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Abstract

In this study, the photo response of gallium antimonide (GaSb) thin film and bulk material
is investigated under different conditions. First, with the aid of the principle of the
illumination mechanism, the photon absorption rate as a function of absorption coefficient
and depth below the illuminated surface in both the bulk and the thin films of GaSb were
determined. Next, using the steady state condition of the free carriers generation-
recombination mechanism, the radiative excess carrier lifetime of the photo-generated free
carriers is described in both thin films and the bulk material as function of the depth below
the surface, doping levels, injection levels and absorption coefficient. The obtained result
indicates that, photon absorption rate and the free carrier’s generation rate in general
increases with decreasing the thickness of the thin films. The photo-response of the thin film
semiconductor is found to be in general dominated by the property of the surface depletion

layers of the material and hence extremely higher than the photo-response of the deep bulk.
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Chapter 1
Introduction

Thin films are thin material layers ranging from fractions of a nanometer to several
micrometers in thickness. The thickness is typically less than several microns [1]. Thin films
of semiconductors have the main applications in electronic semiconductor devices and
optical coatings. Some work is being done with ferromagnetic thin films as well for use as
computer memory. Semiconductor materials exhibit a number of useful unique properties
related to their electronic structure. They can be fabricated to be in bulk or in thin film forms.
A semiconductor material is said to be in thin film form only when itis built up as a thin layer
on a solid support called substrate by a controlled condensation of the individual atomic,
molecular, or ionic species [2]. Thin films are also regarded as two dimensional materials
fabricated by the process of condensation of atoms, molecules or ions. This is what makes
them to have unique properties significantly different from their corresponding bulk
materials. These unique properties are as a result of the changes that occur in their physical
dimensions, geometry and microstructure [3].

In thin films there are deviations from the properties of the corresponding bulk
materials thatarise because of their small thickness, large surface -to-volume ratio and their
unique physical structure which is a direct consequence of the growth process [4]. Most of
the new thin film technologies coming up are based on the use of materials with very thin
film geometry because they tend to lower costs and also lower material consumption [5].
Semiconducting thin film materials, which are based on sulfides and selenides have recently
got much consideration as materials for optoelectronics technology. Thin films have other
useful properties of electrical conduction, optical transmittance, reflectivity, and absorption
and corrosion resistance.

During the recent decades, semiconductor materials are extremely vital in the
development of wide range electronic and optoelectronic devices for information
applications. A significant property of a semiconductor is its temperature dependence of
conductivity, that is, the fact that the conductivity in semiconductors increases with
increasing temperature, whereas the conductivity in metals decreases with increasing

temperature [6].



Thin films are widely used in a large number of solid state devices. Some of these
applications include photoconduction which is the change in the electrical conductivity of a
substance, as a result of absorbing electromagnetic radiation [7]. The currentinvestigation
is the novel applications in which conversion of solar energy into electrical energy through
photovoltaic effect cause photons that contain various amounts of energy corresponding to
different wavelengths of light [8]. Many researchers [7,9, 10] reported that as the thickness
of the film increases, the absorption edge shifts towards lower energy region (higher
wavelengths) and becomes much sharper (i.e. the band gap decreases). It has also been
reported that films presenta steep absorption edge at a wavelength of 500 nm with a band
gap value of about 2.45 eV and their refractive index was of about 2 for the higher
wavelengths while after annealing the absorption edge undergoes a slight shift towards the
higher wavelengths [11].

Thin films can be used to fabricate optoelectronic devices that can convert photon energy
into electrical energy for various uses. This can be achieved if their structure, inter-band
transitions and other optical properties are maximized to harvest enough solar radiation to
provide energy. Activities that take place when electrons transit between energy bands in
thin films are a fundamental importance in harvesting solar radiation just like all fuels derive
their source by utilizing solar energy [12]. Although solar energy is abundant it has not been
harvested well. Obtaining energy by use of solar cells does not require sophisticated and
expensive facilities. Thin film nanotechnology has been able to fabricate cheap opto-
electronic devices that produce power for homes, small commercial uses or electric current
for other uses [13]. It is a source of energy thatis reliable, easy to maintain and even install
and because of some of these advantages over other forms of fuels, there is a need toresearch
on thin film materials with good photoelectrical properties in the visible range and those
that extend into the IR and UV regions for photovoltaic cells [14]. Photovoltaic cells are
known to absorb light (photons) from the sun and convert them directly into electricity. They
consist of a p-type layer which has a majority hole carriers and an n type layer that has
majority electron carrier. When a photon with energy greater than the band-gap of the
semiconductor illuminates such a cell, it may be absorbed by the material and this takes the

form of a band-to-band electronic transition producing an electron-hole pair [3].



When an electric field is applied to the material by an external voltage source, it causes
the electrons and holes to be transported. Hence, Photoconductive materials can be used in
the manufacturing of photoelectric devices. Typical photoconductive substances consist of
germanium, gallium, selenium, or silicon with impurities, also known as dopants, added.
Other common materials include metal oxides and sulfides. Currently, the global amounto f
information doubles every year. Many things we are taking for granted (such as, computers,
Internet and mobile phones) would not be possible without silicon microelectronics. Since
the beginning of semiconductor electronics, the number of transistors in an integrated
circuit has been increasing exponentially with time [15].

One of the key parameters that often determine the range of applications of a given
semiconductor is the basic energy band gap that separates the conduction from the valence
bands, which is typically in the range from 0 to 3.5 eV for semiconductors [16]. In recent
years, research on the preparation and characterization of thin films was developing into a
major research area. Thus, the electronic industries due to the use of thin films in electronic,
optoelectronic and other devices have become the supreme beneficiary of thin film
technology.

The study of the optical generation and recombination of excess carriers in
semiconductor is a crucial issue in study of the performance of the material. Recombination
of charge carriers is the opposite of generation of charge carriers, representing mechanisms
that reduce the excess charge density. When there is a generation of charge carriers, it is
always balanced at steady-state condition by a recombination of charge carriers. The
recombination of charge carriers takes place both in the bulk and at the surface of a
semiconductor. The electron and the hole are no longer free carriers participating in
electrical conduction. Thus, the concept of lifetime is introduced to estimate the time span of
life of the carrier before its annihilation by recombination and also it provides information
on how fast or slow the recombination of the minority carriers takes place in that
semiconductor material. The lifetime referred to here is the minority carrier lifetime.
Alternatively, the value of minority carrier lifetime provides a direct assessment of the

quality of the material for various device applications [17, 18].



Photoconductivity is the tendency of a substance to conduct electricity to an extent that
depends on the intensity of light-radiant energy (usually infrared transmission or visible
light) striking the surface of a sample. Most semiconductor materials have this property [19].
The basic principle involved in photoconductivity is that, when photons of energy greater
than that of the band gap of the semiconductors are incident on the material, electrons-hole
pairs are created resulting in the enhancement of electrical conductivity [20]. The electrical
conductivity of the material increases in proportion to the photon flux density of the
illuminating light.

Photoconductivity is a useful tool to study the properties of semiconductors. It is also
considered to be an important tool for providing information about the nature of the photo-
excitations. A good photoconductive device requires efficient charge separation and efficient
transport of charge carriers to electrode. The conductivity of the material depends upon the
carrier density and complex process of carrier generation, trapping and recombination. It is
also a function of temperature, intensity and energy of illuminating radiation [21].

The main objective of this thesis is to determine the factors affecting the photo-
conductivity of thin film semiconductors and compares it with that of the bulk (thick)
semiconductors. The specific objectives of this study includes, the photon absorption effect
and the generation of excess carriers in both thin films and bulk semiconductors. Then, the
generation of excess carriers (or photocurrent) in the thin film and thick semiconductors
have been considered. Finally, the recombination mechanisms in both thin films and bulk
semiconductors and the determination of excess carrier lifetimes in both thin films and bulk
semiconductors are considered.

This thesis is organized as follows. The second chapter incorporates review of related
literature. Itis divided in to six sub sections. The third chapter deals with the methodologies
followed to conduct the research. The fourth chapter presents analysis of data and discussion

of the research work. Chapter five gives the conclusions of the research work.
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Chapter 2

Literature Review

2.1 Energy bands in solids

Most semiconductors occur in solid form. These solids are made up of atoms which in
turn contains electrons. From quantum mechanics it is clear that electrons of an isolated
atom can have only discrete energy levels. When a number of atoms are brought together to
form a crystal, their discrete energy levels split to form a band. As the inter-atomic spacing
decreases these bands merge together to form a single band. When the distance between
these atoms approaches equilibrium distance, the band splits again into two bands separated
by aregion called the forbidden gap (E,).The forbidden gap separates the two energy state
bands with the condition that no carriers can occupy energies within the forbidden gap. The
upper band is called the conduction band (CB) with its minimum energy labelled as E. and

the lower band is called the valence band (VB) with its maximum energy labelled as E;, [22,
23].

Metals Semiconductors Insulators

A = g — Conducticn =
g = i3] = e
E — 5 -
- A T

L 1 ¥—% ¢ 18 s 385

£ e $----- £ L; &
i1 ; 53 L2 D
i3 L3 T

Figure 2.1: Band gaps for Metals, Semiconductors and Insulators [22].

In conductors (i.e. metals) as shown in Figure 2.1, the conduction band is either partially
filled or overlaps the valence band so that there is no band-gap. This causes the uppermost
electrons in the partially filled band or electrons at the top of the valence band to move to
the next higher available energy level when they gain kinetic energy. Through this, current

conduction readily occurs in conductors. In semiconductors, the bonds between
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neighbouring atoms are only moderately strong. When thermal vibrations occur they break
some of the bonds and free electrons along with free holes are produced. That is, why the
band gap of a semiconductor is notas large as that of an insulator. Therefore, some electrons
will be able to move from the valence band to the conduction band leaving holes in the
valence band. If an electric field is applied, then both the electrons in the conduction band
and the holes in the valence band will gain kinetic energy and conduct electricity. The valence
electrons form strong bonds between neighboring atoms in insulators. These strong bonds
are difficult to break. This means that there are no free electrons to participate in current
conduction. This causes the band gap in an insulator to be large. When we consider the band
gap in an insulator, thermal energy or any external applied electric field cannot raise the
uppermost electron in the valence band to the conduction band [13].

The band gap energy, E;, = E; — Ey, is perhaps the most important in semiconductor

physics. A contraction of the crystal lattice with decreasing temperature usually leads to a
strengthening of the interatomic bonds and an associated increase in the band gap energy.
The first empirical relation for the band gap shift with temperature was developed by
Varshni et al [24, 25, 26]:

aT?
T+pB"

E,(T) = E,(0) - (2.1)

where E;(0)is 0.813 eVat0 K, @ =3.78 X 107 eV/K, f = 94 Kand the band gap energy

at the normal temperature (300 K) is equal to 0.726 eV for a GaSb semiconductor.

Figure 2.2, illustrates the temperature depen-

dence of band gap energy along with E, and E|,. As

erilid-ap

Energy

one can see from Figure 2.2, both E. and E, become
closer and closer to the mid-gap with increasing

temperature, as a result the band gap energy __‘___,__,__f--ﬁn-

decreases with increasing temperature. Temperature

Materials are classified as direct or indirect Figure2.2: Temperature dependence of
band gap energy along with E- and Ej,.
semiconductors depending on their band structure.
Figure 2.3 illustrates indirect and direct band gap structure of semiconductors. As one can

see from Figure 2.3 (a), the maximum in the valence band (E} ) occurs at the center of the



Brillouin zone or zero momentum (k = 0), while the minimum in the conduction band occurs

along the [100] direction at P, different from zero (or k # 0), where k is the wave number.

The electron at the conduction band 4
COMNDUICTION IC O DL T IO H|
. . . . EBAHD BaXD
minimum (E;) with zero Kkinetic r
h tal t s [ =g
energy can have crystal momentum % .
gy y = 1 .:"’Ff 1 r—”‘ﬂf'-’ &
i . o IMNDIRECT Eg DIRECT
different from zero (ie. P;). When & [ TRanssmion - g TRAEITION
0
an electron makes a transition from T 7
_2 |- FALENCE | VALENCE
BAND EBAND

the valence band to the conduction TR T o oo

CRYSTAL MOMENT LTt (]

band it requires then, not only an . -

energy change is greater than E_,
] Figure 2.3: (a) Indirect and (b) direct bandgap structures of
but also some change in the crystal

semiconductors [27].

momentum,p = hk. This makes

such semiconductors to be indirect semiconductors because a change in crystal momentum
is required in their transitions. One can see from Figure 2.3 (b) that the maximum in the
valence band and the minimum in the conduction band occurs at the center of the Brillouin
zone (or k = 0) and in this case, an electron making a transition from the valence band to the
conduction band can do so without a change in its momentum. Such semiconductors are

classified as direct band gap semiconductors because the transition from the valence band

to the conduction band does not require a change in crystal momentum for the electrons.

2.2 Densities of Charge carriers

The density of states function can be applied to electrons in the conduction band and
holes in the valence band of a semiconductor.
e E]

This can be done by assuming parabolic bands

for both the conduction and valence bands and

e Ak A Bk

Deemsity of states

using the conduction and valence band edge as a

reference level. Since the densities of states are

e

the properties of the conduction and the valence o E F 5
bands, they are not affected by the variation of

Figure 2.4: Energy dependence of the densities of
Fermi level position in the band gap. Figure 2.4  statesin the conduction and the valence-bands.

illustrates the room temperature energy dependence of the densities of states in the
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conduction and the valence bands. As can be seen from Figure 2.4 the densities of states
attains their minimum values (zero values) at the band edges. The density of states in the
valence band increases going deep into the band with decreasing energy, and the density of
states in the conduction band increases going deep in the band with increasing energy.
The general expressions for the equilibrium densities of electrons and holes in a
semiconductor can be derived using the density of states function and the Fermi-Dirac (F-
D) distribution function. If one assumes that the constant energy surfaces near the b ottom
of the conduction band and the top of the valence band are spherical, then the equilibrium
distribution functions for electrons in the conduction band and holes in the valence band
may be described in terms of the F-D distribution function. The number of electrons excited
across the gap can then be calculated from the Fermi-Dirac probability distribution as [28]:
1

fo(E) = ,
1+ exp (Ek—;,ﬁﬂ) (2.2)

where E is the energy of the charge carrier and E; is the Fermi energy level.

The F-D distribution function for holes in the valence band is also expressed by:
1

fp(E) =1 _fn(E) =~ E. — E)' (23)

1+ exp( T

The equilibrium concentration of electrons in the conduction band and holes in the
valence band of a material can then be calculated using Eqns.(2.4) and (2.5) shown below.
The intrinsic density of electrons (n;) is calculated using the density of states in the
conduction band, N, as well as the Fermi and conduction band energies. The intrinsic
density of holes is calculated based on the properties of the valence band. Using the bottom
of conduction band as E. and the top of valance band as E,,, the electron density in the

conduction band can then be given by [22, 23]:

E.—E
ny, = N exp (— Ck T F), (2.4)
B

In a similarly way, the hole density in the valence band can be given by:



EF - EV
po =N wp(—————) (2.5)
0 \%4 kBT

where N.and N, are the effective density of states in the conduction and valence bands

respectively and their expression as a function of temperature is given as:

3
2mmykgT /2 26
=2 () =
and
2nmy kT 2
_ 4
NV_Z(T) , (2.7)

where m; and m;, are electron and hole effective masses in the conduction and valence

bands respectively. Since there are equal amounts of intrinsic holes and electrons, Eqns. (24)
and (2.5) can be combined to show that the intrinsic carrier concentration is not dependent
on the intrinsic Fermi energy, butit is dependenton the size of the energy gap (£;) and the

result is given by:

ni=LJKCN$Exp(— ) (2.8)

Eg
2k, T

2.3 Intrinsic semiconductors

Intrinsic semiconductors are pure crystals of semiconductor materials. Conduction in
these materials is due to the intrinsic processes without the influence of impurities. It occurs
due to the electrons that are excited from the top of the valence band to the bottom of the
conduction band by thermal energy. Thus, a semiconductor may be considered as an
intrinsic semiconductor, if its thermally generated carrier density represented by n; is much
larger than the background doping or residual impurity densities. At AT = 0 K, an intrinsic
semiconductor behaves like an insulator because the conduction band states are totally
empty and the valence band states are completely filled. However, as the temperature
increases, some of the electrons in the valence band states are excited into the conduction
band states by thermal energy, leaving behind an equal number of holes in the valence band.

Suppose that R is the concentration of electron-hole pairs thermally generated in the



respective bands and Ry is the concentration of electron-hole pairs annihilated after the
generation, the free carrier concentrations in the conduction and valence bands adjust for

the intrinsic semiconductor to:

nyg =~ R—Rp =p, =n;. (2.9)

where nyand p, denote the equilibrium electron and hole densities, respectively. Since the
nondegenerate relations are obviously valid for an intrinsic semiconductor where the Fermi
level (Ef) is equal to the intrinsic level energy (E;) in the semiconductor.

When an external field is applied, the electrons that are excited into the conduction band
by thermal means accelerate using the vacant states available in the conduction band. At the
same time the holes in the valence band move but in a direction opposite that of the
electrons. Since the non-degenerate relations are obviously valid for an intrinsic
semiconductor where the Fermi level, E is equal to the intrinsic level energy, E; in the

semiconductor, one can write Eqns.(2.4) and (2.5) that:

E. —E; E. —E
¢ ) = NVexp<—l—V>. (2.10)

=N <__
M= RSP\ T T kyT

Taking into account Eqns.(2.6) and (2.7) along with Eqn.(2.10) gives:

E.+ F
E. = ¢V

3 m;,
i >+ (ksDin <m”>. (2.11)

*
n
where mj, , m; and E; are known at a given temperature.

Figure 2.5 illustrates the carrier density and energy band structure for intrinsic p-type

semiconductor (m, >m,) at (a) zero T, (b) intermediate T and (d) high T. The intrinsic

carrier density increases with increasing temperature.
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Figure 2.5: Carriers density and energy band structure for intrinsic semiconductor at (a) low T, (b)
intermediate T and (c) high T.

Figure 2.6 also shows the temperature dependence of the intrinsic Fermi-level, E;

Conduction band edge, E;and valence band \—
£

edge, E,. One can easily see from Figure 2.6 that,

if the electron and hole effective masses are

i = ] )
£ s
R T — =i mce s ) =] fese=
equal, m’; = m;,, the intrinsic Fermi level, E; is —— —)
im_ < m )

exactly in the Centre of the band gap. The

E
intrinsic Fermi level, E; moves toward the ‘,/ .

Tenapserature

conduction band edge if mj, > m; and toward

) Figure 2.6: Temperature dependence of intrinsic
the valence band edge if m’{, <m,.0One can also  Fermi level E;, in the band gap energy of a

: * * * * *
semiconductor for m;, = my ,m, > m, and m, <
*

see that, the energy band gap also decreases with ~ m;,

increasing temperature.
2.4 Extrinsic semiconductors

If a dopant (impurity) is introduced into an intrinsic semiconductor, then it changes and
becomes an extrinsic semiconductor. The process of deliberate addition of controlled

quantities of impurities to a pure semiconductor is called doping.
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Figure 2.7: p-type doped semiconductor with an acceptor [29].
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If the doping process results into a p-type semiconductor then the impurity atoms are
called acceptors and the energy levels of these holes are called the acceptor energy levels
(Ey).

The addition of impurities (doping) greatly increases the conductivity of most
semiconductors as illustrated in Figure 2.8 [28]. The mostimportant and unique feature of a
semiconductor material lies in the fact that its electrical conductivity can be readily changed
by many orders of magnitude by simply doping the semiconductor with shallow-donor or
shallow-acceptor impurities. By incorporating the doping impurities into a semiconductor,
the electron or hole density will increase with increasing shallow-donor or shallow-acceptor
impurity concentrations. If a group-IIl element is introduced into a group-IV elemental
semiconductor, then there is a deficiency of one electron for each replaced host atom by a
group-III impurity atom, leaving an empty state (or creation of a hole) in the valence band.
Hence, the conduction process is carried out by holes in the valence bands, and the
semiconductor is called a p-type semiconductor. The group-IIl elements including boron,
gallium, and aluminum are common doping impurities for producing p-type doping in the
elemental semiconductors. Thus, group-Ill elements are shallow-acceptor impurities for the
elemental semiconductors.

To excite electrons from the donor level into conduction band (CB) or holes from
acceptor level into valence band (VB), energy known as ionization energy is required. The
ionization energy (E;) of donor electrons is approximately the same as the ionization energy
of acceptor holes in the same crystal. When it is compared to the energy gap, the ionization

energy of an impurity atom is very small. This means that at room temperature a large
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fraction of the donor level electrons as well as acceptor level holes are excited into the
conduction and valence band respectively. This fraction is much larger than the fraction of
electrons excited from the valence band or that of holes created by these electr ons due to the

thermal energy [28]. The product of the

° ° ° Conduction band (CB)
- o @ -@-®
number of electrons in the conduction y . T e e e e
band and the number of holes in the -@-.@- -@; 2 I E, (Energy gap)
1 band tb tant f Do o E e e
valence band must be constant for an - e«
y © " "' "' Valence band (VB)

semiconductor according to the law of

Figure 2.8: Movement of electrons and holes during

mass action [30]. The number of ™. - 29].

electrons in the p-type semiconductor is reduced causing the holes in the valence band to
become the majority charge carriers.

The Fermilevel (E) with higher donor concentration (Nj) will move closer to the bottom
of the conduction band and in the same manner the one with a higher acceptor concentration
will move closer to the top of valence band [2]. Hence, the electron and hole densities in

extrinsic semiconductors can be expressed as:

E.—E,
n, = n;exp (—FK - ‘>, (2.12)
B
and
E —E
Py = n;exp (—‘K - F), (2.13)
B

If both the donor and acceptor impurities are present simultaneously, then the fermi level
must adjust itself in such a way so as to preserve charge neutrality.

If a material is doped so heavily that the Fermi energy is in one of the bands, the material
is referred to as degenerately doped. This happens in n-type materials when the donor
density is greater than the density of states in the conduction band and in p-type materials

when the acceptor density is greater than the density of states in the valence band [31].

2.5 The near surface region at thermal equilibrium

The bulk of most isolated III-V semiconductors have three various regions of different

carrier concentrations. This consists of a neutral region (with high thermal equilibrium
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majority carrier concentration), followed by a transition layer (with decreasing thermal
equilibrium majority carrier concentration in moving towards the surface), and a depleted
surface region of very low thermal equilibrium majority carrier concentration. The width of
the total depletion layer (b,) between the surface and the neutral region is given by the sum
of the width of the highly depleted layer (b,) and the width of the transition region (bs)
between the highly depleted region and the quasi-neutral region:

b, = b, + b . (2.14)

The band bending in different layers accounts for the variation of the majority carrier
concentrations in these layers. The description of the band bending, E (x) atany location x in
the depletion region also enables us to evaluate the thermal equilibrium free carriers
densities at any point x in the depletion region. The majority carrier density, p (E) at any

energy, E in the depletion layer of a p-type semiconductor can be expressed as [32]:

p (E) = p, exp (— k%) : (2.15)

The majority carrier concentration in Eqn.(2.15) is in general decreases with increasing the
band bending. The minority carrier concentration at any point in the depletion layer can be

described using the law of mass action and along with Eqn.(2.15) as:

n (E) =n, exp (%) (2.16)

Hence, the position dependence of the bending in energy in the entire depletion layer
between the surface and the edge of the quasi-neutral region can be approximated in

generalas [32,33]:

eN,
(b, = x)?, (2.17)

00 <0

E(x)= —

where E(x) is the band bending at depth x, N, is doping concentration, k., is dielectric
constant (1.44 x 10) and ¢, is permittivity of free space (8.85 x 10712 Cz/jm). Figure 2.9

describes the position dependence of the energy bending in the entire depletion layer
between the surface and quasi-neutral region in a thin film semiconductor. The position

dependence of the energy bending in the depletion layer can be determined using Eqn.(2.17).
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From this figure it can be seen that the energy bending in the thick (bulk) region remains
fixed with doping level. However, in the entire depletion layer the energy bends down and

reaches its maximum at the surface. This is due to the fact that the majority carrier

x(nm)
concentration in the depletion layer 0 25 50 75 100 125 150 175 200 225 250 275 300
0.00
’” N
decreases from maximum value p, atthe o .|/ ¢ v
T / \
edge of the quasi-neutral region towards «<'-oos| s \
. . .. . :5 -0.124(¢ \
the surface and attains its minimum valuein £
A .0.16 6 3
. . | —Na=1.8x10 cm’, bl=103.9nm, Ems=-0.12eV ]
the entire region between the edge of the ?_020 CeN=18x10"cn’, b=40imm B =-018eV
. . = —N_ =18x10"cm”, b =14.6nm, E =-0.24eV
transition region and the surface. From M — N 18x10"em’, boszam  E.c030ev ]
. -0.28
Figure 2.9 we also observe that as the

doping concentration increases while the Figure2.9: Energybendingagainstdepth below the
surface with different doping concentration in the thin

energy bending decreases at the two filmsemiconductor.

surfaces of a thin film semiconductor. Moreover, itis seen from the figure that the widths of

the depletion region in general decrease with increasing the doping level.

The valence band maximum (VBM) in the neutral region (bulk) is represented by Ej,, and
that at the surface is represented by E,,. The respective conduction band minimum (CBM)
in the neutral region (bulk) and at the surface are represented by Eg. and E.. The totalband
bending at the surface is represented by E (0) = E. The Fermi-level position relative to the
valence band maximum (VBM) is denoted by Eg in the bulk and by E, at the surface. The
Fermi and the intrinsic energy levels in the entire sample are also represented by E and E;,
respectively. The thermal equilibrium majority carrier density p,, under the surface of a p-
type semiconductor can also be expressed in terms of the surface Fermi-level position, Eg,
using Eqn.(2.19) as:

E

Pos = P(E) =y, eXp(— ﬁ) (2.18)

Equation that relates the band bending and the Fermi-level position at the surface of a p-

type semiconductor is given by:

Egp = Egp + Es . (2.19)

where the Fermi-level position, Eg, relative to the VBM in the bulkat room temperature for

highly doped p-type semiconductor is given by:
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Eyp = E; — kyTIn (Z—O) (2.20)

2.6 Photo-response of semiconductors

The energy is needed to free an electron from the nucleus and thus create one electron

hole pair. This energy can be supplied in the form of light. Each light photon has energy
E,, = hv. (221)

where h is the Planck’s constant and v is the frequency of the light. A semiconductor can
absorb a photons having hv > E;. The energy of each absorbed photon is consumed by
raising a valence band electron in to the conduction band and creating one electron and one
hole. Photon with hv < E; are basically not absorbed by the semiconductor and cannot
generate electron-hole pair [34].

Photons incident on the surface of a semiconductor are either reflected from the top
surface or absorbed in the material. The absorbed photon has the possibility of exciting an
electron from the valence band to the conduction band. A key factor in determining if a
photon is absorbed or transmitted is the amount of energy of the photon. Therefore, only if
the photon has enough energy will the electron be excited into the conduction band from the
valence band. Thus, absorption of photons creates both a majority and a minority carrier.

When the surface of a semiconductor is illuminated by a light source with hv > E, and
the incident photon flux density, @, (number of incident photon per unitarea per unit time),
the fraction of the photons flux density reflected back is given by ®,R and the fraction
entering the sample is ®,(1 — R), where R is the reflection coefficient (reflectivity) and can
be defined in terms of the index of refraction of the media on either side of the surfaces
(interfaces). Hence, it is calculated by using the relation [35, 36, 25]:

R = (Z; 1)2 (2.22)

Equation (2.22) assumes the refractive index, n remains constant for the entire wavelength
range under consideration, i.e. A < 20um. For GaSb, the refractive index was taken as 3.8.

This results in a typical value of R to be approximately 0.34.
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A photon can excite an electron from an occupied state in the valence band to an
unoccupied state in the conduction band. This is called an inter-band transition. In this case,
an excited electronic state is formed in the conduction band and a hole is left behind. This is
regarded as intrinsic excitation of free carriers. On the other hand, electrons can be excited
from impurity centers within the forbidden energy gap to the conduction band by the
photons with hv < E . This is also known as extrinsic excitation of free carriers. In this case,
an excited electronic state is formed in the conduction band and an ionized state is left
behind at the impurity center. Thus, photoconductivity in semiconductors may also be due

to both either intrinsic or extrinsic excitations [37].

2.6.1 Absorption in infinitely thick semiconductor

Next, we are going to investigate a photon absorption rate at the surface and in the bulk
of a very thick semiconductor. Thick (bulk) semiconductor refers to the case when the
thickness of the semiconductor, b is infinitely large (b — o). Figure 2.10 shows a photon
beam of flux density @, directed at the upper surface of a portion of a semiconductor sample
of width w and infinitely large thickness. It is assumed that the beam contains only photons
of energy hv > E_, selected by a monochromator. For clarity, the rays are shown for oblique
incidence. However, based on the experimental set-up used to characterize the samples, a
normal incidence is assumed for all reflection and transmission calculations in this work.

As the beam passes through the sample, the photon flux density ata distance x from the
surface can be calculated by considering the probability of absorption within any
infinitesimal thickness dx. The photon absorption rate at depth x for a given wavelength is
proportional to the photon flux density, ®(x) remaining at x after being absorbed in the
preceding section of the material:

go(x) = dq;ix) = —a®(x), (2.23)

where « is a constant called the absorption coefficient, which is related to the dielectric
properties of the material and the wavelength of the incident photon. The value of the

absorption coefficient is determined using its dependence on the photon energy, analyzed

by Bardeen et al [38, 39]:
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Here, h = % is the reduced Plank’s constant, e is the elementary charge, m,, is the free
electron mass, c is the speed of light and m’ﬁ/pis the effective electron/hole mass.
The photon flux density ®(a, x), detected at depth x below the eliminated surface can be
found by integrating Eqn. (2.23) from the surface to depth x as [40, 41]:
®(a,x) = ®,(1 —R)e™*, (2.25)

Eqn. (2.25) is called Beer’s Lambert law.
Many authors simply use the Lambert-Beer law, Eqn.(2.25) which predict an exponential

decrease of the photon flux density with

ol (o o) / ®R
increasing the depth x and a. Figure 2.10 depicts \‘( \/®
» f
how photons are absorbed in infinitely thick \q}(l‘me ©,(1-R) i( /l“
2 > T Ax
semiconductor. Note that, ®(a, x) has minimum o (1_R§;M] T

value (0) for ax —» o and maximum value
Figure 2.10: Absorption of photons in an infinitely
(d,(1—R)) forax— 0. This shows that, thicksemiconductor.
photons with high absorption coefficients are fully absorbed near the surface and photons
with small absorption coefficients can go deep into the semiconductor.
The total absorbed photon flux density in the layer of thickness, Ax is given by the
difference between the photon flux density detected at depths x and x + Ax below the

illuminated surface as:

AD(a,x,Ax) = ®,(1 — R)e ™ (1 — e™*4¥), (2.26)

If the elemental layer of thickness Ax is closer to the surface, then x = 0, Eqn.(2.26)

becomes:

AD(a,Ax) = ®,(1 — R)(1 — e™A%), (2.27)

The total absorbed photon flux density in the entire sample can be obtained by letting Ax =~
b — oo in Eqn.(2.27) as:
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Ad = d,(1-R). (2.28)

If the depth x increases, A® decreases and becomes zero for x — oo.For very small aAx,the

—alAx

term in the bracket on the right side of Eqn.(2.26) becomes 1 — e ~ alAx and hence:

Ad(a,x,Ax) = ® (1 — R)e” ™ alx. (2.29)

Equation (2.29) represents the photon flux density absorbed in elemental layer of thickness
Ax situated at depth x below the illuminated surface for a photon of very small absorption
coefficient or energy (¢ — 0) or if the thickness of the layer, Ax is closer to zero (Ax — 0).
The photon absorption rate in the elemental layer of thickness, Ax of the semiconductor can

be determined as:

AN,,  A®

— = (2.30)
AAxAt Ax

Yo

Where ANph is the number of absorbed photons, A is the illuminated area of the sample, At

is the time of illumination and A® is the absorbed photon flux density given by:

AN
Ad = —P 2.31
AAt (2:31)

For Ax — 0, Eqn. (2.30) above takes the form:

dd

=— (2.32)

Yo

Taking into account Eqn. (2.32) along with Eqn. (2.25) yields the photon absorption rate at

a point at depth x below the illuminated surface in very thick semiconductor to be:

gola,x) = ®,(1 - R)ae™™ = ad(a,x). (2.33)

A close examination of Eqn. (2.33) reveals that, g,(a,x) — 0 for both lower values of the
absorption coefficient (&« — 0) and higher values the absorption coefficient (& — o). That
means, g,(a,x) has maximum value at some finite value of a > 0. The depth at which
maximum absorption rate of photons can take place in the semiconductor for a given
absorption coefficient, @ can be determined by differentiate Eqn.(2.33) with respectto a and

letting the result to be zero:
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490 = (1-—ax)®(a,x) =0. (2.34)
da

(Since ®(a,x) can be zero only for large values of absorption coefficient (@ — ) as
discussed earlier, and) therefore 1 —ax = 0 or 1 = ax for all values of a. This defines a
depth x below the illuminated surface where the maximum absorption rate occurs for a
specific wavelength of light. The depth x at which g, (a,x) has a maximum value for a given

photon energy is called the penetration depth, x,, of that photon in the semiconductor. The

penetration depth, x,, for a photon of particular absorption coefficient, « is hence given by:

X, =—. (2.35)

Taking into account Eqn. (2.33) along with Eqn. (2.35) yields:

®,(1—R) x
go(x,x,) = Ox—peXp(—x—p) - (2.36)

The maximum value of the absorption rate at the penetration depth, x,, for a photon with

particular absorption coefficient, @ can be determined using Eqns.(2.36) and (2.35) as:
®,(1-R) d,(1 - R))
. .

Xp

9o(x,) = exp(—1) = 037( (2.37)

p

The photon absorption rate in Eqn. (2.37) has maximum value at the surface (when x = 0):
®,(1—-R)

Xp

9o(xp) = (2.38)

Hence, comparison of Eqns. (2.38) and (2.37) enables us to reach the conclusion that, the
value of the photon absorption rate at the penetration depth is 37% the maximum value at
the surface for all the photons. The limiting cases for the photon absorption rate in a very

thick semiconductor can be concluded as:

(a®,(1—-R), for x < x,,,
I
go(xp) = { 0.37a®,(1—-R), for x = x,, (2.39)
I
kO, for x > x,,.

20



2.6.2 Absorption in thin films semiconductors

The distinctive features of semiconductor thin films and bulk materials arise mainly due

to the different between their dimensions.

@y i(b"R O(1-RYRe™  d,(1- Ry R Ve

Since semiconductor thin films are ranging

1 \d)‘,[l *’R]R“(’! A t\ha(l—R)R"‘e ”“\ ]
from fractions of a nanometer to several , || § _— b
. . . . . I J D,(1-R)e * e D, (1-R)R™ “,}A( 1ob I
micrometers in their thicknesses, multiple — N\ E—
q;f-“ RY'e - ®(1-R)Y R e (2n 1t

reflections and transmissions of photons can

Figure 2.11: Absorption of photons in thin film

occur atboth the top and the bottom surfaces semiconductor

when they are illuminated. Very thin
semiconductor films are mainly dominated by the under surface depletion layers, so that
their photo-response is surface influenced than the bulk. Figure 2.11 shows a photon beam
of energy, hv = E; and flux density, ®, directed at the upper surface of a portion of a
semiconductor sample of thickness b. Each time the radiation meets a surface, some photons
are reflected and some are transmitted. The processes of reflection, transmission and
absorption are repeated many times until all the photons are absorbed by the material and
transmitted through the surfaces.

The photon flux density transmitted through the bottom surface after n‘" order is given
by:

Dprp = Po(1— R)Z2RA(M" D e~ (n=Dab, (n=1,2,3..). (2.40)

The photon flux density reflected back to the sample from the bottom surface after n** order
is given by:

gy = Po(1— R)RFDe-(2n-1ab, (n=1,2,3..). (2.41)

The photon flux density transmitted through the upper surface after n'* order is given by:

D yrn = Po(1 — R)*REN "V e—2nab, (n=1,2,3..). (2.42)

The photon flux density reflected back to the sample from the upper surface after n** order

is given by:
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®ypn = Po(1—R)2R?Me™2m0P, (n=1,2,3..). (2.43)
The total photon flux density absorbed in the entire sample is hence given by:
AP =Py — PyR — Z ((DUT,n + CDBT.n)' (2.44)
n=1
Taking into account Eqn. (2.44) along with Eqns. (2.42) and (2.40) yields:

_o,(1-R1—-e")

2.45
1— Re~ab ( )

AD

Next, we wish to investigate the total photon flux density and photon absorption rate in
a layer of thickness Ax situated at depth x below the illuminated surface as shown in Figure
2.11. The photon flux density entering the layer through the top surface after n*" order is
given by:

D in = Po(1—R)*R¥e2(2nb+x), (n=10,1,2,3..). (2.46)

The photon flux density leaving the layer through the top surface after n** order is given by:

D yn = Po(1— RRCH D gmaZnb=x), (n=1,2,3..). (2.47)

The photon flux density entering the layer through the bottom surface after n‘"* order:

®,;, =D, (1 —R)RED g-a(2nb—x=4x) (n=1,2,3..). (2.48)

bin

The photon flux density leaving the layer through the bottom surface after n‘* order:

Ppep = ®,(1— R)2R2ng-a(2nb+x+Ax) (n=0,1,2,3...). (2.49)

The total photon flux density absorbed in the layer of thickness Ax is given by:
A®(a,x,Ax) = Z(cbum —DPpn) + Z(cbbm ) (2.50)
n=0 n=1

Substitution of Eqns.(2.46) to (2.49) into Eqn.(2.50) gives:

y(1— R)e (1 — e~24%)(1 4 Re-a(2(b-0)-a0))

e (2.51)

AD(a,x,Ax) =
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The photon absorption rate in this layer is hence described by dividing Eqn.(2.51) by Ax as:

®,(1—R)e™™ (1 — e™¥)(1 + Re~¢(2(-0)-02)
Ax(l _Rze—Zab) .

gola, x,Ax) = (2.52)

Next, we are going to investigate the effect of photon generation rate in each layer of a
thin film of semiconductor. Consider a sample of thin film of thickness b with depletion layers
of equal thicknesses b, on either sides under the two surfaces. We assumed the presence of
highly depleted layers and transition layers of thicknesses bg and by, respectively in both
depletion layers. The photon absorption rate in the highly depleted layer under the
illuminated surface is determined by putting x = 0 and Ax = b as:

®y(1—R)(1— e %s)(1+ Re~*(2b~bs))
bs(1 — R?e—2ab) '

gos (@, bs) = (2.53)

For the transition layer under the illuminated surface is determined by putting x = bg and
Ax = bg as:

®o(1— R)e™*?s(1 — e~*bs)(1 4 Re~a(2b=(bs+b1))
by (1 — R7e2) '

9os (a,bg, bs) = (2.54)

For the quasi-neutral region it is determined by putting x = b, and Ax = b — 2b, as:

®,(1— R)e™®1(1 — g~(b=2b1))
by, b —2b;) = —2
9o(a, by ) (b — 2b,)(1 — Re~b)

(2.55)

For the transition layer under the bottom surface is determined by putting x = b — b, and

Ax = bs as:

(1 — R)e*P=01) (1 — e7%6)(1 + Re~4(b1%Ps))

Yos (a:b - bl:b{)‘) = b5(1 _Rze—Zab)

(2.56)

For the highly depleted layer under the surface is determined by puttingx = b — bgandAx =
b, as:

®,(1 = R)e~*P=bs) (1 — e=%Ps)(1 + Re~%Ps)

Jos (@, b — bg,bs) = (2.57)
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To find the photon absorption rate at a point situated x distance below the illuminated
surface, we make Ax — 0,and hence, one can consider the approximation 1 — e Y ~ qAx
and b + Ax = b in Eqn. (2.52) above, so that:

®ya(l—R)e™™ (14 Re~2*b~2))

gola,x) = TRz 7w (2.58)
Under the illuminated surface, x — 0 and hence
®,a(1—R)(1+ Re™2%P)
gola) = T R7p : (2.59)
Near the bottom surface, x — b and
®,a(1—R?*)e" %
gola,x) = =2 ( ) (2.60)

1-— Rze—Zab

The total photon absorption rate in the entire sample of thickness b can be determined from
Eqn. (2.52) by changing Ax to the sample thickness b and taking the depth to the surface
(x —» 0)as:

Po(1—R)(1— e b/) 1

b(1 —Re ) ' = (2.61)

G, (a,b) =

The limiting values of the total photon absorption rate in Eqn. (2.61) can be generalized as:

(P, for b K Xp,
0.639,(1—R)
for b =x
_ ) pr
G, (a,b) ={ P(1—037K) (2.62)

®,(1-R
M, for b > Xop-
L b

2.6.3 Optical Generation and Recombination of excess carriers
2.6.3.1 Generation/recombination rate equation

The rates of change of electrons in the conduction band and holes in the valence bandare
equal and always given by the difference between the generation and the recombination

rates, L.e.:
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dn d
@am_P_._r (2.63)
dt dt
where n and p represent the non-thermal equilibrium electron and hole concentrations in
the conduction and valence bands respectively, and G and R are the total generation and
recombination rates of charge carriers, respectively. The total generation rate involves both

the thermal (G,,,) and optical (G,) generation rates:

G = Gy, + Go. (2.64)

The net excess carrier recombination rate U is defined as the difference between the total

recombination rate and the thermal equilibrium generation rate:

U=R-G,,. (2.65)

The net recombination rates for photo-generated electrons and holes are given by:

sn 6
v="2222

(2.66)

T T

n p

where dn and 6p are the concentrations of photo-generated carriers. The parameters 7,, and
7, are called the electron and hole recombination lifetimes, respectively. Using the principle
of detailed balance along with Eqns. (2.63) to (2.66), the rates of change of the excess carriers

are:

d5n_G U_d&p
a S odt

(2.67)
Electron-hole pairs are continuously generated under illumination, and the excess charge
carrier concentrations will increase. Recombination, on the other hand, tries to reduce the
excess carrier concentrations to zero.

2.6.3.2 Recombination mechanism in semiconductors

Generation in semiconductors refers to the process by which electron-hole pairs are
created. The electron-hole pair is the fundamental unit of generation and recombination,
corresponding to an electron transition between the valence band and the conduction band.
Recombination refers to the inverse processes by which the electron-hole pairs are lost due
to the spontaneous transition of an excited electron from conduction band to a hole in
valence band. The annihilation of excess carriers generated by electrical in a semiconductor
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may take place via different recombination mechanisms [42]. Once the electron-hole pairs
are generated by absorption in the semiconductor, they are exposed to several
recombination mechanisms.

Depending on the ways in which the energy of an excess carrier is removed during a
recombination process, there are different basic recombination mechanisms, which are
responsible for carrier annihilation in a semiconductor [43]. But, in the next section we are
going to investigate only the radiative recombination mechanisms and the lifetime

associated with it for a small band gap of a p-type semiconductor.

1. Radiative Recombination

Radiative recombination is the direct annihilation of an electron-hole pair. Band-to-band
radiative recombination in a semiconductor is the inverse process of optical absorption. The
excess energy is being released mainly as a photon with energy close to that of the band gap.
In the radiative recombination, the energy of an electron is given as a photon during
recombination [44]. Emission of photons as a result of band-to-band radiative
recombination is common in a direct band gap semiconductor. In a nondegenerate
semiconductor, the rate at which electrons and holes are annihilated via band-to-band
radiative recombination is proportional to the product of electron and hole densities in the
conduction and valence bands, respectively. In thermal equilibrium, the rate of band-to-band

recombination is equal to the rate of thermal generation, which can be expressed by:

Ry, = cgnyp, - (2.68)

where ngyand p, are the thermal equilibrium electron and hole densities respectively and
Ccr is a constant known as the coefficient of holes in the valence band for the capture of
electrons, and is related to the electron capture cross-section (o5) and the thermal velocity

of the electrons (v,,) [45, 46]:
Cr = O Vip- (2.69)

The capture cross-section can be thought of as the volume swept out per unit time by a
particle. When the dispersion in the dielectric constantis ignored, the band-to-band capture
coefficient for bands with spherical symmetry was shown by van Roosbroeck and Shockley

to depend on the absorption coefficient through the relation [47]:
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The radiative recombination coefficient C, has a value of 2 x 107 %cm™3s™* at 300 K as
calculated using the expression derived by Van Roosbroeck and Shockley. The values of Cy
can be obtained by numerical integration of Eqn.(2.70) for narrow band gap semiconductors

as [33]:

3

m 300\2 m, m

C. = em/k n 1+—24+—2\[E2+3E k,T +3.75k2T2|, (2.71)
R €T °°<m,*1+m;; T)( m;  m; [g 9B 577

where E; and kg T are in electron volt (eV).

Under steady-state conditions, the rate of band-to-band radiative recombination is given by:

R = cynp. (2.72)

where n =n, + én and p = p, + p. The net recombination rate is obtained by solving

Eqns.(2.68) and (2.72) and resulting in:
Uy = cx(np — n?). (2.73)

In the radiative recombination, electron hole pairs recombine directly from band to band
with the energy carried away by photons. The concepts of carrier lifetime in semiconductor
materials and average life expectancy in demography are similar. Like common mortals,
electrons (and holes) die after some time and the average of this time is called the minority
carrier lifetime [46].

The excess carrier lifetimes under steady-state conditions are defined by the ratio of the
excess carrier density and the net capture rate for electrons and holes, and are given

respectively by [48]:

én

T, ==, for electrons (2.74)
UTl
)

T, = U—Z, for holes (2.75)
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For the small injection case (ie., 6n < n, and §p < p, ), the charge-neutrality condition

requires that:
én=4dp. (2.76)

The radiative lifetime (7) due to the band-to-band recombination is obtained by solving

Eqns.(2.73) and (2.76), which yields:

_6n_ 1 277
TR_Ur_CR(p0+n0+6n)' (2.77)

From Eqn. (2.77), itis noted that 7 is inversely proportional to the majority carrier density.

Under low injection level, Eqn. (2.77) can be simplified to:

1

cr(Py + 1) (278)

Tg = Tpo —

Using Eqns. (2.73), (2.67) and (2.78), one can determine the rate of excess free carrier

accumulation:
dén on 5
? = GO - (T_ + CR67’1, ) (279)
RO

The steady-state solution of Eqn.(2.79) is:

2G,T, T
on=—2L KR (2.80)
Tpo + Tk
and
2Tk Tro (2.81)
T, =17, = —, )
R I Tpe + T4

where 7, is the time constantgiven by:

T, = ‘Rro (2.82)

J1+ 4CaG,o12,

2. Effective excess carrier lifetime in thin films

The performance of a semiconductor material depends on the lifetime of free charge

carriers generated by the interaction of light with the material, referred to as the excess
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carrier lifetime (7). The excess carrier lifetime is in general determined by the recombination
rate of the minority charge carriers at the surface and in the bulk of the material.

For a steady state condition, the excess carrier generation rate (G,) is equal to their
reverse recombination rate (R). The photo-generated carrier concentration (Ad) in the
entire sample is proportional to the product of both the recombination or generation rate
and the excess carrier lifetime. Thus, the free carriers’ generation rate is affected by the
photon flux density, energy of the illumination and thickness of the sample. Hence, the photo-

generated carrier concentration (A¢) in the entire sample is given as:

ONn = GyTae. 2.83
0 “eff

The absorbed photons create excess electron-hole pairs and as a result the densities of
electrons and holes increase above their equilibrium value. This also results in the increment
of the conductivity of the material. This increment in the conductivity of the material due to
illumination by lightis called photoconductivity of the material [33]. Thus, the change in the

sample conductivity due to illumination is given by:

60 = e(ty, + 1,)GoTegs, (2.84)

where e is the elemental charge, u, and p,, are the electron and hole mobilities, respectively.

The effective excess minority carrier lifetime in the entire sample (ie. bulk plus surface
recombination) is determined by considering the sum of the recombination rates through
the sample. The radiative recombination mechanisms discussed so far may occur in a given
semiconductor material. The average (mean) radiative excess carrier lifetime in the entire

sample denoted by 7.4 can be calculated using the relation [49]:

1 b
Top = E,f 7 (x)dx, (2.85)
0

where b is the thickness of the sample.
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Chapter 3

Methodology

The primary task of this work was to select the model of a pure direct band
semiconductor sample in which band to band transition is most effective. Gallium
antimonide (GaSb) was found to be suitable for its small and direct bandgap and its very high
purity. The majority carrier concentration, p, used in the analysis for different doping levels
GaSb samples was taken from the simulation of the existing temperature dependence Hall
measurements data measured at Nelson Mandela Metropolitan University, South Africa. The
minority carrier concentration, n, is determined from p,and the intrinsic carrier
concentration using the law of mass action for a particular semiconductor using the relation
in Eqn. (2.16).

Then, the photon absorption rate in the bulk semiconductor is described using the
technique discussed in Section 2.6.1. Bulk semiconductor was modelled to determine photon
absorption effect in differentlayers of bulk semiconductor. The model of bulk semiconductor
most used was illustrated in Figure 2.10. By using illumination mechanisms the total
absorbed photon flux density, the penetration depth (x,,) of a photon in a semiconductor, the
photon absorption rate at the surface and in the bulk of a very thick semiconductors were
studied in details and the photon absorption rate ata pointatdepth x below the illuminated
surface in very thick semiconductor were determined from the relation in Eqn. (2.33). At
thin film semiconductor was also modelled to determine photon absorption effect in
different layers of thin film semiconductor. The model of thin film semiconductor most used
was illustrated in Figure 2.11. By using illumination mechanisms, the total photon flux
density and photon absorption rate in a layer of thickness Ax situated at depth x below the
illuminated surface were investigated in details. By taking a sample of thin film of thickness
b with depletion layers of equal thicknesses b, on either sides under the two surfaces, the
photon generation rate effect in each layer of a thin film of semiconductor are also
determined. Moreover, the photon absorption rate at a point situated x distance below the
illuminated surface and the total photon absorption rate in the entire sample of thickness b

were described using Eqns. (2.58) and (2.61), respectively. In the analysis of this result, the
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vertical axis for the photon absorption rate and horizontal axis of the absorption coefficient
and depth below the surface was taken as semi-log for both thin film and thick film
semiconductor.

By using the steady-state radiative recombination mechanism for small band gap of ap-
type semiconductor, the expression for the radiative excess carrier lifetime was obtained in
terms of the doping level, the injection level and absorption coefficient at different depths of
the material. The effects of doping level, injection level and the energy of the illumination on
the photo-response of the material at different depths below the illuminated surface are
investigated in detail. Finally, the average (mean) radiative excess carrier lifetimes were

investigated as function of depth and thickness of the samples in different samples.
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Chapter 4

Analysis of data and Discussions

This chapter presents the analysis and discussion of the entire results of this work. First,
the photon absorption rate in both the bulk and thin films semiconductors were presented
and compared. Then, the comparison of the photo-response (radiative excess carrier
lifetime) for both bulk and thin films semiconductors were continued. The method can also
be applied for the determination of Auger excess minority carrier lifetime for a small band
gap of Gallium antimonide (GaSb) semiconductor. Nevertheless, since the variation of the
impact ionization is similar to the radiative effect except the variation in the magnitude in

the two cases, we wish to limit the analysis only to the radiative excess carrier lifetime.

4.1 Photon absorptionrate in both bulk and thin film semiconductor
4.1.1 At different depths and Absorption coefficients

The photon absorption rate in this case is obtained as a function of absorption coefficient
() and depth (x) below the illuminated surface of the sample using Eqns. (2.33) and (2.58)
for the bulk and thin films, respectively. Figure 4.1 illustrates the photon absorption rate in
the entire sample as a function of (a) absorption coefficient for samples with different
thicknesses and (b) depths below the surface for photons with different absorption
coefficients in the bulk of the sample. As one can see from the two figures, photons with
higher absorption coefficients (energies) are absorbed more near the illuminated surface
and photons with very low absorption coefficients (energies) are passing through the
materials without being absorbed (or with a few absorption effect). As it can be seen from
Figure 4.1 (a), the value of the absorption rate at each depth goes to zero for very large and
small value of @ and has maximum absorption rate pick of ®,a(1 — R) exp(—1) atthe value
of x equal to the reciprocal of a. This clearly shows that, when a pointata depth, x below the
illuminated surface is illuminated by photons of different energy, only a photon with a equal
to the reciprocal of x has relatively very large absorption rate of ®,a(1 — R) exp(—1) as
compared to other photons with more or less energies. The values of the absorption rate
each photon can have atany depth is indicated by blue lines in the semi log graphs of Figure

4.1 (a) and (b). As can be seen from Figure 4.1 (b) (see brown lines), each photon has a
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maximum absorption rate of ®,a(1 — R) at the illuminated surface of the bulk material and
the value of the absorption rate diminishes with increasing the depth below the illuminated
surface. The absorption rate also decreases to ®,a(1 — R) exp(—1) atx = 1/a, which is

equal to the penetration depth of this particular photon in the material.

7

10 =0 4
Thin Film, b = 0.1 um X 10

Bulk

Thin Film, b= 0.1 um
— Bulk

310° um

% =a(1-R)exp(-1)

g,/®, (cm™)

T T T
10* 10° 10* 10° 10 10’ 10° 10° 10" 10° 10 10

(a) Absorption coefficient, @ (cm™) (b) Depth below surface, x (um)

Figure 4.1: Comparison of photon absorption rate in both thin film and bulk (thick) semiconductor as a function of
(a) absorption coefficient for different depthsin the sample (x) and (b) as a function of depth below the surface for
photons with different absorption coefficients (R = 0.34, b = 0.1pm).

The distinctive behavior of thick (bulk) and thin film semiconductors in this case is that,
in thick semiconductor, if a photon of flux density, @, is illuminating the surface, the amount
@, R is reflected back and the absorption rate at depth x below the illuminated surface is
given by Eqn. (2.33). Hence, the maximum absorption rate of ®,a(1 — R) occur justunder
the illuminated surface as shown by red lines in both Figure 4.1 (a) and (b). Whereas, the
absorption rate at depth x below the illuminated surface in thin film semiconductors which
is described using relation in Eqn. (2.58) gives a maximum of photon flux density ®,a under
the illuminated surface of thin film. This indicates that, the reflection effect is compensated
in thin films due to the multiple reflections of photon from the top and the bottom surfaces
into the film. As a result, each point inside a thin film semiconductor has more photon
absorption rates as compared to the corresponding points in thick semiconductors. This
phenomenon is illustrated in Figure 4.1 (a) and (b) using brown curves, green lines and
curves. The brown curve shows the effects of absorption rate at depth x below the
illuminated in thick semiconductor that has maximum value ®,a(1 —R) just under the
illuminate surface. The green curve shows the effects of absorption rate at depth x below the

illuminated in very thin film semiconductor that has maximum value ®,a just under the
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illuminated surface. The photon absorption rate in Figure 4.1 (a) and (b) has in general three
limiting values. These are, the maximum absorption rate just under the surface of a thin film
represented by the green line, the maximum absorption rate just under the surface of a thick
material represented by the red line and the absorption rate at the absorption depth under

the illuminated surface of a thick material represented by the blue line.

4.1.2 For different thicknesses of samples and Absorption coefficients

Figure 4.2 illustrates the total photon absorption rate in both thin film and bulk
semiconductor as (a) a function of absorption coefficient for different thicknesses of the
samples (b) function of thickness for different absorption coefficients. The analysis of this
data is performed using Eqn. (2.61) that describes the general expression of the total photon
absorption rate in terms of the absorption coefficient and the thickness of the material. The
bulk semiconductor corresponds to a material with very large thickness and thin film

corresponds to materials with very small thickness (b < 1/a).
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Figure 4.2: Total photon absorption rate in both thin film and bulk semiconductor as (a) function of absorption
coefficient for different thicknesses of the samples (b) function of thickness for different absorption coefficients.

The total photon absorption rate in Figure 4.2 (a) and (b) has also three limiting values.
These are, the maximum photon absorption rate in very thin film (b < 1/a) represented by
the blue line, the maximum photon absorption rate when the thickness of the material is
equal to the penetration depth of the corresponding photon (b = 1/a), represented by the

green line and the photon absorption rate when the thickness of the material is greater than
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the penetration depth of the corresponding photon (b > 1/a), represented by the red line.
The effects of the variation of the photon absorption rate with absorption coefficient and
thickness of the samples is easily understandable when explained using the illustrations like
Figure 4.2 (a) and (b). Both of these figures describe that, photons with very high energies
are absorbed at very high rate in very thin films and photons with very low energy are
passing unabsorbed (with less absorption) through the materials.

Figure 4.2 (a), also reveals that, the variation of the absorption rate with the energy of
the illumination is very high in thin films than in thick materials of semiconductors. That is,
different photons are absorbed with the same rate in a thick film, but they are absorbed with
different rates in thin films. The rate of absorption is increasing with decreasing thickness.
Figure 4.2 (b) also shows that, the variation of the absorption rate with the thicknesses of
the samples is very high for high energy photons. That means, a low energy photon can be
absorbed with a constant rate in very thin films of different thicknesses, butis absorbed with

different rates in thick films. The absorption rate increases with increasing the energy of

illumination.

4.2 Determination of Radiative excess carrier lifetime as a function of
depth at different doping levels

4.2.1 Low injection level and Low energy consideration

The photo-response of a semiconductor also depends on the doping level, the injection
level of the photon flux density, the energy of the illumination, the thickness of the material
and the depth of the point under consideration below the illuminated surface. As already
discussed in the literature part, the layer under the surface of GaSb is depleted of majority
charge carriers and has very low thermal equilibrium majority carriers as compared to the
deep bulk. Hence, the recombination rate of photo-generated free carriers is relatively very
small in this region as compared to the deep bulk. This enhances the magnitude of the excess
carrier lifetime in the under surface depletion layer than in the deep bulk.

For the description of photo-response of the material under low injection level, the data
of the radiative excess minority carrier lifetime is obtained by using Eqns. (2.77) to (2.85).
First, the low level injection radiative excess minority carrier lifetime is determined as a

function of the depth below the illuminated surface for four samples with different doping
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levels 1.8 X 10**cm™3, 1.8 x 107cm™3, 1.8 X 10*¥cm~3, and 1.8 x 10'°cm ™3 by keeping the
energy and the photon flux density at their possible lowest values. The typical value of the
room temperature radiative capture coefficient for GaSb used in this analysis is 2 X
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Figure 4.3 depicts (a) the variation of radiative excess carrier lifetime as function of the depth
below the illuminated surface for low injection level ( @, = 0) in thin films of GaSb samples
of thickness 300 nm and different doping levels, (b) the effective excess carrier lifetimes
corresponding to each doping levels and (c) the effective excess carrier lifetimes
corresponding to each doping levels as function thickness. Figure 4.3 (a) illustrates that; the
magnitude of the radiative excess minority carrier lifetime is highly decreasing in the deep
bulk of the semiconductor with increasing the doping level, while the magnitude of the
radiative excess minority carrier lifetime under the surface is insensitive to the doping level.

This is an evidence that the surface property is unaltered by the doping effect of the material
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and the surface Fermi level position is pinned regardless of the doping level of the sample
[50] . The radiative excess carrier lifetime is 400 nsat doping level of 1.8 X 10'”cm™3 in the
deep bulk of the semiconductor. The results obtained in this work is comparable with the
result reported by R. N. Hall which is 0.37ps at doping level of 10*cm™ in the deep bulk of
GaSb [51]. A large range of values for the carrier lifetime of GaSb has been reported. Titkov
et al. observed photoelectron lifetimes of a few nanoseconds for heavily doped p -type GaSb
[32].

The difference between the surface and the deep bulk photo-response is also highly
exaggerated with increasing the doping level. This is because the majority carrier
concentration in the depletion layer decreases from maximum value p, at the edge of the
quasi-neutral region towards the surface and attains its minimum value at the surface. As a
result, the surface contributes very high mean minority carrier lifetime obtained using Eqn.
(2.85) in the entire semiconductor as depicted in Figure 4.3 (b) and (c) as function of depth
and thickness, respectively. Even though, the mean minority carrier lifetime in the entire
sample shown in Figure 4.3 (b) and (c) decreases with increasing the doping level, the
difference between the bulk excess carrier lifetime and the mean minority carrier lifetime
increases with increasing the doping level. Therefore, the role of the surface depletion layer
in the photo-response of the material is very essential in highly doped samples where the
bulk is insensitive to the illuminations.

4.2.2 Single doping, different injection levels and absorption coefficients

consideration

Figure 4.4 illustrates variation of radiative excess minority carrier lifetimes with depth
below the illuminated surface for (a) different injection and low absorption coefficient, (b)
different injection and high absorption coefficient and (c) high injection level and different
absorption coefficients for GaSb thin film of doping level 6.83 x 10 cm™2 and thickness300

1 and

nm. In Figure 4.4 (a), the absorption coefficient is kept at very low value of 1073 cm™
the photon flux density injection level is varied from 0 to 103? cm™2s~1, The surface remains
under high injection for all the illuminations exceptat 0 photon flux density, while the deep
bulk is under high injection level only for the three high injection level illuminations with

photon flux densities 1027 cm™%s71, 10%° cm™2s™! and 1032 cm™2sL. Since a photon with
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low energy can pass through a thin material with a constantlow absorption rate as discussed
in Figure 4.1 (b), equal amounts of free carrier concentrations, n are generated by the

illumination at all depths inside the material.
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Since the under surface regions have very low thermal equilibrium majority carrier
concentration, p,s, they always remain under high injection level condition under the
situations where p,¢ < 6n, while the deep bulk with very high thermal equilibrium majority
carrier concentration, p, (or p, > dn) still remains under low injection level as depicted by
the two low injection levels 102> cm™2s~! and 1025 cm™2s~? in Figure 4.4 (a). The photo-
response of the surface region is higher than the bulk in this case. With increasing the
injection level of the photon flux density that can generate free carriers concentration more
than the thermal equilibrium carrier concentrations in the bulk (or p, < dn) as indicated by
the three higher injection levels 10?7 cm™2s71, 10%° cm™2s™! and 103? cm™%s7%, both the

under surface layers and the deep bulk layers remain under the same high injection levels.
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Hence, the effects of high injection level and low energy photons can be detected equally at
all points inside a thin film material, while the effects of the low injection level and low
energy photons cannotbe detected in the deep bulk, but can be detected under the top and
the bottom surfaces as illustrated in the upper part of Figure 4.4 (a). The excess carrier
lifetime also decreases with increasing the injection level.

In Figure 4.4 (b), the absorption coefficient is kept at very high value of 10 cm™! and the

photon flux density injection level is varied from 0 to 1032 cm™2

s~! as in Figure 4.4 (a).
Again, the surface remains under high injection for all the illuminations except at 0 photon
flux density, while the deep bulk is under low injection level only for the two low injection
level illuminations with photon flux densities 10 cm™2s~*and 107 cm™2s~. The effects
of these two injection levels cannot be detected in the deep bulk and under the bottom
surface.

Since the absorption rate of a photon with high energy is very high closer to the
illuminated surface and decreases with increasing the depth below the illuminated surface
as already discussed in detail in Figure 4.1 (b), more amounts of free carrier concentrations,
én are generated by the illumination closer to the illuminated surface and this effect
decreases with increasing the depth from the illuminated surface, so that the region under
the bottom surface has minimum free carrier concentration. The under surface regions still
remain under high injection level condition for p,; < dn, while the deep bulk with very high
thermal equilibrium majority carrier concentration, p, shows differentresponse at different
positions to all the injection levels with the same higher photon energy. Due to the presence
of maximum free carrier concentration under the illuminated surface, the excess carrier
lifetime also has minimum value here as compared to the other points inside the material.
The value of the excess carrier lifetime corresponding to each injection level also increases
with increasing the depth below the illuminated surface and attains maximum value under
the bottom surface where the free carrier’s concentration is relatively very low. Hence, the
effect of an illumination with high energy and high injection level can be detected at different
points inside a material with various photo-responses. However, the effect of an illumination
with high energy and low injection level can be detected only under the illuminated surface

as shown in Figure 4.4 (b).
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In Figure 4.4 (c), the illumination photon flux density is kept at very high value
of 102> cm™2?s~!and the absorption coefficientis varied from 0 to 108 cm™1. The low energy
photons with b < 1/a (blue lines) generate free carriers at the same rate at all points inside
the material, so thatthe photo-response of the materials to these photons remains uniform.
Nevertheless, when the penetration depth of the photon becomes equal to the thickness of
the film (b = 1/a), the absorption rate under the bottom surface reaches its maximum value
as discussed in Figure 4.1 (a). This gives a possible minimum excess carrier lifetime under
the bottom surface represented by a brown line with « = 1/b = 3.33 X 10* cm™. Photons
with energies more than this limit (b > 1/a) cannot reach the bottom surface and mainly
absorbed closer to the top surface and show similar to the one discussed in Figure 4.1 (b).
That is, for very high energy illumination, the free carrier’s generation rate under the
illuminated surface increases with increasing the absorption rate and that in the deep bulk
and under the bottom surface decrease with increasing the absorption coefficient, a. All the
green lines shown in Figure 4.1 (c) are the photo-responses of photons with b > 1/a. Note
that, the slopes of the lines increase with increasing a. Therefore, one can conclude from this
result also that, the effects of very high energy illuminations are detected only under the
illuminated surfaces.

The variation of the photo-response of GaSb as function of doping levels and injection
levels are in complete agreement with the results obtained by M. W. Shura et.al by steady-

state photoconductivity measurements [32, 33].
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Chapter 5

Conclusion

In this thesis, the variation of photon absorption rate at different positions inside the bulk
and thin films of Gallium antimonide (GaSb) semiconductor were determined for
illuminations of different energies. Then, the total absorption rate of photons with different
energies is described in samples of different thicknesses. While computing, multiple
reflections of the photons from the top and the bottom surfaces into the bulk of the material
are considered. Next, the photo-response to the illumination by the material that has an
inverse relationship with the absorption effect in the material is determined in terms of the
radiative excess minority carrier lifetime as function of the depth below the illuminated
surface and the thicknesses of the samples for photons with different energies and injection
levels in samples with different doping concentrations. In order to clearly understand the
effects of the energy and the injection level of the photo-response of the material, the analysis
is performed by varying the injection level and the energy of the illumination independently.

The results of the analysis the effects of the absorption of photons in thin films show that,
when a point at a depth, x below the illuminated surface is illuminated by photons of
different energy, only a photon with absorption coefficient equal to the reciprocal of x has
relatively very large absorption rate of as compared to other photons. The absorption rate
at the absorption depth of a photon is equal to 37% of its maximum absorption rate under
the illuminated surface. High energy photons are found to be absorbed more near the
illuminated surface and photons with very low energies are passing through the materials
without being absorbed (or with a few absorption effect). Since, the reduction in the photon
absorption rate occurred in the bulk semiconductor is compensated in thin films due to the
multiple reflections of photons from the top and the bottom surfaces into th e film, each point
inside a thin film semiconductor has more photon absorption rate as compared to the
corresponding points in thick semiconductors. The total photon absorption rate in the entire
material is also increases with decreasing the thickness of the films. Photons with very high
energies are absorbed at very high rate in very thin films and photons with very low energy

are passing unabsorbed (with less absorption) through the materials. The variation of
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absorption rate with the energy of the illumination is very high in thin films than in thick
films, whereas, the variation of absorption rate with the samples thickness is very high for
high energy photons than for low energy photons.

The results of the analysis of the excess carriers lifetime confirms that, the depletion of
thermal equilibrium majority carrier concentration enhances the magnitude of the low
injection level excess carrier lifetime in the under surface depletion layer than in the deep
bulk. The magnitude of the radiative excess minority carrier lifetime is highly decreasing in
the deep bulk of the semiconductor with increasing the doping level, while the magnitude of
the radiative excess minority carrier lifetime under the surface is insensitive to the doping
level. This is evidence for the premise that, the surface property is unaltered by the doping
effect of the material and the surface Fermi level position is pinned regardless of the doping
level of the sample. The effects of high injection level and low energy photons can be detected
equally atall points inside a thin film material, while the effects of the low injection level and
low energy photons cannotbe detected in the deep bulk, but can be detected under the top
and the bottom surfaces. The effects of an illumination with high energy and high injection
level can be detected at different points inside a material with various photo -responses.
However, the effect of an illumination with high energy and low injection level can be

detected only under the illuminated surface.
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