous silicon/hydrogen alloy.
PEffic.=efficiency.

“(ap)=aperture area; (t)=total area; (da)=designated illumination area.
SFF=fill factor,
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*FhG-ISE=Fraunhofer Institut fu'r Solare Energie systeme; JQA=Japan Quality Assurance;

AlIST=Japanese National Institute of Advanced Industrial Science and Technology.

"Recalibrated from original measurement.

9Reported on a “per cell’ basis.

"Not measured at an external laboratory.

'Stabilised by 800 h, 1 sun AML.5 illumination at a cell temperature of 50°C.
IMeasured under IEC 60904-3 Ed. 1: 1989 reference spectrum.

“Stability not investigated.

'Stabilised by 174 h, 1 sun illumination after 20 h, 5 sun illumination at a sample temperature

of 50°C.

Table I1. Confirmed terrestrial module efficiencies measured under the global AM1.5

spectrum (1000 W/m2) at a cell temperature of 25°C

Classification® Effic.” Area” Ve Isc FF* Test cenire

(%) {cm?) ) (A (56) {and date)
Si (crystalline) 2291046 TT8 (da) 5.60 397 803  Sandia (996)°
Si (large crystalline) 20.3 0.6 L6300 (apy  66.1 635 T78.7 Sandia (807
Si (multicrystalline) 155+04" 1017 (ap) 14.6 1.37 786  Sandia (10/94)°
51 (thin-film polycrystalline) 82+0.2 661 (ap) 2510 0320 680 Sandia (7/02)°
CIGSS 13.5+0.7 3459 (ap) 312 218 689  NREL (802"
CdTe 10.9 0.5 4874 (ap) 2621 3.24 623  NREL (4/00)°
a-5i/a-SiGe/a-5iGe (tandem)®  10.4+0.5" 905 (ap) 4353 3285 660  NREL (10/98)F

8CIGS=CulnGaSe2; a-Si=amorphous silicon/hydrogen alloy.
PEffic.=efficiency.

‘(ap)=aperture area; (t)=total area; (da)=designated illumination area.

IEF=fill factor.

*Recalibrated from original measurement.

"Not measured at an external laboratory

9Light soaked at NREL for 1000 hours at 50°C, nominally 1-sun illumination.
"Measured under IEC 60904-3 Ed. 1: 1989 reference spectrum
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1.9 Technologies for the Reduction of Efficiency Losses

A schematic representation of part of a conventional solar cell is depicted in Figure (I-
15).

Front metal grid

- collecting finger grid
- solder pads (bus bars) \’

/ .

base ———p

emitter

base contact
(full coverage)

Figure 1-15 Schematic representation of a conventional solar cell

The base is the main part of the mechanical structure. The emitter is located near the
top or front surface. A metal grid to extract the carrier from the device, contacts each of these
silicon regions. Whereas the rear surface is often fully covered (as in the drawing), on the
front surface the metal grid is the result of a trade-off between having low coverage to limit
optical losses and high coverage to limit resistive losses. Most manufactures apply a front grid
consisting of thin parallel lines (fingers) that transport the current to centrally located bus
bars. The bus bars are relatively wide and can be used as solder pads to connect to the external
leads. In order to reduce the optical and electrical losses mentioned above, in this part, the

optical and electrical technologies made for reducing efficiency losses will be described.

1.9.1 Technologies for the Reduction of Optical Losses (light confinement)

It is generally accepted that the cost of photovoltaic conversion has to diminish for PV
to become of major importance as a renewable energy source. For crystalline silicon wafer
technology, the silicon material is a major cost item. One decision to make more efficient use

of the costly silicon material is the use of thinner silicon layers.
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The current of a cell is directly related to the amount of light absorbed. One source of
optical losses is that silicon (as indirect band gap material) absorbs infrared light in a rather
weak way. Current wafers typically have a thickness of 300 um. This is not enough to absorb
the infrared light in one pass through the wafer. This effect becomes more important as wafers
become thinner. Silicon however has a relatively large refractive index (around 3.5) [21]. This
high refractive index enables the use of total internal reflection as a powerful means to make
light bounce up- and down many times in the silicon wafer, enhancing the path length of rays
and hence increase the chance that an infrared photon is absorbed. Thinner silicon solar cells
require light-trapping methods to be used in order to maintain good absorption of infrared
light and hence maintain cell current and efficiency.

Light trapping technology is able to diffract and reflect the light inside the cell, such
that the light bounces back and forth inside the cell, results in increase of optical path length.
Front surface of cell is defined to be the surface where the incidence light comes. Back
surface of cell is defined as the other side of front surface. Figure 1-16 illustrates front and
back surface.

Incident
light Front surface

Thin film solar cell

Back surface

Figure 1-16 thin film Si solar cell with front and back surface

There are three general methods to confine/ trap light inside a solar cell by using
Antireflection Coating (ARC), surface texturing, and back reflector.

1.9.1.1 Antireflection Coating (ARC)

Anti-reflection coatings reduce the light loss by making use of phase changes and the

dependence of the reflectivity on the refractive index. Antireflection Coating (ARC) by
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depositing a layer of material that has lower refractive index (narc) is used to reduce the
amount of incident light that would normally be reflected ( i.e. this layer reduces the light
loss) . Single layer ARC has zero reflection at its center Ac wavelength when the thickness of
layer is tarc=0.13 Ac/narc, Where Ac=576nm and narc=1.87 [22].

There are many candidate of ARC, such as, ZnO, SiOxNy, Si3N4. ZnO, SiOxNy, and
Si3N4 can be deposited using RF sputtering [21], LPCVD [23]. Silicon nanowire can be used
as antireflection coating too. For thin film solar cell with intergitated top contacts, the
function of an ARC is to reduce the reflection of incoming light, passivize the surface, and
provide insulation allowing selective plating of intergitated top contacts [23].Si3N4 is chosen

since it can perform all three functions well.

1.9.1.2 Surface Texturing

Surface texturing, either in combination with an anti-reflection coating or by itself, can
also be used to minimise reflection. Any "roughening™ of the surface reduces reflection by
increasing the chances of reflected light to bounce back onto the surface, rather than out to the
surrounding air. Surface texturing of front or both front and back surface of a solar cell (based
on silicon for example) is used to scatter the photon such that optical path length increases.
Texturization is achieved by creating a topology of small, densely packed tetrahedral grooves,
V-grooves or random pyramids that act as light traps on the solar cell’s surface. When light
impinges on this textured surface, reflection occurs at such an angle that it is deflected into a
new point on the surface.

Multiple interactions occur with the silicon, thus reducing the amount of light
normally lost through reflection. Together with an antireflection coating the reflection of
sunlight can be kept well under 3%, making the cell appear black (“black cell”). The textured
surface also provides a reduction in path length to the junction which is most pronounced for
longer wavelength light, thereby increasing longer wavelength collection efficiency (an
important factor for thin devices). As bulk region diffusion length is reduced by the effects of
radiation, the reduced effective path length enables a contoured surface device to maintain
more of the lower wavelength response than a comparable smooth cell. Texturization
increases solar absorbance also in the wavelength region not contributing to the carrier

generation. Figure (1-16) illustrates the pyramid surface texture.
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Figure 1-16 Texturization by raised pyramids

1.9.1.3 Back Surface Reflector (BSR)

The absorption of photons from the incident sunlight depends on the absorption
coefficient, which is high for short wavelengths and low for longer wavelengths. Accordingly
red and infrared light penetrate deeper into the silicon material and a big portion is scattered
or absorbed at the rear side contact. Polishing and coating the rear side with a thin aluminium
reflector makes the back contact reflective give longer wavelengths a second chance at being
absorbed and the energy which is not absorbed is re-emitted through the front surface leading
to a reduction in cell absorbance.

Back reflector is used to reflect back the incident photon. Distributed back refractor
(BDR) is proposed to replace current metal back refractor. The reflectivity of aluminium back
reflector is typically > 95% for normal incidence and <80% for oblique incidence, while the
reflectivity of distributed brag reflector is much more superior of >99.8% over a wide range
of wavelength (800-1100nm) and better for oblique incidence [22]. The limitation of back
reflector is that at most it can only enhance optical path length to twice of the cell thickness.
To address this limitation, diffraction grating DG is used on back surface to diffract the light
inside solar cell to certain angles based on different diffraction orders [23]. When only BDR is
used, 70% of light was lost due to low reflection; when BDR coupled with DG are used, they
complement each other such that fewer light is lost [23].

DBR consists of pair of Si and SiO3 layers in 8 stacks, and deposited using PECVD. The
DBR is deposited at temperature less than 450°C but DBR performance is stable even after
having a thermal history of as high as 1000°C for 3.5 hours [23].
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1.9.2 Technologies for the Reduction of Losses Due to Recombination

1.9.2.1 Recombination Mechanism in Silicon Solar Cell

In a conventional silicon solar cell, recombination can occur in five regions:
* The front surface;
« The emitter region (N*);
* The junction (the depletion region of the junction);
* The base region (P);
» The back surface
Therefore, there are principally two types of recombination: the recombination mechanisms in

bulk (volume) and the surface recombination.

1. Recombination Mechanisms in the Bulk of the Silicon Solar Cell

There are three fundamental recombination mechanisms in a bulk semiconductor.
(a) Radiative or band-to-band recombination
(b) Auger recombination
(c) Recombination through defect or trap levels (often referred to as Shockley-Read-Hall
recombination (SRH recombination))

These different processes are further illustrated with the Figure (1-17)

E¢

E

v

band-to-band  trap-assisted Anger
recotnbination recombination recombination

Figure 1-17 Schematic representation of carrier recombination mechanisms in

semiconductors
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e Radiative Recombination

Radiative recombination (band-to-band recombination) corresponds to the
recombination process where a free electron falls directly from the conduction band and
recombines with a free hole in the valence band with all or most of the excess energy
dissipated in the form of a photon. The radiative volume recombination rate, U, is simply
proportional to the electron concentration in the conduction band (the free-electron
concentration) and the hole concentration in the valence band (the free-hole concentration):

U, =Bnp (1-14)

Where: B is the coefficient of radiative recombination, n is the free-electron concentration and

p is the free-hole concentration. From detailed balance calculation, the value of B for Si was

-5 31
calculated to be 2x10 cms [24]. At thermal equilibrium (4n=0), U is equivalent to the

thermal generation rate, G, ; the expression for U at thermal equilibrium is

th;
Ugs =Gy, =Bnyp, = Bni2 (1-15)

Where: n, and p, are the thermal equilibrium concentrations of free electrons and free holes

and n, is the intrinsic carrier concentration. From Equation 1-14 and I-15, the radiative

recombination lifetime can readily be obtained as

An
= 1-16
" “B(n, + An)(p, + An) (1-16)

Consequently, the expressions for the radiative recombination lifetime under low and high
injection are as follows:
1 1

Tggyi = 5 and Tgg i

= 1-17
B.N goped B.An (-17)

N ed is the donor (N) or the acceptor (N,) concentration for n- or p-type semiconductors,

do
respectively. Note that the radiative recombination lifetime stays constant at low injection and
decreases with injection in intermediate and high injection regimes.

The radiative recombination in an indirect band gap semiconductor such as Si is

considered to be small compared to other types of recombination. This is because the process
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involves phonon as the fourth particle (apart from an electron, a hole, and a photon) to

conserve the momentum (see Figure 1-18).

Energy (E) & Energy (E)a

/

Momentum (p) Momentum (p)

(a) ()

Figure 1-18 Schematic representation of radiative recombination for (a) direct band gap (e.g.
GaAs) and (b) indirect band gap (e.g. Si).

e Auger Recombination

Auger recombination is a three-particle interaction where an electron in the conduction
band and a hole in the valence band recombine giving the excess energy to the third electron
or hole. The eeh and ehh denote the cases where the excess energy is transferred to an

electron and a hole, respectively. The Auger recombination rate, U is given by

Auger’

Upiger =Uemn *Ueer OF U, =C, n*.p+C .n.p? (1-18)

Auger Auger

The C_and Cp are the Auger coefficients for electrons and holes, respectively. Consequently,

the expressions for the Auger recombination lifetime under low and high injection are as

follows:
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1 1

Ntype Si  Tapgerni = ——— and 7,00 mi = 1-19
yp Auger, I Cn'ND2 Auger.hl W ( )

1

1
P-typeSi =———and 7 o= 1-20
yp Auger, lli C p N A2 Auger,hli W ( )

The most commonly used values for the Auger coefficients were determined by

1 1

-3 6 -1
Dziewior and Schmid (C _=2.8x10 cm s ) for Si with a doping

18 -3
concentration greater than 5x10 cm [25].

6 -1 -3
cms and Cp:0.99><10

The Auger recombination lifetime is, to the first order, a quadratic function of the carrier
concentration, as opposed to a linear function in the case of the radiative recombination
lifetime. As a result, Auger recombination dominates the lifetime at high doping or at high

injection.
e Shockley Read Hall Recombination (SRH)

Defects in semiconductors can create energy levels within the band gap that can greatly
enhance the recombination process. These trap levels form stepping stones whereby an
electron falls from the conduction band to the defect level and then from the defect level to
the valence band. This type of recombination normally dominates the net recombination rate
in low quality materials with a high defect density. The dynamic of the recombination process
via trap levels inside the band gap was first derived by Shockley and Read and Hall (so-called
SRH recombination theory) [26-27]. Important assumptions made in the derivation of the
SRH recombination rate are summarized in [27] and are listed below

(a) No radiative recombination or Auger recombination involves.

(b) The semiconductor is non-degenerate.

(c) The energy level of the defects does not change with their charging properties.

(d) The relaxation time of the charge carriers caught by the defects is negligibly small
compared to the average time between two emission processes.

(e) Fermi-Dirac statistic applies.

(F) The defects do not interact with each other (i.e., an electron cannot make a transition

from a defect level to another).
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The SRH volume recombination rate, U for single-energy level traps is then given by:

SRH’
np_ni2
TpO(n+ nl)+Tn0(p+ pl)

The 1,0 and T, are the characteristic electron and hole lifetimes, which are related to the

USRH =

(1-21)

thermal velocity of the charge carrier, v, the defect concentration, N, and the capture cross-

th?

sections of electron and hole of the specific defect, ¢, and G,as

1 1
= And 7., = 1-22
o o,V N " o,V N, (1-22)
n =n exp( E —E j And  p,=n, exp[ EiK_TE‘ J (1-23)

By definition, n, and p, are the free-electron and the free-hole concentrations in the case in
which the Fermi level (E) lies at the trap energy level (E)). The SRH recombination lifetime

can then be obtained as follows:

i _rpolnn)+z(p+py) (1-24)
SRH Ny + Py + AN

Consequently, the expressions for the SRH recombination lifetime under low and high

injection are as follows:

. Tho (An + pl)
N-type Si TsrH i = % po +N— and Tsrunli = Tno T Tpo (|'25)

D

_ 70(An+n)
P-type Si Tsrui = Tno +N— and Tsrunti = Tno T Tpo (1-26)
A

For traps located at the middle of the band gap (E,=E), both n, and p, become

small and equal to n, Consequently, the SRH lifetime under low injection can further be

simplified as:
N-type Si Tsrri = T po for mid-gap traps (1-27)
P-type Si Tsrui = Tno for mid gap traps. (1-28)
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As can be seen from Equation 1-24 through 1-25, with respect to the location of the traps in
the band gap, the SRH lifetime becomes lowest when the traps lie at the middle of the band
gap. Consequently, the mid-gap traps are considered to be the most damaging traps that can
greatly enhance the overall recombination in the device.
In reality, all three recombination processes discussed above take place at the same time. The
net volume recombination can be obtained simply by adding the three recombination rates as
follows:

U

=Ug +U +U gy (1-29)

net Auger

The net lifetime can therefore, be obtained as:

1 1 1 1
— = (1-30)

Thet %8B Thuger TsrH

2. Surface Recombination

Surface recombination corresponds to a phenomenon where excited electrons in the
conduction band recombine with holes in the valence band via defect levels at the surface,
called surface states (Figure 1-19). These surface states are the result of the abrupt
discontinuity of a crystalline phase at the surface, which forms unsatisfied dangling Si bonds.
The recombination via these surface states can be explained through minor modification of

the volume SRH recombination theory.

L

Figure 1-19 Schematic representation of recombination via surface states.

41



It is useful to first introduce two main quantities that are used to quantify the surface

recombination activity:

2 -1
(a) Surface recombination rate, U_(cm s ): A recombination rate of carriers per unit area per

unit time
(b) Surface recombination velocity, S or SRV (cm/s): A velocity of the excited carrier flowing
to a surface.

These parameters are related to the surface recombination rate by the following equation:

_Us

S =
An

(1-31)

With minor modifications to the expression of the volume SRH recombination (Equation I-
21), the surface recombination rate, U, for single-energy level surface states can be obtained

as
2
n.. —-N.
. — S pS 1 (|_32)
n+n,  p,+p;
+
Spo Sno

Where n_and p_are the electron and the hole volume concentrations at the surface and S_;and

Spo are the characteristic surface recombination velocities of the surface states, which are

-2
related the surface states density, N (cm ) as:

Spe=0,vy Ny and S, =0c,v,.Ng (1-33)

Consequently, through the definition of the surface recombination velocity (Equation 1-31),

the SRH surface recombination velocity can be obtained as

_ N+ P, +An
no+n P+
SpO SnO

(1-34)

In reality, surface states are not localized at a single-energy level but are distributed across the
band gap of a semiconductor. Here, the total surface recombination rate is obtained by

integrating Equation 1-31 through the entire band gap of a semiconductor:
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E

n, .
Ej ps ps 5 oDy dE (1-35)

ap(E) " 0,(E)

The E, is the conduction band energy, E_is the valence band energy, and D, is the density of

v

2
surface states per unit energy (1/(eV -cm)).

The parameter called the "surface recombination velocity", in units of cm/sec, is used
to specify the recombination at a surface. In a surface with no recombination, the movement
of carriers towards the surface is zero, and hence the surface recombination velocity is zero.
In a surface with infinitely fast recombination, the movement of carriers towards this surface
is limited by the maximum velocity they can attain, and for most semiconductors at the rate of
1 x 10" cm/sec [28].

1.9.2.2 Minimisation of Recombination

As mentioned above, recombination of generated carriers is possible at the surface, in the
depletion region and in the bulk of the semiconductor. In order to obtain high photocurrent
and therefore high conversion efficiency all these recombination problems must be
minimised.

a- Surface passivation

- Front surface passivation

In the crystalline materials, surface represents sudden discontinuity of the crystal
arrangement, which gives rise to dangling or unfinished bonds. These bonds act as good
recombination centres. In terms of energy band diagram, the dangling bands at the surface
give rise to energy states in the middle of the band gap, which act as a good recombination
centres. Thus, in order to avoid recombination, both front and rear surfaces should be
passivated, i.e., the recombination properties of the surface should be nullified. This is known
as surface passivation. At the front surface, the surface passivation is achieved by deposition
of a dielectric layer such that it passivizes the unfinished bonds at the surface (removing
energy states from the middle of the band gap). SiO2 or Si3N4 are used to pacify the
crystalline Si surface. Both layers have high energy gap which prevents carriers reaching the
surface deposited dielectric layer [29].
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- Back Surface Passivation — Back Surface Field

In another method of surface passivation, high level doping, in a low doped
semiconductor of similar impurities (for instance Al in P type silicon or P in N type silicon) is
done. This is typically done at the rear side (usually P type) for crystalline Si solar cells. In
this way, a PP* junction is obtained (P* represents heavy doping 10'®cm™ or higher) as
shown in Figure 1-20. It gives rise to an electric field at a junction in the direction from P to
P* side. This junction represents a potential energy barrier to the minority electrons. The
electric field repels electrons back towards P-N junction and reduces the recombination at the

surface. This field is known as back surface field (BSF).

+

Junction

/

n" P p*
Emitter Base BSF

Back

Front contact

contact

Front . Back

surface - -
T — — @r'?aur!ﬂu

o Wiy

Figure 1-20 Solar cell structure and Energy-band diagram for an
n+-p-p+ back-surface field junction solar cell
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The effectiveness of the surface recombination is given in terms of surface
recombination velocity (SRV or S). It is defined as the rate of recombination at the surface
divided by the excess of carrier concentration at the surface. Mathematically:

S — RSUI" S RSUI’

n 1O p T
Ansur Apsur (|-36)

Here S, and S, are SRVs for electrons and holes, respectively. The lower is the SRV the better
is the surface passivation. An SRV value of about 10cm/s is corresponding to a well passivized

surface while SRV of value more than 10%cm/s is corresponding to a poorly passivized surface.

b- Bulk Passivation

In general, a deposited thin film active material (in thin film solar cell technologies),
multicrystalline silicon and most materials with a low degree of crystallization can contain
crystallographic defects, grain boundaries, metallic impurities...etc. These defects affect the
minority carrier lifetime of the bulk material and degrade the solar cell performances. To treat
recombination problems in the bulk, specific treatments have been developed either by
passivating the bulk crystallographic defects using hydrogen or by gettering a process for

removing metallic impurities.
- Bulk passivation: The Gettering

It is well known that, commercial silicon solar cells are fabricated on low cost substrates
that have high concentration of impurities and defects. Gettering techniques eliminate or
reduce contaminant impurities in these substrates by localising and blocking them away from
the active region or totally removing from the device. In commercial solar cells fabrication,
gettering of impurities is obtained by Phosphorous or Aluminium diffusions. Aluminium is
used to create back surface field and to make a back contact. This element not only does the
Al layer produce a BSF it also helps in the passivation of defects in the back. The Al-Si alloy
works well for effective gettering of metallic impurities [29]. The effect of phosphorous
gettering is used during the step of the emitter formation. In this case, gettering of metallic
impurities takes place as a result of enhanced solubility of metallic impurities in SiP particles

formed by heavy P diffusion in silicon these particles act as the gettering sites [30].
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- Bulk Passivation: Hydrogenation

Hydrogen has received attention in various solar cell types. It was discovered that the
incorporation of Hydrogen strongly improved the properties of amorphous Si (a-Si:H) [31].
This improvement is attributable to the ability of H to saturate Silicon dangling bonds which
otherwise form defect states in the band gap of a- Si and act as recombination centers for the
charge carriers [32]. A similar beneficial effect has also been found for grain-boundary

passivation by H in poly-Si [33-34].

1.10 Conclusion

In this chapter, the fundamental principles of solar cell devices are discussed; attention
is given to a description of the basics of the semi-conductor materials and particularly the PN
junction, solar parameters influencing the operation of solar cells, main materials used in the
PV technologies, efficiency loss mechanisms in PV cells and the different methods used to
reduce these losses.
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CHAPTER TWO

THIRD GENERATION SOLAR CELLS
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II.1 Introduction

‘Third Generation Photovoltaics' has recently become the latest term in the solar cell
domain. Research in this new subject is continuously increasing, in order to manufacture high
efficiency cells by means of low-cost materials and technologies. In a global sense, this
generation try to overcome the two most important loss mechanisms in solar cells
(thermalization and transmission), by the use of the following concepts — multiple gap tandem
cells, intermediate band solar cells, impurity photovoltaic effect, hot carrier solar cells and
spectrum conversion solar cells .....Etc. In this chapter, we will explain what is meant by
Third Generation concepts, Shockley Queisser limit and we will discuss these concepts in

detail and explain more particularly the IPV effect on which our study is based.

I1.2 Shockley Queisser Limit

New concepts for photovoltaic conversion of solar energy, which aim to obtain a
higher efficiency than Shockley Queisser limit, have largely studied during the last years and
the term 'third generation’ has been invented for this group of concepts. The term ’third
generation’ refer to any device that can exceed the theoretical solar conversion efficiency
limit for a single energy threshold material. This limit was calculated by Shockley and
Queisser as 31% under 1 sun illumination and 41% under maximal concentration of sunlight.

Shockley and Queisser in 1961 [1] used a number of idealising suppositions which
give the maximum possible efficiencies from a solar cell. The basic factors to calculate this
limit are the detailed balance formalism and plank’s law. Among their suppositions are the
perfect absorption with each photon creating one electron hole pair, perfect collection of
carriers and radiative recombination as the only allowed recombination mechanism. They
assumed zero contact resistance and infinite mobility. The band gap of their idealised cell was
optimised to give a maximum efficiency. The band gap describes the threshold for absorption
of light, which is assumed to be perfectly abrupt i.e. no light is absorbed below the band gap
and every photon is absorbed above the band gap. Therefore the ways to exceeding the
Shockley-Queisser limit concentrate on the below band gap and the thermalization loss

mechanisms in figure 11-1.
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Figure I1-1: Loss processes in a standard solar cell: (1) non-absorption of below band gap
photons; (2) Lattice thermalization loss; (3) and (4) junction and contact voltage losses; (5)
recombination loss.

I1.3 Price and Efficiency Projections for Solar Cell Generations

The term third Generation obtains from the evolution of photovoltaic technologies. To
know what is meant by the term ‘third generation solar cells' we should understand the plot of
the efficiency (%) as a function of PV module price (US$/m?) and PV power price (US$/Wp)
(see figure 11-2). In this figure, the region I, Il and Il are related with the first, second and
third generations PV modules respectively.

The first generation of solar cells have high-cost, high-efficiency, high quality and are
approaching the limiting efficiencies for single band gap devices. From the figure 11-2, we
can notice that the efficiency varies between 15% and 20% and the module cost varies
between US$180/m? and US$500/m? but the power cost is also high, between US$3.00/Wp
and US$3.50/Wp. So, these devices are not likely to achieve lower costs than US$1/W. The
second generation of solar cells are low-cost, low-efficiency cells. These are most frequently
associated with thin film solar cells designs (CdTe, CdS, CulnSe2, amorphous silicon, and
poly-silicon....etc) that use minimal materials and cheap manufacturing processes such as
vapour deposition and electroplating. Such processes can bring costs down to a little under
US$0.50/W, but as a result of the defects inherent in the lower quality processing methods,
this generation has low efficiencies compared to first generation. The cost ranges between
US$50/m? and US$120/m* while the power cost is between US$0.50/Wp and U $$$3.50/Wp.
The efficiency is however low and ranges between 6% and 15%. Both the organic tandem
solar cells with the maximum efficiency of 6.5% and the dye sensitized solar cells can be

classified as second generation solar cells due to their low efficiency and cost of fabrication.

51



The idea for third generation solar cells is to attain efficiency > 31% (Queisser-Shockley
limit) while maintaining the cost very low. The price of this generation is expected to be
between US$0.20/Wp and US$0.50/Wp. The module power cost is targeted to be about
US$50/m2 and US$200/m2.
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Figure 11-2: PV efficiency against PV cost and PV power cost for the three photovoltaic
generations [2].

I1.4 Different Third Generation Solar Cells

Several new concepts to increase the conversion efficiency of solar cells have been
presented over the last few years, from either a theoretical or experimental point of view [3-
6]. They incorporate new free carrier generation mechanisms not taken into consideration in
the Shockley—Queisser theory. All these concepts (called third generation concepts) are based
on tackling one or both of the “below band gap” or “thermalization” loss mechanisms. A
critical goal for this generation is the development of high efficiency, low cost photovoltaic
structures which can reach the thermodynamic limit of solar energy conversion. Different
techniques and approaches are used to enhance the conversion efficiency in third generation
photovoltaics, including multiple gap tandem cells, intermediate band solar cells, impurity
photovoltaic effect, hot carrier solar cells, spectrum conversion solar cells and

thermovoltaics...ctc. Some of these technologies are already on the market whereas others are
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currently under active research. We will explain in the following section many third

generation solar cells with some of their advantages and disadvantages.

I1.4.1 Multiple Junction (M]) Solar Cells (Tandem Solar Cell)

The tandem cell approach has been the most successful approach to date in improving
solar cell performance. Tandem solar cells allow higher conversion efficiencies thanks to their
capability to absorb light across a wider spectrum than conventional single-junction cells.
This type consists of a multiple, single junction solar cells stacked on one another, with each
solar cell absorbing part of the solar spectrum closest to its band gap. The MJ solar cells were
first deployed for satellite power applications. When this type combined with solar
concentrators, it is expected that these cells will dominate in near future the terrestrial
exploitation [7-9]. At present, triple junction solar cells are used to reach efficiencies of up to
41% and InGaP/GaAs/Ge is a very common triple junction solar cell with maximum
efficiency of 40.7% [10]. Multi-junction solar cells are capable of attain such high efficiencies
by separating the absorption of the polychromatic solar spectrum into semiconductors with
different bandgaps. So, the high energy photons are absorbed by the high bandgap material
and low energy photons are absorbed by low band gap material. This way allows a large
portion of the solar spectrum to be absorbed and avoids thermalization losses. By stacking an
infinite number of junctions, theoretically, the efficiency increases at 86% under maximum
solar irradiance [11].

There are two configurations in which solar cells can be stacked (parallel and series
configuration). Figure 11-3 shows the difference between the two configurations. For the so-
called parallel configuration or multi-terminals tandem (figure 11-3 Right), different p-n
junctions are grown on individual substrates. Contacts are formed at each junction and later
the different junctions are separated from the substrate and are stacked. For each p-n junction
different contacts are used. In this configuration, there is no limitation on the maximum
current generated by the solar cell and the arrangement of band gaps is less important. On the
other hand, each cell grown requires its own substrate and the use of many substrates
increases the cost of the solar cell and complicates its fabrication. The second configuration
or monolithic multi-junction cells is mostly used, they integrates the cells monolithically with
tunnel junctions joining them in series. As for thin film solar cells with heterojunction, it is
important to keep the lattice mismatch between each successive layer to a minimum in order

to avoid dislocations at the interface and therefore to reduce non radiative recombination
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which can diminish the efficiency of solar cells. For these reason, InGaP/GaAs/Ge triple-
junction cells have proven to be extremely efficient as all three layers are strictly lattice
matched but InGaP/GaAs/Ge structures do not have the optimum arrangement of band gaps to
maximize efficiencies. Monolithic multi-junction cells are limited as they are connected in
series. Therefore, in this structure the total current output is limited by the lowest current
producing junction and the excess current generated is wasted in this structure. In the case of
InGaP/GaAs/Ge, the Ge subcell produces excess current that is wasted. Therefore it would be
advantageous to have different combinations of band gaps in the three layers. With Ge as the
bottom cell, the optimum middle and top bandgaps are 1.16 eV and 1.73 eV respectively. This
structure could theoretically attain efficiencies more than 60% under 500 x concentrations
[12]

Tandem cells are also used to develop the performance and reliability of terrestrial amorphous
silicon cells with efficiency as high as 13% confirmed for triple junction cells based on the Si-
Ge:H alloy [13].
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Figure 11-3 Monolithic (two-terminal) multi-junction solar cell (left). Mechanically stacked

(multi-terminal) multi-junction cell (right)[14].
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I1.4.2 Spectrum Conversion Solar Cells: Down and Up Conversion

Some third generation techniques are focused on adjusting the bandgap of the solar
material to match the spectrum of the sun. In the last years, research has been done to convert
the spectrum from that of the sun to one more suitable for the solar cell. In this technique, the
low bandgap photons are up-converted into high energy photons and high bandgap photons
are down-converted into multiple low energy photons. These ideas are also well established as

new third-generation-concepts within the PV community.

e Up Conversion

The up-conversion solar cell system is schematically represented in Figure 11-5.

Incident light

Solar cell
Insulator
Up-converter
Reflector

Figure 11-5 Conventional solar cell in combination with an up converter

It is based on a conventional bifacial single junction solar cell and an up-converter,
which partially transforms the sub-band-gap photons transmitted by the solar cell into high-
energy photons. The up-converter is electronically isolated from the solar cell and located
behind it. A perfect reflector is located at the rear surface of the up-converter.

Up conversion represents a new method to exploit subband gap photons and therefore
diminish the transmission losses of a solar cell. Without the up converter the sub-band gap
photons will pass throughout the material without being absorbed. Inside it the sub-band gap
radiation is transferred to photons with energies above the band gap and these photons can

then be absorbed in the solar cell. Up-conversion involves a sequential excitation of electrons
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into an excited state via a real, lower-lying metastable excited state. A schematic energy-level
diagram of such an up-converter is shown in Figure (11-6). It consists of a material with a
band-gap equal to or larger than the band-gap of the solar cell and has intermediate levels (IL)

with energy E; above the valence band edge.

Figure 11-6 Energy diagram for an up-converter.

The absorption of sub-band-gap photons in the up-converter leads to the generation of
electron hole-pairs via transitions from the valence band into the IL and from the IL into the
conduction band. A fraction of the excess electron hole pairs generated inside the up-
converter recombines via radiative band to band-transitions (solid arrow in Fig.l1-6), which is
accompanied by the emission of photons with energies above the band-gap. The absorption of
these photons leads to an additional generation rate of electron hole pairs in the solar cell.

In up conversion system, recombination of electrons and holes through the
intermediate level is possible only inside the up-converter. In this system an additional
advantage is that the materials of the up-converter and of the solar cell can be optimised

independently [15].

Common up converter materials usually consist of a rare earth doped into inorganic
host materials. These UC materials are usually in the form of phosphors, crystals or fibres.
Phosphors would be the most practical morphology for solar cell applications since they are
more versatile [16]. Trivalent rare-earth-doped materials are usually used for potential UC
devices. Ref. [17] explains the use of terbium-doped lanthanum fluoride and thulium-doped

calcium tungstate materials for application with photovoltaic (PV) devices. A limiting
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efficiency of 63.17% is found for maximum concentration of the sunlight with a luminescent
up converter on the rear surface. Efficiencies of up to 47.6% are predicted for non-
concentrated sunlight for a solar cell in combination with an improved up converter.
However, these efficiencies require a semiconducting material with a band gap of about 2 eV
[15].

e Down Conversion

For down-conversion DC, the luminescent converter is located on the front surface of
a solar cell, which has a band-gap energy Egy. High-energy photons with energy >2Eg are
absorbed by the converter and well down-converted into two lower energy photons with
energy >Eg, which can both be absorbed by the solar cell. Therefore, the DC can increase
current by converting ultraviolet (UV) photons to a larger number of visible photons. Fig.l1-
7a shows a device schematic of a solar cell in combination with a down-converter. The down
converter ideally transforms incident photons with energies exceeding n times the band-gap
energy of the solar cell material into n lower energy photons, which can solar cell then be
used for the generation of n e-h-pairs inside the solar cell. Down-conversion therefore
represents a method for multiplying the e-h-pair generation per incident high-energy photon
and can be used to reduce the thermalization losses. Because the absorption of high-energy
photons in the solar cell must be avoided, the converter must be located on the front surface
for semiconductor solar cells (Fig.11-7a).

The converter is modelled as a semiconductor with one intermediate level of energy
Eg above the valence band edge. It is electronically isolated from the solar cell — the coupling
between the converter and the solar cell is purely radiative. With a down-converter on a solar
cell (Figure 11-7 a), high-energy photons are absorbed by a band-to-band transition (green
arrow, Figure 11-7 b). The two-step recombination of the generated electron.hole pair via the
intermediate level (red arrows Figure 11-7) is accompanied by the emission of two lower-
energy photons, which can both be used for the generation of electron-hole pairs. (Center for
Third Generation Photovoltaics, University of New South Wales, Sydney, Australia). A
maximum efficiency of 38.6% was found for non-concentrated sunlight and for a converter

with one intermediate level [18].
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I1.4.3 Hot Carrier Solar Cells

Hot carrier cell has been studied theoretically as a mean of tackling the thermalization
loss mechanism in a solar cell [19-20] and therefore it contributes to enhance cell efficiencies.
Photons with elevated energies than the band gap energy of an absorbing material generate
electron-hole pairs, and they are excited to the energy states far above conduction and valence
band edge for electrons and holes, respectively. These high energy carriers first interact with
each other and repopulate obeying the Fermi distribution function with a carrier temperature
higher than that of the lattice. Then these hot carriers immediately loss (within a few
picoseconds) their excess kinetic energy and relax to the band edge by thermalization, that is,
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interaction between the hot carriers and phonons. This thermalization process is the principal
limiting factor for the conversion efficiencies in the conventional single band gap solar cells.
This idea permits thermalization within populations of hot carriers but does not permit
thermalization of these populations with the lattice. If the lattice of the absorber material is at
ambient temperature carrier collection has to arise before the average thermalization time of
charge carriers within the absorber -of the order of a picosecond. Hence in order to be
effective such a cell must ensure carriers are collected before they can interact with the lattice,
either by doing so very quickly; or by slowing thermalization; or by substantially increasing
the ratio of the rate of radiative recombination/emission to the thermalization rate (i.e. from
the ratios for bulk materials of about for GaAs and for Si to values closer to 1, most likely in
low dimensional structures). Figure 11-10 shows the band diagram of a hot carrier absorber
with selective energy contacts for electrons and holes on opposite sides of the device. The
device consists of the hot carrier absorber, at TH and selective energy contacts in which the

carriers cool from TH to the ambient temperature, TA.
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Fig 11-10: Concept of a hot carrier solar cell

In ref [19], they proposed the idea of using hot carriers for photovoltaic devices and
showed that the conversion efficiency of more than 60% is theoretically reachable under 1 sun
illumination in such hot carrier solar cells. One practical structure of a hot carrier solar cell is

to use a photon absorbing layer, in which hot carriers are slowly cooled, sandwiched between
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two selective energy contacts (SEC) as schematically illustrated in Figure 11-10 [21-22]. A
SEC is an energy filter allowing the carriers with specific energy to pass through and hot
carriers are collected through the SEC from the absorber to the outer contacts. Double barrier
resonant tunnelling diode (RTD) structures such as Si quantum dots embedded in SiO2 barrier
layer are considered to be a promising candidate for SEC [23,24]. until now, advancement on
research of hot carrier solar cells have been presented theoretically and only few experiments
particularly on exploring appropriate materials or structures for SEC have been reported. The
limiting efficiency for the hot carrier cell is about 65% at 1 sun and 85% at maximum
concentration [2, 19, 21].

I1.4.4 Intermediate-band solar cells

An intermediate-band solar cell (IBSC) is a photovoltaic device conceived to exceed
the limiting efficiency of single-gap solar cells thanks to the exploitation of the electrical and
optical properties of intermediate-band (IB) materials. This type of material takes its name
from the existence of an extra electronic band located in between what in ordinary
semiconductors constitutes its bandgap, Eg. The IB divides the bandgap Eg into two forbidden

energy intervals (sub bandgaps), E, and Ey as drawn in figure 11-11.
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Figure 11-11. Representation of the simplified band structure of an intermediate band
material. (a) In equilibrium, with the IB half-filled with electrons and (b) out of equilibrium.

(The hatched regions indicate energy states predominantly filled with electrons)
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The fundamental concept in this solar cell type is that a narrow density of states within
the bandgap of a semiconductor can allow sub-bandgap absorption while maintaining the
same open-circuit voltage. The key is to have multiple quasi-Fermi levels present with the
same system[14] as shown in Figure 11-11b [4, 20, 25]. Three different absorption processes
are available in such a system: Valence Band (VB) — IB, IB —Conduction Band (CB) and
VB—CB. These three absorption processes allow the creation of three quasi-Fermi levels
corresponding to the population of holes in the VB, electrons/holes in the IB and electrons in
the CB.

Introducing impurities into Silicon to extend the sub-bandgap response of these cells
and therefore increase cell efficiency was the first experimental basis for this solar cell type
[26]. After that the researchers use the quantum dots [QDs] to form the intermediate band [27,
28]. Fig.l11-12. shows the basic concepts of such a structure. The QDs have a lower bandgap
than the barrier regions and as a result of quantum confinement, the QDs form discrete energy
levels. Due to the periodic arrangement and close proximity of the QDs, the discrete energy
levels overlap and form mini-bands allowing for sub-bandgap absorption. One important
requirement for the operation of IB solar cells is the 1B Fermi level must reside within the IB
[29-30]. This allows sufficient numbers of electrons in the IB to be promoted into the CB. It is
also beneficial to have no overlap in the absorption coefficients between the three transitions
[31]. If this is not the case, high energy photons that should transfer electrons between the VB
and CB could be absorbed in a VB — IB transition, losing some of the energy in a similar

way that a traditional single-junction cell experiences blue losses.

In ref. [32-33] the GaAs layers with imbedded InAs and GaSh QDs are used to
fabricate a Test cells. All experimental cells of this type shown to date exhibit lower overall
efficiencies than cells fabricated without QDs[14], due to lower open circuit voltages. This
lower Voc is attributed to non-radiative recombination between the CB and VB suggesting
that current growth techniques introduce defects lowering the efficiency of these cells.

However, the experiments do suggest it is possible to have three separate quasi-Fermi levels.
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Figure 11-12. (a) Periodic arrangements of quantum dots lead to the formation of mini-bands
as seen in (b). The mini-band acts as the IB and allows the promotion of electrons from the
quantum dot to the barrier material via photons. (c) The quantum dots are placed in-between a

p- and n-type barrier layer.

The QDs are very small and therefore it does not absorb much light. In order to have
enough QDs to significantly improve the photocurrent, it is necessary to have several layers of
QDs. Unfortunately, the growth of multiple layers of QDs results in additional structural
damage, which decreases efficiencies [34]. The lower efficiencies have been attributed to the
creation of threading dislocations from the QDs in the intrinsic region [35]. The origin of
these dislocations is the lattice mismatch between the QDs and buffer material. Ref. [36]
showed that the addition of strain compensating layers between each QD layer has been
shown to improve performance and can also increase the short circuit current of QD IB solar
cells.

In addition to QDs, there have been focused efforts in exploring alloys that may
feature an 1B using computational techniques. Certain alloys such as Ga3P4Ti [37-38] are
expected to feature IBs. It is also predicted that CuGaS2 [39] can form an IB if transition

metal impurities are added in which the impurity levels are located in the band gap. The
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maximum efficiency of 63.2% is achieved for a cell of gap 1.95 eV with the IB Fermi level
located at 0.71 eV from one of the bands. This efficiency is higher than the one corresponding
to two series-connected ideal cells in tandem, of 54.5% (for band gaps of 0.8 and 1.54 eV).

I11.4.5 Impurity Photovoltaic Effect

I1.4.5.1 Introduction

It is well known that one of the efficiency losses present in solar photovoltaic energy
conversion comes from the fact that the semiconductor material used to make the solar cell
can not convert the long wave length photons; these photons do not excite carriers from the
valence band to the conduction band. To improve cell infrared response and therefore solar
cell conversion efficiency, several approaches have been studied in these last few years as we
mentioned above. The impurity photovoltaic (IPV) effect is one of the approaches used to
enhance cell infrared response whereby deliberate addition of an impurity into a solar cell
provides a multi-step absorption mechanism for sub gap photons to create electron-hole pairs,
enabling the infrared portion of the solar spectrum to contribute to solar cell efficiency.

In conventional solar cells only photons with energy higher than the band gap energy
generate electron-hole pairs. Photon 1 and 2 will pass through the solar cell without being
absorbed (Fig. 11.13).
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Figure 11-13. The IPV effect: Sub gap photons create electron-hole pairs via impurity levels

(1 and 2). Compare to intrinsic band-to-band absorption (3).

63



In solar cells based on the IPV effect, the defects create energy levels in the forbidden
band of the semiconductor. The energy level in this case essentially functions as a relay point.
Photon 1 will excite an electron from the VB into the Intermediate level (IL) and photon 2
will excite an electron from the IL into CB. Therefore, two sub-band gap photons are able to
produce an electron-hole pair. At the same time, higher-energy photons are still able to
excite electrons directly from the VB to the CB as usual. The IPV cells therefore offer
theoretically higher conversion efficiencies than conventional cells because lower-energy

photons can also be put to use.

The IPV concept was proposed by Wolf in 1960 [40] His idea was to use energy
levels Et within the forbidden energy gap of the device to permit subband gap absorption by
doping the material with suitable impurities. His results are very optimistic. Using defects to
allow sub band gap absorption was studied also by Shockley and Queisser[41], they
concluded that the presence of defects would augment the recombination in the device.
Guttler and Queisser [42] confirmed these results for silicon doped with gold. Wurfel [43]
showed theoretically that a midgap impurities could maybe increase the short-circuit current
of a silicon solar cell, but at the same time lead to a degradation in the open-circuit voltage. In
the begging of these studies (IPV studies) there was a considerable reservation over the
benefit of the IPV effect. The IPV has been experimentally observed on silicon and other
materials in several times. The impurity photovoltaic effect can, in principle, increase the
conversion efficiency of a conventional single junction solar cell by the introduction of
optically active impurities or defects into the device. These “defects” ideally allow electrons
to be excited from the valence band to the conduction band via the deep defect level through
the absorption of sub-band-gap photons. However, the existence of energy levels within the
semiconductor band gap is considered as a source of non radiative recombination (Shockley—
Read—Hall (SRH) recombination) at the same time. This recombination can negate any
benefits. To overcome these problems and to tip  the scale in favour of IPV, many studies
have been presented recently. In 1994, Keevers and Green [26] presented a new treatment of
the IPV effect, in which they use deep level impurities for changing the balance in favour of
IPV cells. Their calculations, showed a small efficiency increase in silicon solar cell doped
with indium. Schmeits and Mani [44] confirmed numerically an improvement in solar cell
performances was theoretically possible if the correct device structure was selected. They

proposed a new structure ( p+-n-n+) , where the n layer close to the contact is essentially free
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of deep defects safeguarding a reasonable value of the built-in voltage and the open circuit
voltage.

One of the most important factors to improve solar cell efficiency due to the IPV effect
is the location of energy levels of deep defects. Matsumura and Kasai [45] have studied the
IPV effect theoretically in silicon solar cells as a function of energy level of deep defects. It
was found that the deep defect level acts only to degrade cell efficiency markedly if its energy
level is located near the middle of the band gap, because of electron-hole recombination
through the defect. Many other authors [46-47] have studied the IPV effect on silicon doped
with indium as optical doping. In last few years many studies have treated and described the
IPV effect in large band gap materials such as the GaAs and the silicon carbide, they
concluded that the choice of the host materials with large band gap can improve cell

performances [48-49].

11.4.5.2 Theory of the IPV Effect

As we saw in chapter one, in the simple Shockley—Read—Hall (SRH) recombination
model, electrons and holes are captured and excited thermally from an impurity with an
energy level in the forbidden band gap of the semiconductor . To take account of the IPV

effect, this model is extended with two impurity optical transitions as shown in Figure 11-14.
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The modified SRH expression is then given by [26]

np—-n, Py (“'l)

U= = -
o(p+ p; )+ 750+ 1))

where n and p are the electron and hole concentrations respectively, and

N, =N, + 7500y and p: =P+ 7500 (11-2)

~(E-E) @J

n=Ne X and p, = Nve_( o (11-3)

ni and p; being the electron and hole concentrations after impurity doping. N; and N, are the
effective densities of states in the conduction and valence bands. E; is the impurity energy
level, E and E, are the conduction and valence band edge. In Egs. (1) and (2), 7, and 7, are
the Shokely Read Hall (SRH) lifetimes for electron and hole concentrations after illumination

and are given by

1
Tho = (11-4)
O-nvth Nt
and
1
7oy = (11-5)
o,V N,

where o, and oy, are the electron and hole capture cross sections, vy, is the carrier thermal
velocity and N is the impurity concentration. In Eq.(2), Ont, Oyt are the electron and hole

optical generation rates respectively and they are given by

;"nmax
O =N, [P (X A)gys (x, A)d2 (11-6)

inmin

and
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Here, o;® and ,° are the electron and hole photoemission cross sections of the impurity,
while @n(x,4) is the photon flux density at a depth x inside the lambartien cell and at

wavelength A. Moreover, gn(X,4) can be expressed as

1 + Rbe_zatot(i)( L_X)

—ag(2)x _
1_ Rb Rf e’zatot(l)l- € (I I 8)

Bon (%, 2) = (1)

where ¢ei(A) is the external incident photon flux. L is the total length of the cell. R, and R¢
are the internal front and rear reflectances, respectively. oun(A) is the total absorption

coefficient. Finally, o1ot(4) and Ry can be written as

atot(j’):an(ﬂ’)-'_ap(;t)-'_afc(;t)-’_ae—h(/l) (“'9)
and

R, =1- — (11-10)
n

where o, and ¢ are the absorption coefficients for electron and hole photoemission from the
impurity level. oy is the absorption coefficient for free carrier absorption, ., is the band to
band absorption coefficient and n is the refractive index of the semiconductor. and the
parameters Ry and Ry, describe the light trap of the solar cell.

I1.4.5.3 Requirements for the IPV Effect

Many attempts of researchers to develop more efficient solar cells using the IR solar
radiation based on the impurity photovoltaic effect have not yet been successful [26, 44, 48,
50]. The main reason is the very strict requirements imposed either on the impurity atoms or

on semiconductor host material. These limitations are:
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e Location of Energy Levels of Deep Defects

One of the most key factors to improve solar cell efficiency using the IPV effect is the
location of energy levels of deep defects. Matsumura and Kasai have studied the IPV effect
theoretically in silicon solar cells as a function of energy level of deep defects [45]. It was
found that the deep defect level acts only to degrade cell efficiency noticeably if its energy
level is located near the middle of the band gap, because of electron-hole recombination
through the defect. The energy states created within the band gap act as additional
recombination centers which can have severe influence on lowering the solar cell conversion
efficiency. In this reference they also showed that if the energy level is carefully chosen far
from the gap center, the IPV effect can contribute to improve the cell efficiency. The first
work concerning the impurity photovoltaic effect has been first studied in silicon doped with
gold [42]. Gold has a donor level located in the middle of the band gap at 0.55 eV above the
valence band. They confirmed that the incorporation of this midgap impurity in the silicon
lead to a severe degradation in all solar cell performances. In the reference [26] it was shown
that the non-mid-gap but deep level impurity atoms are more suitable. In addition, choosing
such a deep level impurity allows at least one of the two transitions of the carriers (from the
valence band to the impurity level and from there to the conduction band) to occur through
strong thermal excitation rather than through weak optical absorption.

Indium is the most important optically active impurity used in the impurity
photovoltaic effect studies and it was selected as one of the impurities that satisfy the previous
condition. According to the calculations of the authors [26, 47], doping of silicon solar cells
with an In impurity, creating an acceptor level of (0.157 eV), can lead to an increase in solar
cell efficiency. It was proposed as a possible candidate for the IPV effect on the basis of
optical modelling [26]. However, experimental attempts to use Indium to boost cell efficiency
have failed because of the increased recombination described above, although improved
absorption of infrared light was clearly observed [44, 6, 26].

In ref. [51] Johan Verschraegen et al observed that efficiency is maximal when the
impurity is at 0.20 to 0.25 eV for the silicon solar cell and at 0.30 to 0.35 for GaAs solar cell
above the valence band (see fig. 11-15). ( i.e. when the impurity located far from the middle of

the band gap).

68



30 =

l:_-'-':f":},. _—

20 <
25-: _..-f"/; \
ST N\

(%)

T
0os 00 015 0020 025 030 0.35 040 045

E-E, (e\V}

Figure 11-15 : calculation of the conversion efficiency 1 as function of the energy level of the
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e Impurity concentration factor

The suitable impurity concentration value introduced in the semiconductor material is
crucial for improving solar cell characteristics based on the IPV study. In the Ref. [26,49],
where they introduced indium impurity into silicon lattice (in p*-n-n* structure), they showed
that both efficiency and short circuit current increase with increasing impurity concentration
N: when N is less than Np (shallow acceptor concentration) and decrease above shallow
concentration. An Indium concentration Nt lower than the base concentration Np keeps the
indium level fully occupied which allows sub-band gap photons to be absorbed by the
electron photoemission process (from the In level to the conduction band). When indium
concentration compensates the base doping N¢>Np (the semiconductor becomes P type), the
hole photoemission process (from the In level to the valence band) is maximized. It competes
with the first photoemission process and also with electron hole pair creation by intrinsic
band-to-band absorption, which reduces the available photon flux and photocurrent of the
cell. The open-circuit voltage decreases with increasing in impurity concentration. But it is
still kept in moderate values before the impurity densities larger than the shallow doping
density in the base (Nt>ND). This effect is due to the particular choice of the structure p—n—

n+. This structure has an advantage to keep a high value for the built-in voltage and thereafter
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keeps the impurity (In in previous work) level occupied. Therefore, the open-circuit voltage is
safeguarded [44].

In practice, the maximum Impurity concentration that can be incorporated in silicon (or in
other host material) is fixed by the solid solubility of each doping type in material. The solid
solubility limit of impurities is defined as the maximum concentration of the impurity in the
host semiconductor at which the impurity is homogeneously distributed in the host
semiconductor without any precipitates. The presence of precipitates of a doping element in a
semiconductor can therefore be used as an indicator that the solid solubility limit has been
exceeded. So, to absorb maximum number of photons (through IPV effect) impurity
concentration shouldn’t be exceeded the solid solubility limit. Figure 11-16 and I1- 17 show
the influence of the impurity concentration on some silicon and silicon carbide solar cell

performances according to ref [48, 26]
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Figure 11-16. Additional short-circuit current density as a function of the impurity
concentration for ideal impurities in silicon carbide [48].
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e Host material

In the last few years many studies have been treated and described the IPV effect in
large band gap materials, they concluded that the choice of the host materials with large band
gap can improve cell performances. In ref. [48] Boron-doped cubic silicon carbide (3C-
SiC:B) has been suggested as one possible candidate for the fabrication of an impurity
photovoltaic (IPV) solar cell. The theoretical conversion efficiency predicted for a realistic
IPV device based on 3C-SiC:B,N is 38%, assuming that the impurity level is 100%
radiatively efficient. In ref. [49] Kelifi et al also studied the impurity photovoltaic (IPV) effect
in a wide band gap GaAs solar cell doped with copper, containing three Cu acceptor impurity
levels: copper level located at Ev+0.14 eV, second level located at Ev+0.40 eV and copper
level at Ev+0.24 eV for investigating the role of more than one defect on PV cell based on
IPV effect. They showed that when two levels are present in the band gap, the IPV effect is
higher with only the deepest level present. They found also that the IPV effect gives an
improvement in the short-circuit current density in the presence of A+B levels, but at the
same time a decrease in the open-circuit voltage higher than in the presence of only the level
B. This is due to the increase of recombination in the solar cell, which increases more
drastically when the concentration of the defects is around the base layer doping (see figure
11- 18 and I1- 19).
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e Effect of Light Trapping

In chapter one, we described some techniques used for reduce optical and electrical
losses in solar cells. As was mentioned in this chapter, the light trapping methods can reduce
optical losses in solar cells. The degree of light trapping is adjusted by varying the internal
reflection coefficients at the front and back of the cell Ry and Rs. The most previous works
treated the IPV effect observed that the incorporation of IPV impurities into silicon or into
another host material, together with the use of light trapping, leads to an increase in short-
circuit current ( see figure 11-20). We will describe in chapter three the effectiveness of the

optical confinement on silicon solar cells based on the IPV effect.
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Figure I1- 20. Short-circuit current improvement as a function of indium concentration
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The effect of light trapping is included. [26]

I1.5 Conclusion

This chapter summarised the main third generation concepts such as up-conversion,
down-conversion, intermediate band solar cells, hot carrier cells, Multijunction cells and the
impurity photovoltaic effect. These different new approaches, their advantages and limitations

are described in this chapter.
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Chapter Three

SCAPS Simulator, Results and Discussion
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II1.1 Introduction

This chapter consists of two main parts, the first part gives a detailed description of the
Solar Cell Capacitance Simulator in one Dimension (SCAPS-1D) which is used to analyze and
study the solar cell performances based on the impurity photovoltaic effect. The second part
describes the solar cell structure, some physical parameters concerning both the impurity and
the host material used in this study. This part also presents and discusses some results

obtained using the Scaps 1D program.

II1.2 Part I: SCAPS Simulator:

II1.2.1 Principal Operations and Main Panels

Physically-based computer simulations of thin film photovoltaic devices have received
more attention and become more and more mature over the past two decades since modelling
of solar cells started in the early 80s [1-3]. A number of simulation packages such as AMPS-
1D, SCAPS-1D, PC-1D, SimWindows, ADEPT-F, AFORS-HET, ASPIN, and ASA have been
developed. These software programs have been written with a specific reason of modelling
solar cells. They have different possibilities and limitations, but the basic principles are the
same. A review of different simulation methods and their advantages and disadvantages is
given in Ref. [4]. In this work, we use the SCAPS simulator for our calculations.

SCAPS (a Solar Cell Capacitance Simulator) is a one dimensional solar cell simulation
programme developed at the Department of Electronics and Information Systems (ELIS) of
the University of Gent, Belgium [5-6]. Several researchers have contributed to its
development: Alex Niemegeers, Marc Burgelman, Koen Decock, Stefaan Degrave, and Johan
Verschraegen. This programme is developed for cell structures of the CulnSe2 and the CdTe
family. Recent developments make the programme now also applicable to crystalline solar
cells (Si and GaAs family) and amorphous cells (a-Si and micromorphous Si).

Entering a new problem into SCAPS is directly forward (see Figure I11-1). Up to seven
layers can be added to the device and for each layer or contact all physical and electronic
properties can be shown and changed inside a separate window.

SCAPS-1D runs on a personal computer (PC) under Microsoft Windows. The minimum
system requirements are: PC at least 25 MHz 80386 (33 MHz 80486 recommended
minimum); Operating systems Windows 3.1, Windows 3.11 or Windows 95 or higher; VGA
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resolution video adapter or higher; Math coprocessor; 4 MB of memory; free hard disk space
equal to 2 MB, plus the size of the installed files needed (about 2.5 MB). A mouse is essential
for convenient navigation through the program.

For our simulations, we used the SCAPS-1D, version 2802, which was the latest version
available at the time. In the last two version of this software (SCAPE 2.7 and 2.8) M.
Burgelman et al introduced the impurity photovoltaic effect (IPV) and gradual solar cell.
Among the advantages of this calculator is easy to interact with the simulator through
numerous dialog boxes that appear during the use of SCAPS and the opportunity to study the
influence of one or more than one parameter on solar cell performances, we only take profit of
the batch option in SCAPS. We can vary until 9 parameters at once.

SCAPS program consists of several panels (or windows, or pages). The main panel is the
“action panel”. It allows setting the problem, to set the action list of required calculations, to
execute the calculations, to navigate to other panels, to save and plot results, and to quit the
program. In general, the following items(as described in Scaps Manuel) are available on the
action panel (see Figure I11-1):

» The definition of the working point.

* The definition of the action list.

+ Setting the calculation mode: “pause” between calculations or not

+ Setting the problem definition: button “calculate new”

« Carrying out calculations according to a new action list: button “calculate next”
“continue” to calculate next item from action list, when “pause” is enabled

» “stop” to halt a calculation being carried out

» “clear previous” to clear previously calculated graphs

« “graphs” to activate the energy bands panel, from which in turn one can navigate to
all other graphical panels (IV, CV, Cf and QE)

« “save all” to save the results of all calculations yet preformed in a text file; the data in
the text file are separated by tabs, and can be cut and pasted in a spread sheet or
graphical program

*  “Quit” to quit from SCAPS-1D. This is the only correct way to leave SCAPS.

I11.2.1.1 Define the working point

The working point specifies the parameters which are not varied in a measurement

simulation, and which are relevant to that measurement. Thus:
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The temperature T: relevant for all measurements. Note: in SCAPS, only Nc(T),
Nv(T) and the thermal voltage kT are the only variables which have an explicit
temperature dependence;

The voltage V: is discarded in 1-V and C-V simulation. It is the dc-bias voltage in C-f
simulation and in QE (A) simulation. SCAPS always starts at 0 V, and proceeds at the
working point voltage in a number of steps that we also should specify.

The frequency f: is discarded in 1-V, QE (A) and C-f simulation. It is the frequency at
which the C-V measurement is simulated.

The illumination: is used for all measurements. For the QE (A) measurement, it
determines the bias light conditions. The basis settings are: dark or light, choice of the
illuminated side, choice of the spectrum. A one sun (= 1000 W/m2) illumination with
the ‘air massl.5, global’ spectrum is the default, but we have a large choice of

monochromatic light and spectra for our specialised simulations.

e Action Panel D@@

—Working point —Series resistance

yes
no

“oltage (V) ﬁD.DDDD Mumber of points §2
510054 |

fram file

Freguency (Hz) 1.00E+5
r—Illumination —Generatioh of e-h pairs
dark - . right (n-=ide)
light MNurinated from : ot (p-side)
Spectrum file: A by absorption of light

Select, AMI1_5G 1 sun.spe

yes
no

Meutral Density gu_DDDD or Transmission (%) ﬁ']DD.DDD

Spectrumn cut off 7

— Actioh nurmber
™ Pause of points
I Curent voltage W1 () Joo0mo w2 fosoon | 217 | Zooso |

increment (%)

Capacitance valtage VI(Y 0800 v2(v  S080 | 333 | Zoos0 |
Capacitance frequency fl (Hz) §1.DDE+2 2 (Hz) 211.DDE+6 | 5'21 | 315 | paoints per decade
Spectral response WL (nm) 300 WWLZ (hm) %‘EJDEI | 5'61 | 3‘10 | incrernent (nm)

_ loaded definition file: *.def

. m

N o B

Figure 111-1  Action panel window.
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I11.2.1.2 Select the Measurement(s) To Simulate

In the action-part of the Action Panel, we can select one or more of the following
measurements to simulate: 1-V, C-V, C-f and QE (A). We can Adjust (if necessary) the start
and end values of the argument, and the number of steps. Initially, we can do one simulation
at a time, and use rather coarse steps: our computer and/or the SCAPS programme might be

less fast than we hope, or our problem could be really tough.

I11.2.1.3 Define the problem

To define the problem, thus the geometry, the materials and all properties of the solar cell,
we click on “set problem” button. We find Solar Cell Definition Panel (figure I11-2). In this
window, we can define structures consisting of up to 9 layers. The first layer is the back
contact; the last one is the front contact. The user can specify the properties of the
intermediate semiconductor layers (max. 7). For each layer, up to three different SRH
recombination centers (discrete or distributed in energy) can be defined, and for each interface
up to three different interface recombination centers (discrete or distributed in energy).

Except for front and back contact, each layer contains the following semiconductor properties:

e Thickness (um).

e Band gap (eV)

e Electron affinity (eV)

e Dielectric permittivity (relative)

e Conduction band effective density of states (1/cm°)
e Valence band effective density of states (1/cm®)

e Electron thermal velocity (cm/s)

e Hole thermal velocity (cm/s)

e Donor shallow density (Np)

e Acceptor shallow density (Na)

The optical absorption of the semiconductor layers can be taken from a user file.
Examples of such user files are distributed with the program: CdS.abs, CdTe.abs, and
Zn0.abs.....etc. we can add other absorption files for other relevant thin film materials. The
SCAPS also proposes two constant values (A and B) for the absorption coefficient.

Front and Back Contact: The identification of each contact is made as follows:
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- Electron and hole surface recombination velocities.

- Information about the metal work function.

3 Solar cell definition E]El
Layers Interfaces illumninated from : = [é%tht ((gf;'gs))
left contact ‘ Feflection at front
2ooo
CIGs
O
OVC/ICdS
Cds
-ZnQ
| light
add layer e
rnght contact | hack contact front contact
Remarks :
Problem file: c\Program Files\SCAPS 2703 defExample CIGS def
example def file for a CIGS cell problem &

this file was distributed with SCAPS 2.0, september 88
and with SCAPS 2.1 june 89

it converges well (to abave Yoc), both in light and in dark, new l |oad ] Save ]
with the standard convergence settings, and

with a moderate voltage step (80 mY or less)

'J start

Figure 111-2. Solar Cell Definition Panel: Window in SCAPS-1D for imputing all layers and
interface parameters

I11.2.2 General Remark on Defects and Recombination:

In a diode, current is converted from hole current at the p-contact to electron current at
the n contact. This means that somewhere in the diode recombination must take place, even in
the most ideal device. So the user must specify recombination somewhere, at least at one
place (in a layer or at an interface).

Defects are the most important parameters for our study. In this software, defects are
identified by the following parameters (see table I and I1):

1. Position of Energy level in the gap.
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2. Defect type (ie acceptor, donor or neutral).
3. Electron thermal capture cross section.
4. Hole thermal capture cross section.
5. Energetic distribution (single, uniform, cb tail....)
6. Reference for defect energy level (above Ev or bellow Ec).
7. Electron optical capture cross section.
8. Hole optical capture cross section.
9. Impurity defect concentration.
Name Description Value Default Units
Type type of the defect donor neutral
acceptor
neutral
Sigma_n capture cross section | numeric 1.0E-15 cm2
for electrons
Sigma p capture cross section | numeric 1.0E-15 cm”
for holes
Energydistribution | type of the defect single single
distribution uniform
cb tail
vb tail
gauss
Et energy of the trap numeric 0.5 eV
level with respect to
the valence band
Ekar Characteristic energy | numeric 0 eV
Profile spatial variation of constant constant
defect density linear
exponential
Lkar characteristic length | numeric 0.1 um
Nleft max. defect numeric 1.0E+14 Jem3
concentration to the or
left of the layer Jem3 eV

Table | Defects and Recombination Parameters
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Energy single Uniform Valenceband Conductionband | Gauss

Distribution Tail tail

Et energy level |{mean energy of|bottom of the tail | top of the tail mean energy of
the distribution (see energy axis) | (see energy axis) |the distribution

Ekar no meaning |total width of the | characteristic characteristic width of the
distribution energy (see|energy (see | distribution (see

energy axis) energy axis) energy axis)

Nleft, density in|constant densify |density of the|density of the|density of the

Nright Jem3 of the distribution |distribution  at| distribution at [distribution  at
in /emeV E=Etin/cm’eV |E=Etin/cm3eV |E=Etin/cm3eV

Table 11 Different Meanings of Some Parameters Concerning the Nature

of Energy Distribution.

The optical capture cross sections for electrons and holes are either taken from a file or
calculated analytically according to a model by Lucovsky [7], this model needs the input of

the four parameters: refractive index n of the semiconductor, the effective mass m’ and m; of

the carriers, and the effective field ratio Ec+/Eo which represents the ratio between the electric
field at the impurity and the electric field of the incident wave [7]

To our information, SCAPS is the only solar cell simulator available that treats the IPV effect.
This program has some limitations: we can input only three recombination mechanisms. One
mechanism is needed to adjust the recombination and the open-circuit voltage to a realistic

value and therefore only two IPV levels are available (Ref.49 chap.Il)

I11.2.3 Calculate and Display the simulated curves:

After introducing all the necessary data (layer properties, configuration of the solar
cell), we Click the button “calculate” in the action panel. The Energy Bands Panel opens, and
the calculations start. After calculation, SCAPS switches to the Energy band panel. In this
window we can obtain our desired curves. We select for example the 1V button in the energy
band panel window we can obtain the IV curve (see Figure I11-3). We do the same for

quantum efficiency curve.
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Figure 111-3 1-V curve obtained using SCAPS simulator.

II11.3 Part II: results and discussion

I11.3.1 Introduction

As mentioned in chapter two, the impurity photovoltaic effect (IPV) is one of the third
generation solar cells concepts. It aims to tackle the below band gap loss mechanism in the
solar cell. The IPV effect is the idea of exploiting two step generations by means of impurity
states in the forbidden band to exploit sub gap photons and, therefore improve solar cell
performances. Indium is the most studied as an optically active impurity in silicon solar cells.
The challenge of many researchers is to find a new appropriate impurity which helps them to
enhance cell efficiency through IPV effect. In this thesis we choose sulphur as new IPV
impurity and crystalline silicon as host material. This part presents and discusses our results
obtained using the Scaps 1D program to calculate silicon solar cell performances. It presents
also the goal of our study, solar cell structure, Lucovsky model and some physical parameters

concerning the sulphur impurity and the host material used in this work.
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I11.3.2 Aim of the study

Silicon doped with Indium as an optically active impurity has been widely studied in
the last few years but several attempts of researchers to develop more efficient solar cells
based on the impurity photovoltaic effect have not yet been realised conclusively. The most
important causes as mentioned in chapter two are the very strict requirements imposed on the
impurity atoms and on the semiconductor host material. Therefore, their goal is to find an

appropriate host material, suitable structure and impurities.

The purpose of this work is to study the IPV effect in crystalline silicon doped with
sulphur as new IPV impurity. Wu et al [8] showed that the incorporation of structural defects
and sulphur impurities into silicon lattice by surface microstructuring, most likely producing
bands of impurity states in the band gap that can enhance photocarrier production in
microstructured silicon at infrared wavelengths near and below the band gap. They concluded
that the infrared absorptance of microstructured silicon most likely comes from the
incorporation of sulphur into silicon lattice.

Keever et al [9] also showed experimentally that the infrared photoresponse of silicon
solar cells can be improved by doping with optically active elements like Er, Ge, Si and
S...etc. The subgap response of sulphur, silicon and germanium is enhanced but this

enhancement is low compared with other elements like rare earth.

Kasai et al [10] studied theoretically the IPV effect in crystalline silicon. They
found that there are strict energy ranges in the band gap of semiconductor where trap level
could contribute to improve cell efficiency. Sulphur is an optically active impurity [11] which
is known to introduce three donor levels into the forbidden band of silicon at 0.18, 0.37 and
0.52 eV below the conduction band [12]. The solubility of sulphur in silicon is about 2.5x10"’
cm[13]. This work investigates numerically which of these three energy levels is responsible
for the appearance of the IPV effect and proceeds to study the influence of the optical
confinement on the performances of silicon solar cell based on IPV effect.

I11.3.3 Silicon solar cell structure and physical parameters used in the simulation

The solar cell structure used to calculate solar cell performances, assumed as n*-p-p*

junction(Figure 111-3), consists of a thin n emitter (0.3um) doped at 10** cm™®, a P base
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region with thickness of 50 um and P™ layer with thickness of 1 um serving as back surface
field (BSF). The doping of P and P* layers is fixed at 10*" cm®and 10" cm™ respectively.

The sulphur impurities were introduced into the base region. The front and rear surface
recombination velocities are set to be S, =S, =10* cm/s. Following Ref. [14] we considered
the value on = 2x10™"% cm? for the electron capture cross section of sulphur in silicon.
Unfortunately, we have found no experimental value for the hole capture cross section of

sulphur in silicon (ap). In our simulation we assume o, = 10 cm?.

SCAPS simulator developed at Elis, University of Gent [6] is used to calculate PV parameters
under standard illumination (AM1.5G, 100mW/cm?, 300K). The Lucovsky model was used to
calculate the optical capture cross section of the impurities [7].

For our simulation, the main parameters characterizing silicon are summarized in Table I1I.

P/P* junction
Front Back
contact contact
Emitter BSF
Base
hv AN -
n+ p p*
W Was
W BSF

Figure 111-3: P-type solar cell structure used in this study.
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Property Value

Band gap (eV) 1.12
Dielectric permittivity 11.9
Electron mobility (cm?/Vs) 1350
Hole mobility (cm?Vs) 480
Conduction band effective density of states (cm™) 2.8x10"
Valence band effective density of states (cm™) 2.65x10"
Electron thermal velocity (cm/s) 10’

Hole thermal velocity (cm/s) 10’
Refractive index 3.42
Electron affinity (eV) 4.05
Effective mass of electron 1.08
Effective mass of hole 0.55

Table I11. Main parameters used for the silicon solar cell [15-16].

I11.3.4 Results and Discussion

The most important factor to realize 1PV effect is the location of the energy levels of
deep defects. Figure 111-4 shows the variation of the conversion efficiency as a function of the
donor energy level of the impurity Ec-E.. The impurity concentration is 3x10"® cm™. In this
simulation, both front and back reflectances are taken close to unity. From this figure it is
observed that the energy range where the IPV effect is able to contribute to an improvement
of the best conversion efficiency of silicon solar cells is between 0.1 to 0.28 eV from the
conduction band edge. Maximal conversion efficiency is found for an impurity energy level
located at 0.28 eV below the conduction band. In the following, the base layer of our structure
is incorporated by the Sulphur donor levels into the forbidden band, with their three impurity
energy levels. Figure (111-5) shows that for the impurity level located at 0.18 eV below the
conduction band, the short circuit current density Ji. (Figure Il11-5(a)) and conversion
efficiency n (Figure 111-5(b)) increase with increasing impurity concentration up to the value
Nt~ N, this due to the fact that sulphur level is fully empted, so sub bandgap photons can be
absorbed by hole photoemission process from the valence band to the sulphur level. When
Nt>Na the short circuit current and the efficiency decrease. The overcompensation of the

sulphur impurity for the base doping makes electron photoemission from sulphur level to the
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conduction band maximized. This reduces the photon flux available for the hole
photoemission process from the valence band to the sulphur level and results in the decrease
of the Jsc. We can conclude that for this sulphur level, the efficiency increases only when
impurity concentration is low.

In practice, the maximum impurity concentration that can be introduced in silicon is
fixed by the solid solubility of each doping species in this material. For this reason, to obtain
an important IPV effect, the impurity concentration must not exceed maximum sulphur
solubility in silicon. Another reason which makes the larger impurity concentration not usable
is when the principle of SRH used here becomes no more valid due to the onset of
degeneration and other heavy doping effects. Finally, when N; exceeds the shallow doping
concentration, the semiconductor is compensated and becomes N type.

In Figure 111-6, we plot the open circuit voltage Vo. as a function of the impurity
concentration N;. For the energy level located at 0.18 eV below the conduction band, it is seen
from this figure that V.. decreases for larger values of sulphur concentration and remains
constant when N is below the acceptor doping concentration. This effect is due to the
particular choice of the structure n+-—p—p+. This structure has an advantage to keep a high
value for the built-in voltage and therefore, the open-circuit voltage is safeguarded.
Concerning the impurity level located at 0.37 eV below the conduction band, the short circuit
current density increases with impurity concentration and decreases when this parameter
approaches the shallow acceptor concentration (Figure I11-7(a)). The efficiency increases
slightly with increasing Nt up to Nt =2x10*® cm™. Above this value the efficiency (Figure
I11-7(b)) and the open circuit voltage (Figure 111-6) decrease with increasing Nt. This
degradation is due to the increase of recombination in the solar cell.

For the last level, i.e. 0.52 eV below the conduction band, we observe a severe degradation of
all photovoltaic parameters (see Figure 111-8(a), (I11-8(b)) and (111-6)), this is due to the
increase of the electron-hole recombination through the defects. The same result is observed
in [10] where they showed that when E; is located near the middle of the band gap, the
impurity-traps act as recombination centers and therefore work only to degrade cell

efficiency.
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Figure 111-5. Dependence of a) Short circuit current density Jsc, b) conversion efficiency n on

concentration of the sulphur impurities in silicon solar cell for the energy level located at 0.18

eV below the conduction band. The internal reflections are set to Rf = R, =0.999.
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The spectral response of a solar cell permits an examination of how photons of
different wavelengths contribute to the short circuit current. The value of quantum efficiency
of the simulated cell as a function of spectral wavelengths, for different values of sulphur

concentration, is shown in Figure 111-9.
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Figure 111-9. Quantum efficiency QE of silicon solar cell with and without IPV effect for
E.-E;=0.18 eV. The internal reflections are Rs= R,= 0.999.
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It is observed that an extension of the infrared response is between 800 to about 1300 nm.

This extension is due to an enhancement of a subband gap mechanism by sulphur doping.

In order to check the effectiveness of the optical confinement on our silicon solar cell
parameters; in this last part, the focus is on what influence light trapping has on the solar cell
performances. As mentioned above, the principle of the IPV effect is based on the inclusion of
deep defects in the solar cell. These defects provide a multistep absorption mechanism for sub
band gap photons to create electron-hole pairs. Thick silicon layer does not absorb efficiently
the infrared light in one pass through the layer. This effect becomes more important as layers
become thinner. This means that the sub band gap process is rather weak in silicon. However,
silicon has a large refractive index around 3.42 [16]. This high index enables the use of total
internal reflection as a powerful way to let light realise multiple passes through the layer,
enhancing the path length of rays and therefore increase the probability that an infrared
photon is absorbed. This means, the best light trapping is required for enhance the potential of
the IPV effect. In the SCAPS simulator, the internal reflection coefficients at the front and
back of the solar cell (Rf and Ry) are used to characterise light trapping. The extreme values Ry
=Ry, =0, representing the case of no optical confinement, and R¢ =Ry, = 1 representing the case
of ideal optical confinement. For the study of the effect of light trapping on our solar cell
performances, the back and front reflectance values are varied. In table I1l, it is found that a
maximum efficiency of 27.45% is obtained for the perfect values Rf= Rp=0.9999. For more
realistic values of Rs and Ry (R = 0.93, R,=0.97), a maximum efficiency of only 22.66% is
found. It can be concluded that to realize the benefit of the IPV effect, the silicon solar cell

requires a good optical confinement.

Ry R Vee(V) Jso(mA/cm?) n(%)

0.9999 0.9999 0.662 49.45 27.45
0.98 0.98 0.658 42.59 23.57
0.97 0.97 0.658 41.97 23.18
0.93 0.97 0.657 41.09 22.66

Table IVV. Open-circuit voltages short-circuit current densities and energy conversion efficiencies for
our silicon solar cells, as function of the back and front reflectances R; and R,. The S impurity

concentration is N,= 8x10°cm®and E.-E,=0.18 eV.
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II1.4 Conclusion

In our study we used the Scaps 1D simulator. We present in part one of this chapter,
the principal operations and the main panels which can help us to understand and use this
simulator. In part two of this chapter, the influences of the defect parameters and light
trapping on the sulphur doped silicon solar cell performances were investigated using SCAPS
simulator. The results show that the PV parameters of solar cell are drastically reduced when
E. is located near the middle of the band gap. We found also that the incorporation of sulphur
impurity in the base layer does increase the short circuit current density and efficiency when
the carrier concentration is low, especially for sulphur impurity located at 0.18 eV below the
conduction band. The IPV effect gives an extension of the infrared response of the solar cell
between 800 to about 1300 nm due to the enhancement of the sub-band gap absorption
mechanism. A good light trapping is very important to obtain a high solar cell performances
based on the IPV effect.
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GENERAL CONCLUSION

The objective of the present work was to study the performances of silicon solar cells
using the impurity photovoltaic effect. The idea of this concept is to introduce one or more
impurity levels within the band gap of the host material. These impurities can help the solar
cell to absorb sub-band gap photons, by this means increasing the short-circuit current (Jsc)
and therefore increasing the conversion efficiency. In this work, we presented a numerical
study of the IPV effect in sulphur-doped crystalline silicon solar cells with SCAPS simulator.
We used for our calculation the Shockley Read Hall recombination model modified by M A
Green and the Lucovsky model to obtain the values of the optical capture cross section of

electrons and holes.

Sulphur is an optically active impurity, which is known to introduce three donor levels
into the forbidden band of silicon at 0.18, 0.37 and 0.52 eV below the conduction band. Many
attempts of researchers to develop more efficient solar cells using the IPVeffect have not yet
been successful. The main reason is the very strict requirements imposed either on the
impurity atoms or on semiconductor host material. The position of the impurity in the gap of
the host material (silicon in our case) is an important factor in order to increase the conversion
efficiency of a solar cell via the IPV. The purpose of this work was to establish what sulphur
levels in silicon are responsible for the appearance of the IPV effect and investigate the

conditions of its observation on our n+pp+ solar cell structure.

Simulation results for IPV effect on silicon doped with sulphur show an improvement
of the short circuit current and the efficiency for sulphur energy levels located far from the
middle of the band gap especially at Ec-Et=0.18 eV and the effect of IPV increases with
increasing the sulphur concentration, when this concentration is less than the base doping
density. For the level located in the middle of the band gap i.e. at 0.52 eV below the
conduction band, we observed a severe degradation of all photovoltaic parameters due to an

increase in the electron-hole recombination through the defects.

In this work, It is observed that an extension of the infrared response is between 800
and 1300 nm. This extension is due to an enhancement of a sub-band gap mechanism by

sulphur doping. We confirmed the importance of optical confinement on the solar cells
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performances. The perfect light trapping can maximize the optical path and increase optical
absorption (infrared absorption). It is found that a maximum efficiency of 27.45% is obtained
for the perfect values Rf=Rb=0.9999. For more realistic values of Rf and Rb , a maximum
efficiency of only 22.66% is found. It can be concluded that to realize the benefit of the IPV

effect, the silicon solar cell requires a good optical confinement.
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Resumé

Nous avons étudié dans cette these les caractéristiques des cellules solaires a base de
de silicium. Pour améliorer le rendement des cellules photovoltaiques, nous avons étudié un
concept de la troisieme genération des cellules solaires nommé * impurity photovoltaic
effect’’. Nous avons introduit le soufre comme une nouvelle impureté dans la base du
composant afin d’augmenter le courant de court circuit et par conséquent le rendement de
conversion. Nous avons utilisé pour le calcul de ses caractéristiques le simulateur Scaps. La
structure utilisée dans cette étude est la structure n+pp+. Nous avons varié quelques
parameétres comme la concentration de ces impuretés et la position des niveaux énergétiques
dans le gap. Nous avons varié aussi les coefficients de réflexion interne pour augmenter
I’absorption de la lumiére dans la région IR. L’incorporation du soufre comme IPV impureté
dans le gap fait augmenter le photocourant et le rendement de conversion des cellules
étudiées, particulierement pour le niveau énergétique Ec-Et=0.18eV et pour un piégeage
ideal et une faible concentration du soufre.
Mots clés :
Effet des impuretés photovoltaiques; performances des cellules solaires au silicium ;
simulateur SCAPS.

Summary

In this thesis we study one of the third generation solar cells called impurity photovoltaic
effect in order to improve silicon solar cells performances .We investigate numerically the
potential of the IPV effect in silicon solar cell doped with sulphur as novel IPV impurity. We
study the influence of light trapping and certain impurity parameters like impurity
concentration and position in the gap on the silicon solar cell performances. (Short circuit
current density Jsc, open circuit voltage Voc, conversion efficiency » and quantum efficiency
QE). The results show that the PV parameters of silicon solar cells are drastically reduced
when E; is located near the middle of the band gap. We found also that the incorporation of
sulphur impurity in the base layer does increase the short circuit current density and efficiency
when the carrier concentration is low, especially for sulphur impurity located at 0.18 eV
below the conduction band. The IPV effect gives an extension of the infrared response of the
solar cell between 800 to about 1300 nm due to the enhancement of the sub-band gap
absorption mechanism. A good light trapping is very important to obtain a high solar cell
performances based on the IPV effect.

Keywords
Impurity photovoltaic effect, silicon solar cells performances, SCAPS Simulator.
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