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Abstract

In this study, the effects of temperature on the radiative recombination of Gallium
Antimonide (GaSb) thin film semiconductor are investigated. First, using the
illumination mechanism, the photon absorption rate as a function of the depth below
the illuminated surface in both the bulk and the thin films of GaSb were determined at
different temperature. Then, the depths below illuminated surface dependence of the
low injection level thermal equilibrium carrier concentrations in a thin film of Gallium
Antimonide (GaSb) at different temperature were investigated by considering the
variation of the energy bending at the surface. Finally, using the steady state condition
of the free carrier’s 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 illuminated surface at different
temperatures and injection levels. 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 and the variation of the absorption rate with
the thicknesses of the samples is high for high temperatures. The photo-response of
the thin film semiconductor is in general found to be dominated by the property of the
surface depletion layers of the material and hence extremely higher than the photo

response of the deep bulk.



Chapter 1 : Introduction

1.1 Background

The history of semiconductors is long and complicated. Obviously, one cannot
expect it to fit one short paper. According to G. Busch the term “semiconducting” was
used for the first time by Alessandro Volta in 1782. The first documented observation
of a semiconductor effect is that of Michael Faraday (1833), who noticed that the
resistance of silver sulfide decreased with temperature, which was different than the
dependence observed in metals. An extensive quantitative analysis of the temperature
dependence of the electrical conductivity of Ag2S and CuzS was published in 1851 by
Johann Hittorf. For some years to come the history of semiconductors focused around
two important properties this mean rectification of metal-semiconductor junction and
sensitivity of semiconductors to light [1].

Semiconductors are widely used for emission and detection of radiation. The first,
report on light emitted by a semiconductor appeared in 1907 in a note by H. ]. Round.
Fundamental work in this area was conducted, among other, by Losev [2]. The first
semiconductor lasers were developed around 1962 by four American research teams.
Further research in this area went in two directions, i.e., wider spectrum of materials
to obtain wider wavelength range and concepts of new device structures. Herbert
Kroemer and Zhores Alferov have independently come up with the idea that
semiconductor lasers should be built on heterostructures. Zhores Alferov was a
member of the team that created the first Soviet p-n junction transistor in 1953. He was
directly involved in research aimed at development of specialized semiconductor
devices for Russian nuclear submarines. The matter was of such importance for the
Soviet authorities that he used to receive phone calls from very high government
officials who wanted the work done faster. To fulfil those requests Alferov had to move
to the lab and literally live there. Later he worked on power devices and became
familiar with p-I-n and p-n-n structures. When the first report on semiconductor lasers
appeared, he realized that double heterostructures of the p-I-n type should be used in
these devices. He obtained the first practical heterostructures devices and the first

heterostructures laser [3].



Almost all of today technology involves the use of semiconductors, with the most
significant aspect being the integrated circuit [4]. Temperature has been proved to be
a valuable tool for studying the influence on the electronic properties of
semiconductors, bulk crystals, or two dimensional systems, thus, we have studied
effect of the temperature on some properties of semiconductors, that is, the fact that
the conductivity in semiconductors increases with increasing temperature, whereas
the conductivity in metals decreases with increasing temperature [5, 6]. Researchers
who reported that the temperature dependence of the excess carrier life time of
semiconductors, as temperature increases, lifetime due to the radiative recombination
decreases sharply [7, 8]. Semiconductors are the foundation of modern electronics and
optoelectronic. Electronic and optoelectronic components such as transistors and laser
diodes are made of semiconductor materials, and they are crucial to almost any
electronic and optoelectronic device. Semiconductors can be either elemental or
compound semiconductors. The elemental semiconductors are silicon and germanium.
There are dozens of different compound semiconductors being used in industry and
studied in the field of materials science [9].

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.
Thin films are thin material layers ranging from fractions of a nanometre to several
micro meters in thickness. The thickness is typically less than several microns. 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 [10, 11]. Semiconductors are materials whose energy
gap lies precisely between that of insulators and metals. The determining factor for
conduction in semiconductors is the nature of energy gap between the valence band
and the conduction band.

The III-V compound semiconductor Gallium Antimonide (GaSb) has in recent years
attracted much attention as an important material for infrared (IR) optoelectronic and
suitable for fabricating high-frequency electronic device [12, 13]. The photo response
of this material makes it very useful in the design of a variety of device architectures,

including photo detectors, resonant tunnelling structures and other quantum devices.



The performance of the material is depends on the lifetime of free charge carriers
generated by the interaction of light with the material, referred to as the excess carrier
lifetime. Minority carrier lifetime is one of the most important parameters which has a
decisive effect on the performance of material based on excess carriers generated by
the interaction of light with the material, referred to as the excess carrier lifetime. Many
researchers [14, 15, 16] reported that the lifetime of the radiative recombination
mechanism of semiconductor material decreases with increase in doping
concentration, injection level, and majority carrier density. Shura et al [17] measured
the injection level dependence of the excess carrier recombination lifetime on the p-
type Gallium Antimonide thin films (GaSb) semiconductor, hence the result obtained
that the lifetime values decreases with increase in injection levels. In thin films there
are deviations from the properties of the corresponding bulk materials that arise
because of their small thickness, large surface- to- volume ratio and their unique
physical structure which is a direct consequence of the growth process. A
semiconductor material is said to be in thin film form only when it is built up as a thin
layer on a solid support called substrate by a controlled condensation of the individual
atomic, molecular, or ionic species [18].

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 [19]. In recent years,
polycrystalline thin-film solar cells have been of much interest because of their
potential in the reduction of weight and cost. This is even more so when solar cells are
to be considered for multi-kilowatt power systems. However, most of the work has
been concentrated on individual cells. The conventional assembly of these cells into
large arrays would be, to a certain degree, similar to that for single-crystal cells. In
these assembly techniques lies the major portion of the cost and weight for the final
power system. To realize more fully the potentials of thin-film cells, techniques should
be developed where by large arrays containing numerous interconnected cells can be
produced automatically, thus eliminating the separate, manual operations of cell
mounting and interconnection also eliminating the need for a separate cell-support
array member. This is quite analogous to the increasing application of integrated

microelectronic circuits today [20].



In general, in previous using the results from Hall Effect measurements along with
the relations describing the lifetimes of the excess minority carriers in the
semiconductors, the theoretical values of the excess carrier lifetimes in the materials
were studied [21, 22]. But, Investigation of the optical and electrical behavior of some
semiconductors such thin film of Gallium Antimonide (GaSb) with depth below
illuminated surface has not been much study, at least not experimentally. The
importance of such research becomes obvious due to the variation of some of those
properties of thin film Gallium Antimonide (GaSb) with depth below the illuminated

surface.
1.2 Objectives of the study

The general objective of this work is to study the effects of Variation of temperatures
on the Radiative Recombination in a Thin film of Gallium Antimonide (GaSb)
Semiconductor. The specific objectives of the study is:

e to determine the photon absorption effect in both thin film and bulk Gallium
Antimonide Semiconductor,

e to describe the variation of Energy bending with depth below the illuminated
surface at different temperatures,

e to study the thermal equilibrium carrier concentration as function of depth

under the surface of semiconductor at different temperatures,

e to determine the radiative excess carrier lifetime under different conditions.

1.3 Thesis Outlines

This thesis organized into five chapters. Chapter two includes review of related
literatures. It is contains five sub sections. It deals with the theory of energy bands in
solids, thermal equilibrium properties of semiconductors, the near surface region at
thermal equilibrium, photon absorption in semiconductors, optical generation and
recombination of excess carrier photo-response of semiconductors. Chapter three
presents the overall methodology by which important data is collected and analysed.
Chapter four covers the results and discussion of the study. Chapter five gives the
conclusions of entire parts of this work and describes the results obtained in chapter

four.



Chapter 2 : Literature Review

2.1 Energy bands in solids

Band structures are a representation of the allowed electronic energy levels of solid
materials and are used to better inform their electrical properties. A band structure is
a two dimensional representation of the energies of the crystal orbitals in a crystalline
material. A band structure can quickly reveal whether a material is metallic, semi-
metallic, or insulating, and for those materials with bandgaps whether they are direct
or indirect as well as the magnitude of the gap. Additionally, the curvature of the bands
can reflect the carrier mobility through those bands [23]. The band gap is an energy

range where no electronic states are present.
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Figure 2-1: Simplified diagram of the electronic band structure of insulators, semiconductors and
metals. The position of the fermi level is when the sample is at absolute zero temperature (0 K) [24].

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 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 not as
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
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form strong bonds between neighbouring 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 [25].

Fermi level is an important consequence of band theory, the highest occupied
quantum state of electrons at absolute zero temperature. The position of the Fermi
level relative to the conduction band is an important parameter that contributes
to determine the electrical properties of a particular material. The position of the
Fermi level position is also indicated in Figure 2-1. For a semiconductor, the electrical
resistivity lies between a conductor and an insulator. An externally applied electrical
field may change the semiconductor’s resistivity. In conductors, current is carried by
electrons, whereas in semiconductors, current is carried by the flow of electrons or
positively charged holes [24]. In a crystalline solid, the energy difference between the
top of valance band (Ey) and the bottom of conduction band (E) is defined as the band-
gap energy (Eg4). The band-gap energy of a semiconductor defines its optical absorption
threshold for the photoelectric effect. That is, generation of electric charge-carrier from
light absorption only occurs with photons with energies greater or equal to the band
gap, (hv = E;), where E; is the energy band gap of the given semiconductor, h the
Planck’s constant and v, the frequency of the absorbed photon by the semiconductor.
When supra-band-gap light is absorbed by a semiconductor, charges move between
the valence and conduction bands [26, 27]. When a semiconductor is illuminated by a
photon of energy greater than its energy band gap (hv > Ej), electron-hole pairs are
generated in the semiconductor. The photo-response of the semiconductor can be
described through the current produced due to the electron-hole pairs produced in the
process. Hence, the amount of current produced by these charge carriers is also
affected by the effective lifetime of the carriers. 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 [28, 29]. The



temperature dependence of the energy band-gap, E;(T) has been experimentally

determined yielding the following expression as a function of the temperature, T.
aT?

T+

where a = 3.78 x 107 eV/Kand B = 94 K are constants chosen to obtain the best fit

E,(T) = E;(0) — (2-1)

to experimental data and E,; (0) is 0.813 eV the limiting value of the band at zero Kelvin.

Therefore, Gallium Antimonide’s basic band structure shows a direct energy gap
between the valance band maximum and the conduction band minimum direct gap
semiconductors eliminate the need for phonons to allow the transition of the electron
from the valance band to the conduction band [30]. The basic difference between direct
gap and indirect gap transitions is that, when the conduction band minimum and the
valence band maximum occur at different value of k, the material is said to be indirect
band-gap material. On the other hand Electronic transitions between the two bands,

with no change in crystal momentum is said to be direct band gap [31].

2.2 Thermal equilibrium properties of semiconductors

In this section, the description of some common properties of semiconductor
materials like the energies of the charge carriers and the free charge carrier

concentrations will be discussed.

2.2.1 Thermal equilibrium carrier concentration

The concentrations of electrons and holes in a semiconductor are determined by
many factors including the bandgap and band structure of the semiconductor, the types
and concentrations of the impurities doped in the semiconductor, temperature and any
external disturbances to the semiconductor [32]. The term equilibrium is used to
describe the unperturbed state of a system, to which no external voltage, illumination,
mechanical stress, or other perturbing forces are applied. Therefore, thermal
equilibrium concentration of electron and hole in conduction and valance bands are
independent of time. In thermal equilibrium electron-hole pairs are constantly being
formed and destroyed. For a non- illuminated semiconductor in thermal equilibrium,
the concentration of electrons in the conduction band is n = n, and holes in the valence

band p = p,. The thermal equilibrium electron concentration, n, in the conduction



band and thermal equilibrium hole concentration, p, in the valence band for the non-

degenerate semiconductor case can be simplified to [33, 34]:

Ec —Er (2-2)
ng = N- ex (— —),
0 c exp kT
Where
2mmikpT\>/? (2-3)
NC = 2 <—h2 ) .

N, is the the effective density of the conduction band states and m;, is effective mass
of electrons in the conduction band. The density of the hole carriers, p, in the valence

band can be derived also for non-degenerate case as:

EF - EV (2-4)
= N, S —"
)
where
2mm kT2 (2-5)
NV = T .

Ny is the effective density of the valence band states and m,, is the effective mass of

holes in the valence band.

2.2.2 Intrinsic semiconductors

Pure semiconductors (i.e., semiconductors with no intentional doping) [35] or a
perfect semiconductor crystal with no impurities or lattice defects is called an intrinsic
semiconductor. A semiconductor may be considered as an intrinsic semiconductor if
its thermally generated carrier density represented by n; is much larger than the back
ground doping or residual impurity densities. At T = 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 and
the electron-hole pairs are produced. These electron-hole pairs (EHPs) are the only
charge carriers in intrinsic material [36]. Therefore, the intrinsic carrier density
increases with increasing temperature. Suppose that 9t is the concentration of
electron-hole pairs thermally generated in the respective bands and ngis 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 [8].

ng = N— ng =n; = po. (2-6)
As we discussed in the above, the electron-hole pairs in an intrinsic semiconductor are
generated by thermal excitation. Therefore, for intrinsic semiconductors with an
energy band gap on the order of 1eV or higher, the intrinsic carrier density is usually
very small at low temperatures below 100K. As a result, the resistivity for these
intrinsic semiconductors is expected to be very high at low temperatures. 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; of the semiconductor,

E;—E E.—E; -
B B

The intrisic energy, E; can be written from Eqns. (2-3) and (2-5) along with Eqn. (2-7)

gives:

E, +E 3 m 2-8

Eiz(u)+—k3ﬂn 2. (2-8)
2 4 my,

If E, and E. are known at a certain temperature, one can easily compute the values of

n; as function of temperature. The intrinsic concentration, n; for free carriers the

corresponding bands can be computed from Eqns. (2-2) and (2-4) above as:

E
n; = \/Pono = JNyNcexp (_ 2kZT>' (2-9)

Eqn.(2-9) is called the law of mass action [37].

2.2.3 Extrinsic semiconductor

In addition to the intrinsic carriers generated thermally, it is possible to create
carriers in semiconductors by purposely introducing impurities into the crystal. This
process, called doping, is the most common technique for varying the conductivity of
semiconductors. By doping, a crystal can be altered so that it has a predominance of
either electrons or holes. Thus there are two types of doped semiconductors, n-type
(mostly electrons) and p -type (mostly holes). When a crystal is doped such that the
equilibrium carrier concentration n, is different from the intrinsic carrier
concentration n; the material is said to be extrinsic. When impurities or lattice defects
are introduced into an otherwise perfect crystal, additional levels are created in the

energy band structure, usually within the band gap. This level is filled with electrons at



0 K, and very little thermal energy is required to excite these electrons to the
conduction band. As the temperature is raised, these electrons are donated to the
conduction band, and at about 100K all the donor atoms are ionized. This temperature
range from Ok to 100k to is called the partially ionization region. Once, the donors are
ionized, the conduction band electron concentration is no~N; = 10®cm™3, N; Donor
impurity atoms, since one electron is obtained for each donor atom. When every
available extrinsic electron has been transferred to the conduction band, n, is virtually
constant with temperature until the concentration of intrinsic carriers n; becomes
comparable to the extrinsic concentration N;. Finally, at higher temperatures n; is
much greater than N;, and the intrinsic carriers dominate. In most devices it is
desirable to control the carrier concentration by doping rather than by thermal EHP
generation. Thus, one usually dopes the material such that the extrinsic range extends
beyond the highest temperature at which the device is to be used [38]. In the real case,
there are many levels within the band-gap that can influence the concentration of
electrons and holes in the conduction band and the valence band. One way to
intentionally do so is to dope the material. Doping creates donor or acceptor levels,
which are able to contribute an electron or a hole, respectively, to their corresponding
conduction bands, as shown in Figure 2-2 below:

(a) (b)

O AO% @Eca

an i Ep

OO,

sk e " E
=
17, - o N A s E"/
O A oV ©Z0Z 07

Figure 2-2: Diagram of n-type (a) and p-type ( b) doped semiconductors. The donor energy level within
the band-gap of (a) donates electrons to the conduction band. Similarly, the acceptor level of ( b) accepts
electrons and leaves conducting holes in the valence band [39].

The most important 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. For example, electron or hole densities can increase from 103cm™3 to
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more than 102°cm™3 if a shallow-donor or shallow-acceptor impurity with an equal
amount of impurity densities were added into a silicon crystal. In addition to the
relatively shallow-level donors and acceptors, the substitution of other impurity atoms
into a host semiconductor can give rise to deep-level states allowed states in the band
gap more than a few tenths of an eV from either band edge. These are commonly
referred to as traps or recombination-generation centers. Such centers are usually
unintentional impurities, are not necessarily ionized at room temperature, and
typically occur in concentrations far below the dopant concentration. The deep level
centers can be donor-like (positively charged when empty and neutral when filled with
an electron), acceptor-like (neutral when empty and negatively charged when filled
with an electron), or may exhibit multiple charge states with associated multiple levels

in forbidden gap.

As discussed above, adding donor or acceptor impurity atoms into semiconductor
will change the distribution of electrons and holes in the material, and as a result, the
position of Fermi energy will change. Eliminating N and N, among Eqns.(2-2), (2-4)
and (2-5) yields:

Ec — EF)

Ep — Ev) (2-10)
kgT '

and po = Ny exp (— T
B

ng = Nc exp (—

The law of mass action, Eqn. (2-9) allows one to calculate the minority carrier density

in an extrinsic semiconductor when the majority carrier density is known.
2

%, for p — type material,

Minority carrier density = % (2-11)

2
n :

k —L, for n — type material.
No

The thermal equilibrium extrinsic Fermi-level, Er can also be described from Eqns.
(2-2) and (2-4) in terms of E; and the thermal equilibrium carrier concentrations as:

Ey = E; —kgTIn (@> — E, +kgTIn (@) . (2-12)
n; n;
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As the charge carrier concentrations change, the position of the extrinsic Fermi energy

level varies within the band gap until the system

reach thermal equilibrium. Eqn. (2-12) shows Eey
that Er lies above E; for n-type material (n; > pg) f Ex (donors)
and below E; for p — type material (n; < p, ) [40, T~
! Es (acceptors)
41].
E,

Concentration of donors or accepiors
_

Figure 2-3: shows the Fermi energy level as a  Figure 2-3: Variation of fermi energy with
doping concentration.

function of donor concentration (n-type) and as a

function of acceptor concentration (p-type). As the doping level increases the Fermi
energy level moves closer to the valence band for the p-type material and closer to
conduction band for the n-type material. Now, as doping concentration increases the
Fermi energy level moves closer to the valence band because the material is p-type. If
the Fermi energy level lies inside the conduction (or valence) band, the material is

referred to as a degenerate semiconductor. The semiconductor becomes degenerate at

high carrier concentrations above p, = 10*%cm™3 [42].

2.3 The near surface region at thermal equilibrium

When an electric field (¢) is applied to the material, the band energies become a
function of position. The variation of E- and E}, with position is referred to as band
bending [43]. 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 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. In semiconductor physics, the depletion region, also
called depletion layer, depletion zone, junction region, space charge region or space
charge layer, is an insulating region within a conductive, doped semiconductor
material where the mobile charge carriers have been diffused away, or have been
forced away by an electric field. The only elements left in the depletion region are
ionized donor or acceptor impurities. The depletion region is so named because it is
formed from a conducting region by removal of all free charge carriers, leaving none to
carry a current. In the depletion region of a semiconductor, the free carrier

concentration is very small as compared to the bulk [44].
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The width of the total depletion layer is b;between the surface and the neutral region
is given by the sum of the width of the highly depleted layer (bs) and the width of the
transition region (bg) between the highly depleted region and the quasi-neutral region:
by = bs + bs . (2-13)
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) at any
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 [45, 46]:

E -
p(E) = poexp (‘ kB_T) (2-14)

The majority carrier concentration in Eqn. (2-14) 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, Eqn. (2-9) and along
with Eqn. (2-14) as:

E -
n(E) = nyexp (kB_T) (2-15)

The position dependence of the bending in energy at depth x below the surface is
given by:
e?Ny
2¢
Where E(x) is the band bending at depth x, N is doping concentration, k,, is dielectric

B(x) = — (2-16)

(by — X)Z-

2
constant (14.4) and ¢, is permittivity of free space (8.85 x 10712 ]C—m) b, is width of the

total depletion region for p-type material [47].

P (2-17)
L™ e2Ng

The thermal equilibrium majority carrier density at the surface (x = 0) of a p-type
semiconductor can also be expressed in terms of the surface Fermi-level position, Egg
The majority carrier at the surface (x = 0) for p-type semiconductor is hence given by:

—Es (2-18)
Pos = Po €Xp kB_T .

Where Es the energy bending at the surface (x = 0) described as:
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e?N; (2-19)
Es = — bZ.
s 2e
ESF = EBF + Es. (2'20)
Where the Fermi-level position, Egr relative to the VBM in the bulk for p-type
semiconductor is given by [17]:
EBF = Ei - kBTln (ﬁ) (2-21)
i
2.4 Statistics of donors and acceptors
The density of electrons in a shallow-donor state is given by:
Nq
ng = 1 F —E. (2-22)
_ =d___—F
1 +gdexp( k5T )

where, ng,is the density of electrons occupying the donor level is, N; is the
concentration of donor atoms, E; is the energy of the donor level and g, is the donor-

site degeneracy factor.
The concentration of ionized donors N is then:

Ng (2-23)
1 Ep — E;\
1+ Ja exp (—kB T )

When a singly ion sable donor captures an electron it becomes neutral, and when it

N;=Nd—nd=

releases an electron, it becomes positively charged. Using the same analysis, the

concentration of ionized acceptors N; we have:

Ng (2-24)

Ng = Ng— pg = ,
Er — E
1+ ganp(—FkBT a)

where, p, is the density of holes bound to acceptors, N, the concentration of
acceptor atoms, E, the energy of the acceptor level relative to the valence band, N,
the concentration of ionized acceptor atoms and g, is the acceptor-site degeneracy
factor. When a singly ion sable acceptor captures an electron it becomes negatively
charged, and neutral when it releases the electron. When free electron-hole pairs

annihilate through recombination, the free carrier concentrations in the conduction
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and valence bands adjust for the intrinsic semiconductor n, = p, = n; For the extrinsic

semiconductors this takes the form:

no = Nj + 9N —ng and pPo = Ng + N —ng, (2-25)
where ny is the concentration of the total electron-hole pairs being annihilated each
other after the donors and the acceptors are being ionized, 91 is the concentration of
electron-hole pairs thermally generated from band to band, Nj and N; are the
densities of free electrons and holes contributed by the donor and the acceptor levels
to the respective conduction and valence bands. Upon eliminating 9t — ni in Eqn.
(2-25) the well-known neutrality relationship is obtained:

ng+ N; = po+ NJ. (2-26)

The law of mass action Eqn. (2-9) along with Eqns. (2-23) and (2-24) yields:

_Na = NE | (Na =N 2 (2-27)
For very high acceptor impurity concentrations (N; >> N.) Eqn. (2-27) can be
simplified:
po = Ng +n,. (2-28)

2.5 Photon absorption in semiconductors

Next, we are going to investigate a photon absorption rate at the surface and in the
bulk of a very thick semiconductor. A semiconductor can absorb a photons having hv >

E,. This energy can be supplied in the form of light. Each light photon has energy:

Epp = hv. (2-29)
where h is the Planck’s constant and v is the frequency of the light. Photons incident on
the surface of a semiconductor are reflected, transmitted and absorbed (or scattered)
components. The absorbed photon has the possibility of exciting an electron from the
valence band to the conduction band. The photo-response of the material can be
measured through the change in the photoconductivity due to the absorbed photons.
The term “photo-conductivity” refers to a change in conductivity of a semiconductor
when illuminated by photons. The generation of excess electron-hole pairs in a
semiconductor is known as the injection of excess carriers [48]. At thermal equilibrium,
the valence band contains many electrons and the conduction band has many empty

states into which electrons may be excited. When photons with energies equal to or
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greater than the band gap are incident on semiconductor materials, the photons are
absorbed by the formation of electron-hole pairs. While the photo-generated carriers
exist in their respective bands, they are free to contribute to the conductivity of the
material. The electron-hole pairs generated by photon absorption are known as photo-
generated carriers. In the case of a pure semiconductor, photons with energy less than
the band gap energy will not be enough to excite an electron from the valence band to
the conduction band and it will pass through the semiconductor without being
absorbed [28].

2.5.1 Absorption in infinitely thick semiconductors

Thick (bulk) semiconductor can be described when the thickness of the
semiconductor,b is infinitely large( b — ). Figure 2-4 shows a photon beam of flux
density ®,(cm~2s71) directed at the upper surface of a portion of a semiconductor
sample of length 1, width w and infinitely large thickness. It is assumed that the beam

contains only photons of energy hw = E; selected by a monochromator [49].

(b“ DR (D‘?'\‘ O R

0 / / o
T

\d}(l—R)e““ ‘\(Du(l—R) x

Y
L4

(«DU(]-_R)e—u(xo.\x) /

Figure 2-4: Absorption of photons in an infinitely thick (bulk)
semiconductor [8].

The photon absorption rate (g,) in entire volume of the given illuminated area (4) and

thickness (Ax) is defined as the total number of absorbed photons per unit volume per

unit time:

_ AN, _ Ao (2-30)
AAxAt  Ax’

where AN,,;, is the number of absorbed photons, At the time and A® the absorbed photon

Jo

flux density is given as:

AN, (2-31)

AD =
AAt
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As the beam passes through the sample, the photon flux density at a 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 also proportional to the photon flux density, ®(x) remaining at x after being absorbed

in the preceding section of material [50]:

_do(x) (2-32)
O dx

Where « is a constant called the absorption coefficient, which is related to the dielectric

= —ad(x),

properties of the material and the wavelength of the incident photons. The negative (—)
sign in Eqn. (2-32) indicates the decrease g, with increasing x. The value of the
absorption coefficient is determined using its dependence on the photon energy, analyzed

by Bardeen et al [51, 16, 7].

3

2 1

2 2 * * 5 _ =

() = e < MMy )2 (1 R mf) <—hw fg>2. (2-33)
312,/ko, \Ty(my; + m3) m;  m; )\ myc

h. , . :
Here, i = S is the reduced Plank’s constant, e is the elementary charge, m,, is the free

*

n/p 1S the effective electron/hole mass. This

electron mass, c the speed of light and m
allows

a(v) to be calculated for all wavelengths of the incident photons. Taking into account the
reflection of a photon flux density @R back to the vacuum or air, the photon flux density
entering the illuminated surface is given by the difference between the incident and the

reflected photon flux densities:

®;(0) = ®o(1=R), (2-34)
The photon flux density at distance x below the illuminated surface, using the

boundary condition in Eqn. (2-34), results in:

Dd(x) = &y(1 —R)e™*~. (2-35)
Eqn. (2-35) is known as Beer’s law [45]. The reflection coefficient (reflectivity) R is
calculated assuming that 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 = 0.34 [52, 53].
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The photon flux density absorbed in the elemental thickness §x at a distance x below

the illuminated surface can be described from Eqns. (2-32) and (2-35) as:

6P = ady(1 — R)e 6. (2-36)

Equations (2-30) and (2-36) yield the photon absorption rate for different
wavelengths as:

9o, x) = ady(1 — R)e %, (2-37)
The photon absorption rate in Eqn. (2-37) also depends on the absorption coefficient
a. The linear term dominates for lower values of a , while the exponential term
dominates for higher values of a .It has a maximum value for intermediate values of

a,which can be found by differentiating Eqn. (2-37) with respect to a and equating it to
0:

dg, (a, x) (2-38)
—=0.
da

The depth x at which g, (a, x) has a maximum value for a given photon energy is called

the penetration depth (xp)of that photon:
1 (2-39)

Taking into account (2-39) along with Eqn. (2-37) gives:
®y(1—-R) (—x) (2-40)
———exp

9ol ) =220 &

14 14

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

with particular absorption coefficient, @ can be determined using Eqns.(2-40) and
(2-39) as:

®,(1—R) (1 — R)> (2-41)

exp(—1) = 0.37 <
Xp

gO(xp) = .

The photon absorption rate in Eqn. (2-40) has maximum value at the surface when
(x = 0) given as:
®o(1 —R) (2-42)

9o(xp) = x

p

The limiting cases for the photon absorption rate in a very thick semiconductor can
be concluded as:
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p
®ya(1 —R), for x <—=x,,
ady(1 - R) 1 (2-43)
go = A , forx =—= x,,
e a
tO’ forx>a=xp.

The absorption rate falls to 37% of the maximum value at the surface or takes the form

of Eqn. (2-41) at the absorption depth (xp), and goes to zero when the values of x is
much exceeding the values of the absorption depth (xp) of the absorbed photon or

(x > o).

2.5.2 Absorption in a thin semiconductor film

Semiconductor thin films are ranging from fractions of a nanometre to several
micrometres in their thicknesses (b), multiple reflections and transmissions of
photons can occur at both the top and the bottom surfaces 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. The absorption
rate will depend on the thickness of the sample and the reflection from both surfaces
for a thin film. Figure 2-5 depicts a double-sided sample of thickness b, illuminated by
a source with photon flux density ®,. 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 expressions and
the arrows in the Figure 2-5 describes the incident, reflected and transmitted rays at

the boundaries (top and bottom surfaces) of the sample.

/(D()R CD(,(I/—R)ZR e’ ®,(1-R)*R* Ve

®)(1-RY'e ™ @) (1-R)? R Vg t2r-ab

Figure 2-5: Absorption of photons in a semiconductor film [8].

The photon flux density transmitted through the bottom surface after n"* order is given

by:
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®prp = Po(1 — R)2R?™ Vexp[—(2n — Dab], (n=1,23..). (2-44)
The photon flux density reflected back to the sample from the bottom surface after nt"

order is given by:

Pprn = Po(1 — R)2R" Yexp[—(2n — Dab], (n=1,23..). (2-45)
The photon flux density transmitted through the upper surface after n** order is given

by:

Gyrn = Po(1— R)?2R® Vexp[—2nab] , (n=12,3..). (2-46)

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

Dypn = Po(1 — R)R*Mexp[—2nab] , (n=1,2,3..). (2-47)
The total photon flux density absorbed in the sample, A® is then given by the
difference between the incident photon flux density, ®, and the total flux density
leaving the sample, ®, + O

®y(1—R)(1 — exp™@P) (2-48)
1— Rexp—@b

Aq):q)o_((DR+(DT):

The photon flux density entering a thin section with thickness Ax at depth x as positive
and that leaving the section as negative, one can show that the photon flux density at
the top surface of the section Ax of the material shown in Figure 2-5 is:

(1 — R)e™* (2-49)

d(x) = | RZo—2ab [1—Rexp — 2a(b — x)]

The photon flux density absorbed in Ax is then given by the difference in the photon

flux density on either side of this section:

Dy (1 — R)e™ % (1 — e~ ¥0¥) a2 (b)A (2-50)
AD = T Riea [1 4+ Re-al2(b=-0)=ax]],
The photon absorption rate in this layer of thickness Ax is:
®y(1 — R)e (1 — e~ %A%) (20— (2-51)
gO(a' X, Ax) = (1 _ Rze—Zab)Ax [1 + Re al2(b-x) X]]
For very small Ax we can assume 2(b — x) — Ax =~ 2(b — x) and 1 — e~ *** =~ qAx, so

that the photon absorption rate at a distance x below the illuminated surface of the

sample can be written as:
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ady,(1—R)e™ ™ P (2-52)
go(a, x) = T~ RZe2ab [1+ Re=20(0=)],
At the top (illuminated) surface, x = 0 so that:
ady,(1—R) _ (2-53)
go(a,0) = 1= RZo—2ab [1+4 Re™2%P],
and at the bottom surface, x = b, so that:
ady(1 — R?)e™4P (2-54)

go(a, x) = 1 — R2e—2ab
The total photon absorption rate in the entire sample of thickness b can be determined
from Eqn. (2-51) by changing Ax to the sample thickness b and taking the depth to the

surface (x — 0)as:

®y(1—R)(1—e %) (2-55)
b(1 — Re2ab) ’

The limiting values of the total photon absorption rate in a given sample can be

Go(a,b) =

generalized from Eqn. (2-55) as:

1
ad,, for a < X
®y(1-R)(e—1) 1 (2-56)
Go(a, b) =« be—R) , for a = 5
®y(1—-R) 1
kT, for a> E

2.6 Optical generation and recombination of excess carriers

2.6.1 Generation/recombination rate equation
The rates of change of electrons in the conduction band and holes in the valence
band are equal and always given by the difference between the generation and the
recombination rates [8], i.e.:
dn dp
— =— =G —R,
dt dt

Where n and p represent the non-thermal equilibrium electron and hole

(2-57)

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 + G, (2-58)
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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- Gy, (2-59)

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

5, (2-60)

where &, and §,, are the concentrations of photo-generated carriers.

The parameters 7, and 7,, are called the electron and hole recombination lifetimes,
respectively. Using thermal equilibrium conditions and the principle of detailed
balance along with Eqns. (2-57) to (2-60), the rates of change of the excess carriers

are:

ds, ds, (2-61)

— =Gy —U=—".

dt 0 dt
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.

2.6.2 Recombination mechanism in semiconductors

In a semiconductor material, recombination mechanisms can in general be classified
into two groups, radiative and non-radiative [54]. Radiative recombination is the
radiative transition of an electron in the conduction band to an empty state (hole) in
the valence band. The optical processes associated with radiative transitions are (i)
spontaneous emission, (ii) absorption, and (iii) stimulated emission. Stimulated
emission, in which the emitted photon has exactly the same energy and momentum as
the incident photon, forms the basis for laser action. Non-radiative recombination of
an electron-hole pair as the name implies, is characterized by the absence of a photon
emission in the recombination process. The parameters like temperature, carrier
concentration and carrier life time have significant effect on non-radiative
recombination [9]. Non-radiative recombination occurs when excess energy is
released as phonons or transferred as excess kinetic energy to another charge carriers.

Hence, the excess energy is dissipated as heat during the recombination process [55].
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Figure 2-6: Band-to-band radiative transitions

2.6.2.1 Radiative recombination
Radiative recombination is the fundamental microscopic quantum process that

leads to light emission in semiconductors and

AE

the operation of LEDs. It occurs vertically in the

band-structure diagram and enables photon

emission in light-emitting diodes. The radiative
& & Photon

W=
k

;

Figure 2-7: radiative recombination [42].

recombination is the inverse process of

fundamental optical absorption in a
semiconductor. The recombination of an
electron and holes take place with the release of
energy which is equal to the initial difference in
the energies of the two charged particles. The released energy is given out in the form
of radiation. Radiative recombination is the frequency of the radiation falls within the
visible range, a photon is said to be emitted. Radiative recombination is a direct
recombination mechanism, in which the electrons in the conduction band decay to the
valence band (i.e. recombine with holes in the valence band) [56]. This is a very
efficient process in direct band gap semiconductors. The energy lost by an electron in
making the transition is released as a photon. The total recombination rate (R) is
directly proportional to the product of the concentration of electrons n available in the

conduction band and the concentration of holes p available in the valence band [57].

R = Cynp, (2-62)
Where Cp 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 (oz) and the

thermal velocity of the electrons (v ):

CR = ORUth- (2-63)
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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 [58]:

oo

a(v)vidv

c _87Tkoof
=
c* 0 exp(li—vT)—l

)

(2-64)

Where a(v) the absorption coefficient, h is Planck’s constant and c is the speed of light.

Values of Cr can be obtained by numerical integration of Eqn. (2-64) for narrow band

gap semiconductors as [58, 59]:

3
m 300\2
CR = erwkoo <—n T) (1 +

my +my,

my

*
n

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

n

_.l_
mpy

) [E2 + 3E kyT + 3.75k372], (2765)

For large band gap materials where E; > kgT only the Eg2 term is needed. Figure 2-8
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Figure 2-8: Radiative recombination coefficient as

function of temperature for GaSb.

w
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shows the radiative recombination
coefficient as function of temperature.
As we observed from the Figure 2-8
the radiative coefficient decreases
with and

temperature increases

increases as the temperature

decreases. Since, Eg > kgT the term
Ejis dominant in this case as

predicted [22].

There are two principal categories

of carrier lifetimes: Recombination lifetimes and generation lifetimes. The concept of

recombination lifetime t; holds when excess carriers decay as a result of

recombination. The generation lifetime 7, by analogy, is the time that it takes on

average to generate an ehps. The net photo-generated carrier recombination rate in

the absence of excess carrier traps is given by the difference between the non-thermal

equilibrium recombination rates,

recombination rate:

Ry = Crngypy = CRniZ = Ry

Eqn.

24

(2-62) and the thermal

equilibrium

(2-66)



But, in non-equilibrium electron-hole densities, np > n? and én = n — Ny 6p =P — Do-
in a non-degenerate 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. The net carrier

recombination rate (Ugp,q4), is obtained by solving Eqns. (2-62) and (2-66) resulting in:
Ugr =R — Ry = Cr(np —n}) (2-67)

Inserting non-equilibrium concentration n = n, + én and p = ép + p, into equation
(2-67) and for the case of low-level injection, the excess carrier concentration én and
6p with én = &p, then the following general expression for radiative recombination

rate, Uy is given by:
UR = CRdn(Sn + pO + no) (2'68)

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 [60]:

on ]
T, = —, forelectrons (2-69)
Ugr
8 -
Tp = U—p, for holes (2-70)
R

So, the radiative excess carrier lifetime, 7 takes the form [61, 15, 62]:

_on _ 1 (2-71)
B Ur B Cr(ng +py +9n)

TR

From Eqn. (2-71), it is noted that the radiative lifetime 7y is inversely proportional to
the carrier density because in band-to-band recombination both electrons and
holes must be present simultaneously. The injection level is important during lifetime
measurements. Low-level injection holds when the excess minority carrier density is
low compared to the equilibrium majority carrier density, (dn < py + ny), similarly,
high level injection holds when (én > p, + ny). Eqn. (2-71), simplify for both low-level
and high-level injection [63].
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For a material under low injection level (dn «< py + ny), Eqn. (2-71) can be simplified

to:

_ 1 (2-72)
Cr(ng +po )

For a material under high injection level (én > py + ny), then:

Tp = TRro

1 (2-73)
TR - )
Cron
Using Eqns. (2-72), (2-67) and (2-61), one can determine the rate of excess free carrier
accumulation:
dsy n 2 (2-74)
E_ GO - (E+CR51I )

Using the initial condition §,, = 0 at time =0, the steady-state solution to Eqn.(2-74)

becomes:

ZGOTRTRO (2-75)

where 7 is the time constant given by:-

- *Ro (2-76)
J1+4CrGot3,

Tk

The radiative recombination and generation lifetimes are then given by:

ZTkTRO (2_77)
TR=Tg=—T—.

TRro + Tk
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).
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Chapter 3 : Methodology

This chapter gives the details explanation through which the calculations are done
and the method that used. The majority carrier concentration, p, and surface fermi
level position, (Esz) used in the analysis for different doping levels GaSb samples were
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.(2-15). The energy bending at the surface, Es is determined from Egz and the
Fermi-level position relative to the VBM in the bulk for highly doped p-type

semiconductor by the relation (2-20).

Then, the photon absorption rate in the bulk semiconductor is described using
the technique discussed in Section 2.5.1. The model of bulk semiconductor was
illustrated in Figure 2-4. By using illumination mechanisms, the photon absorption rate
at the surface and in the bulk of semiconductors were studied in details and the
variation of the photon absorption rate with the depth x below the illuminated surface
at different temperatures in bulk semiconductor were determined from the relation in
Eqn. (2-37). In the thin film semiconductor was also modelled to determine photon
absorption effect in different layers of thin film semiconductors as illustrated in Figure
2-5. Also, 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 absorption rate effect in each layer of a thin film 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. (2-52) and (2-55), respectively. In the analysis
of this result, the vertical axis for the photon absorption rate and horizontal axis for the
depth below the illuminated surface was taken as semi-log for both thin film and bulk
semiconductors. Then, the temperature dependence of the low injection level thermal

equilibrium carrier concentrations and band bending energy of the thin film Gallium
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Antimonide (GaSb) was investigated by considering the variation of the energy

bending at the surface.

Finally, by using the steady-state radiative recombination mechanism for small band
gap of semiconductor, the expression for the radiative excess carrier lifetime as
function of depth below the illuminated surface of the GaSb material was obtained in
terms of the temperatures, the injection levels and absorption coefficients. The results
of the analyses were described using semi-log graphs for all the excess carrier lifetimes.
The effects of the temperatures, the energy and the injection level of the illuminations
on the photo-response of the under surface depletion layer and the deep bulk of given

semiconductor for single doping are discussed in detail in the next chapter.
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Chapter 4 : Results and discussion

This chapter deals with 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
determined and compared. Then, Variations of the Energy bending and the thermal
equilibrium carrier concentrations in the under surface depletion layer and the deep
bulk of p-type semiconductor were continued. Finally, the photo-response (excess

carrier lifetimes) for both bulk and thin films semiconductors were analyzed.

4.1 Photon absorption rate in both bulk and thin film semiconductor

4.1.1 As function of depths at different temperatures

The photon absorption rate in this case is obtained as a function of depth below the
illuminated surface of the sample using (2-37) and (2-52) for the bulk and thin films,
respectively. Figure 4-1 shows the photon absorption rate in both the bulk and thin
films as a function of depth below the illuminated surface for different absorption
coefficients vary with temperatures. The brown curve shows the effects of absorption
rate as function of depths x below the illuminated in thick semiconductor that has
maximum value ®,a(1 — R) just at the illuminated surface. The green curve shows the

effects of absorption rate as function of depths x below the illuminated in thin film

7

10 5

Bulk semiconductor that has maximum value
Thin Film, b = 0.1 pum

99/%g = a1-Rexp(-1) @, just at the illuminated surface. As

9q/® = al1-R) can be seen from Figure 4-1 the values

9yl®y = @

of the absorption rate for the bulk

9o(x)/®, (cm™)

da = 483x10% em’! T=700K . L. L .
2 a=237xi07em—___T=200K material diminishes with increasing the
10" 4 a=84x10 cm’  T=50K
101 depth below the illuminated surface and
10 — — — — : the maximum absorption rate at the
10° 10 10" 10° 10" 10°
Depth below the illuminated surface x (um) illuminated Surface is (Doa(l _ R) The

Figure 4-1: Comparison of photon absorption rate in
both thin film and bulk semiconductor as a function of  values of the absorption rate for the thin

depth below the surface for different temperatures.
material at low temperatures are low
and constant pass through a thin material and the maximum absorption rate at the
illuminated surface is ®,a. Absorption rate also decreases to 0.37 ®,a(1 — R) ata is
equal to the reciprocal of the penetration depth of this particular photon in the

material. One can also see from the Figure 4-1, temperatures with higher absorption
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coefficients are absorbed more near the illuminated surface and temperatures with

low absorption coefficients are passing through the materials without being absorbed.

Therefore, the difference between bulk and thin film semiconductors 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. (2-37). Hence, the maximum absorption rate of ®,(1 — R)
occur just at the illuminated surface as shown by red lines in Figure 4-1. While, the
absorption rate at depth x below the illuminated surface in thin film semiconductors
which is described using relation in Eqn.(2-52) gives a maximum photon absorption
rate ®,a at the illuminated surface of thin film. This illustrates 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 consequence, each point inside a thin film
semiconductor has more photon absorption rates as compared to the corresponding
points in thick semiconductors. The photon absorption rate in Figure 4-1 has in general
three limiting values. These are, the maximum absorption rate just at the surface of a
thin film represented by the green line, the maximum absorption rate just at 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.
Therefore, one can conclude from this result shows that, the variation of the photon
absorption rate in both thin and bulk of semiconductors with the depth below

illuminated surface of the samples is increases with increasing temperatures.

4.1.2 As function of thickness of samples at different temperatures

The total photon absorption rate in both thin film and bulk semiconductor in this
case is obtained as a function of thicknesses of the samples using Eqn.(2-55). The

bulk semiconductor is a material with very large thickness and thin film
corresponds to material with very small thickness(b < %) Figure 4-2 illustrates the

total photon absorption rate in both thin film and bulk Semiconductor as function of
thicknesses for different temperatures. As can be seen from Figure 4-2 the rate of

absorption is increasing with decreasing thicknesses of the samples.
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, As can be seen from Figure 4-2 the rate of

10°] Gy/@g=(1-R)(e-1)/b(e-R) absorption is increasing with decreasing
< G,/®,=(1-R)/b ) o
10° ] NS thicknesses of the samples. The variation
< 10*4 N /:0/¢0=1/b of the absorption rate with the
o >
& 10° 4o spto?em?  T=700K thicknesses of the samples is high for
= a=194x10"cm™" T=160K\ . o
210 9=787:00Tem’ __T-50K high temperatures and it is a constant
10" rate for low temperatures in very thin
0 . . . .
10"+ " . films of different thicknesses, but is
10 10 10 10 10 10

Sample thickness b . . . .
, ample thickness b (um) , absorbed with different rates in thick
Figure 4-2: Total photon absorption rate in both thin

film and bulk semiconductor as function of thickness films. Hence the absorption rate
for different temperatures ’

increases with increasing the temperatures. The total photon absorption rate in Figure
4-2 has also three limiting values. These are, the maximum photon absorption rate in
very thin film (b < i) 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 = é), represented by the green line and the photon
absorption rate when the thickness of the material is greater than the penetration

depth of the corresponding photon(b > é), represented by the red line. The variation

of the photon absorption rates as function of the depths below illuminated surface is in
good agreement with the results obtained by M. W. Shura photoconductive
spectroscopy of GaSb films [8].

4.2 Position dependence of energy bending and thermal
equilibrium carrier concentration of the thin film of Gallium

Antimonide (GaSb)

4.2.1 Variation of energy bending with depth below the illuminated

surface at different temperatures

Figure 4-3 illustrates the position dependence of doping level 2 X 107cm™3 (a)
energy band bending for samples with temperatures 60 K,150 K, 256 K, (b) energy
band bending for samples with temperatures 256 K, 400 K, 500 K. The position
dependence of the energy band bending in the under surface depletion layers and the

bulk of thin film of Gallium Antimonide (GaSb) can be determined using Eqn.(2-16).
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The width of the under surface depletion layers is also determined using relation

(2-17).
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Figure 4-3: Position dependence of energy band bending in the thin film of Gallium Antimonide (GaSb)
semiconductor.

Since the style of the variation of (a) the energy band bending with the depth below the
illuminated surface for samples at different temperatures below 256 K is the same as
that of (b) the variation of the energy band bending with the depth below the
illuminated surface for samples at different temperatures above 256 K, except the
difference in magnitude (size) as depicted in both Figure 4-3 (a) and (b). As can be seen
from Figure 4-3 (a) and (b), the energy bending in the bulk region remains constant
with depth below the illuminated surface, but in the entire depletion layer the energy
bends down and reaches its maximum at the surface. As can be seen from Figure 4-3
(a) and (b), the temperatures above and below 256 K, hence the energy bending
decreases at the two surfaces of a thin film semiconductor and the energy bending
slightly decreases constant in the bulk region of a semiconductor. In addition, as seen
from the figure that the width of the depletion region is maximum at 256 K and it is
also in general decreases with increasing and decreasing temperatures. Therefore, one
can conclude from this result also that, the band bending is decreasing at low
temperatures than high temperatures at the two surfaces of a thin film semiconductor.
This is an evidence that the temperature indicating a dominant surface conduction at

low temperatures than high temperatures [64].
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4.2.2 Variation of thermal equilibrium carrier concentrations with

depth below the illuminated surface at different temperatures

The expression of the band bending energy, E (x) at any location x in the depletion
region also enables us to evaluate the thermal equilibrium free carriers concentrations
at any point x in the depletion region already discussed in Figure 4-3 previously. The
position dependence of the thermal equilibrium majority carrier concentration and
minority carrier concentration in the under surface depletion layers and the bulk of

thin film of Gallium Antimonide (GaSb) can be determined using Eqns. (2-14) and
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Figure 4-4: Position dependence of thermal equilibrium carrier concentration in the under surface depletion

layer and the bulk of thin film of Gallium Antimonide (GaSb) semiconductor for different temperatures

(2-15), respectively. Figure 4-4 describes the position dependence of the thermal
equilibrium carrier concentrations at different temperatures in the under surface
depletion layer and the thin film of Gallium Antimonide (GaSb). From Figure 4-4 one
can see that 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 in the entire region between the edge of the transition region

and the surface, while the magnitude of the majority carrier concentration in the deep
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bulk is fixed with depth below the illuminated surface. Since the band bending in
different layers determines the variation of the majority carrier concentrations in these
layers. The minority carrier concentration in the depletion layer increases from
maximum value p, at the edge of the quasi-neutral region towards the surface and
attains its maximum value in the entire region between the edge of the transition
region and the surface and the magnitude of the minority carrier concentrations in the

deep bulk is fixed with depth below the illuminated surface.

One can also see from Figure 4-4 the magnitude of the majority carrier
concentration is constant in the deep bulk of the semiconductor with increasing the
temperatures, while the magnitude of the majority carrier concentration is increasing
under the both the surfaces of thin films of the semiconductor with increasing
temperatures. The magnitude of the minority carrier concentration is highly increasing
in both the deep bulk and the under surfaces of thin film of Gallium Antimonide (GaSb)
with increasing the temperatures. This is an evidence that with the increasing
temperatures both the majority and minority carrier concentrations become equal and
approach the intrinsic concentration M. W. Shura photoconductive spectroscopy of

GaSb films [8].

4.3 Determination of radiative excess carrier lifetime under
different conditions

4.3.1 Low injection level and Low energy consideration

The photo-response of a semiconductor also depends on the temperatures. The
radiative excess minority carrier lifetimes are determined by considering the variation
of the majority carrier concentration with energy bending at different positions Eqn.
(2-14) along with Eqn. (2-72). As already discussed in the previous section, the layer
under the surface of Gallium Antimonide (GaSb) thin film is depleted of majority charge
carriers and has very low thermal equilibrium majority carriers as compared to the
deep bulk. This enhances the magnitude of the excess carrier lifetime in the under
surface depletion layers than in the deep bulk. The low injection level radiative excess
minority carrier lifetime is determined as a function of the depth below the illuminated

surface for four samples with different temperatures 60 K,150 K, 256 K, 400 and
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500 K by keeping the photon energy and the photon flux density at their possible

lowest values.
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Figure 4-5 : Variation of radiative excess carrier lifetimes as function of the depth below surface for low
injection level in thin film of GaSb sample and different temperatures.

(@) Depth below the surface x (nm)

The value of doping level and thickness for thin film GaSb used in this analysis is
2x10Y¢m™3 and 300 nm, respectively. Figure 4-5 illustrates the variation of radiative
excess carrier lifetime as function of the depth below the illuminated surface for low
injection level in thin films of GaSb sample of thickness 300 nm with different

temperatures, (a) below the 256 K temperatures, (b) above the 256 K temperatures.

Figure 4-5 (a) shows that; the magnitude of the radiative excess minority carrier
lifetime is highly decreasing in the deep bulk of the semiconductor with decreasing the
temperatures from the maximum of the depletion layer width for temperature 256 K,
while the magnitude of the radiative excess minority carrier lifetime under the surface
is slightly decreases with decreasing temperatures. Since majority carrier
Concentration in the depletion layer decreases from maximum value p, at the edge of
the quasi-neutral region towards the surface as discussed in Figure 4-4, attains its
minimum value at the surface. Even though, the radiative excess minority carrier
lifetime as shown in Figure 4-5 (b) is increasing and highly decreasing with increasing
the temperatures from the maximum value of the depletion layer width for
temperature 256 K for the deep bulk and under the surface of the semiconductor,
respectively. Therefore, one can conclude from this result also that, the magnitude of
the radiative excess minority carrier lifetime under the surface is insensitive to the

below 256 K temperatures than above 256 K temperatures.
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4.3.2 High injection level and absorption coefficients consideration

Figure 4-6 illustrates the depth below the illuminated surface dependence of doping
level 2 x 1017c¢m™3 radiative excess minority carrier lifetimes for GaSb thin film with
the photon flux density injection level is varied from 0 to 1032 cm™2s™? for, (a) Low
absorption coefficient 1073cm ™1, and (b) high absorption coefficient 10® cm™1. At the
surface regions have very low thermal equilibrium majority carrier concentration, pgs,
they always remain under high injection level condition under the situations where
Pos < On, while the deep bulk with very high thermal equilibrium majority carrier
concentration, py > 6n, still remains under low injection level as depicted by the two
low injection levels 1024 cm2s-1 and 1027 cm2s1 in Figure 4-6 (a). As can be seen from
Figure 4-6 (a), the surface remains under high injection for all the illuminations except
at 0 photon flux density, while the deep bulk is under high injection level only for the
two high injection level illuminations with photon flux densities 103°cm~2s~1and
103?2¢cm™2s71. Since a photon with low energy can pass through a thin material with a
constant low absorption rate as discussed in Figure 4-1, equal amounts of free carrier

concentrations, dn are generated by the illuminations at all depths inside the material.
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Figure 4-6: Variation of radiative excess carrier lifetimes as function of the depth below the illuminated surface
for different injection level

Therefore, 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

T and

in the bulk p, < 6n as indicated by the two higher injection levels 103°cm™2s~
10%2¢cm™2s71 , both the under surface layers and the deep bulk layers remain under

the same high injection levels. As a consequence, the effects of high injection level and
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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 cannot be detected
in the deep bulk, but can be detected under the top and the bottom surfaces as
illustrated in the Figure 4-6 (a). Therefore, one can conclude from this result also that,
the excess carrier lifetime also decreases with increasing the injection levels for both
the under surface layers and the bulk layer. The injection level dependence of the
photo-response for p-type semiconductor material is in good agreement with the result

obtained as that of M. Z. Rahman. [62].

As shown in Figure 4-6 (b), the absorption coefficient is kept at very high value
10°cm™! and the fixed temp (300 K) as already seen in Figure 4-6 (a), 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 101> cm2s-1 and 1018 cm-2s'1. 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, more amounts of free carrier
concentrations, dn 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,s <
6én, while the deep bulk with very high thermal equilibrium majority carrier
concentration, p, shows different response 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
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the illuminated surface as shown in Figure 4-6 (b). One can conclude from this result
also that, the excess carrier lifetime also decreases with increasing the injection levels.
In general, the effect of very high energy illumination is detected only under the
illuminated surface, as a result of the absorption rate of a photon with high energy is
very high closer to the illuminated surface. The variation of the photo-response of p-
type GaSb films as function of the injection levels are in complete agreement with the
results obtained by M. W. Shura et.al by steady state photoconductivity measurements

[22,17].
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Chapter 5 : Conclusion

In this study, the variation of photon absorption rate with depth below the
illuminated surface of both the bulk and thin films of Gallium Antimonide (GaSb)
semiconductor was determined at different temperatures. Then, the total photon
absorption rate in both thin film and bulk semiconductor as a function of the
thicknesses for different temperatures is described. The results obtained from the
description of photon absorption rate, shows that; temperatures with different
absorption coefficients have different absorption rates at a given depths. At depth
below the illuminated surface, photon with depths less and greater than the
penetration depth of the illumination have negligibly small absorption rates, so that
the absorption rate at the absorption depth of a photon is equal to 37% of its maximum
absorption rate at the illuminated surface. Temperatures with higher absorption
coefficients are absorbed more near the illuminated surface and temperatures with
low absorption coefficients are passing through the materials without being absorbed
(or with a few absorption effect). Therefore, each point inside a thin film
semiconductor has more photon absorption rate as compared to the corresponding
points in thick semiconductors. As a result of the reduction in the photon absorption
rate occurred in the bulk semiconductor and compensated in thin films due to the
multiple reflections of photon from the top and the bottom surfaces into the film
semiconductors. The total photon absorption rate in the entire material is also
increases with decreasing the thickness of the films. Temperatures with high
absorption coefficients are absorbed at high rate and Temperatures with low
absorption coefficients are passing unabsorbed (with less absorption) through the
materials. The analysis of the band bending of GaSb indicates that, the band bending
energy is decreasing at low temperatures than high temperatures at the two surfaces

of a thin film semiconductor.

The results of the analysis of the excess carriers lifetime confirms that, the depletion
region of the 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

decreasing the temperatures from the maximum of the depletion layer width for
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temperature 256 K, while the magnitude of the radiative excess minority carrier
lifetime under the surface is not able to respond at low temperatures. Since majority
carrier Concentration in the depletion layer decreases from maximum value p, at the
edge of the quasi-neutral region towards the surface, attains its minimum value at the
surface. Even though, the radiative excess minority carrier lifetime is increasing and
decreasing with increasing the temperatures from the maximum value of the depletion
layer width for temperature 256 K for the deep bulk and under the surface of the
semiconductor, respectively. The effects of high injection level and low energy photon
can be detected equally at all points inside a thin film material, while the effects of the
low injection level and low energy photons cannot be 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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