Effects of Illumination on the Room Temperature
Performances of the Bulk of Gallium Antimonide
(GaSb) Semiconductor

By

Bikila Jalde Begna

September 2018



Effects of llumination on the Room Temperature
Performances of the Bulk of Gallium Antimonide
(GaSb) Semiconductor

By

Bikila Jalde Begna

A Thesis Submitted to the Department of Applied Physics Program

Presented in Partial fulfillment of the requirements for the degree of

Masters of Science

in Applied Physics (Material Physics)

School of Applied Natural Science Office of Graduate Studies

Adama Science and Technology University

Advisor

Dr. Megersa Wodajo Shura

Adama, Ethiopia
September 2018



ADAMA SCIENCE AND TECHNOLOGY UNIVERSITY
POSTGRADUATE PROGRAM
SCHOOL OF APPLIED NATURAL SCIENCE
APPLIED PHYSICS PROGRAM

As thesis research advisor, I hereby certify that I has read and evaluated this thesis
entitled: “Effects of Illumination on the Room Temperature Performances of the
Bulk of Gallium Antimonide (GaSb) Semiconductor” prepared under my guidance by
Bikila Jalde Begna. I recommend that it can be submitted as fulfilling the thesis
requirement.

Dr. Megersa Wodajo Shura

Advisor Signature Date

As members of the Board of Examiners of the M.Sc. thesis Open Defense Examination, we
certify that we have read and evaluated the thesis work prepared by Bikila Jalde Begna
and examined the candidate. We recommended that the thesis be accepted as fulfilling

the thesis requirement for the Degree of Master of Science in Physics.

Chairperson Signature Date

Internal Examiner Signature Date

External Examiner Signature Date



Declaration and Statement of the Candidate

I solemnly declare that this thesis work is not submitted to any other institution
anywhere for the award of any academic degree, diploma, or certificate. Brief quotations
from this thesis are allowable without special permission provided that accurate
acknowledgement of source is made. Requests for permission for extended quotation
from or reproduction of this manuscript in whole or in part may be granted by the head
of major department or the Dean of the School of Post Graduate Studies when in his or
her judgment the proposed use of the material is in the interests of scholarship. In all

other instances, however, permission must be obtained from the author.
Name of candidate: Bikila Jalde Begna Signature:

Place: Adama Science and Technology University, Adama

Date of Submission: September 2018

i



ACKNOWLEDGEMENTS

First of all, I would like to start my thankful acknowledgement with my advisor Dr.
Megersa Wodajo Shura for his professional and endless support and patience, faithful and
immense affection to help me from the beginning to the end of my study in the program
of Applied Physics. Once again, I would like to express my sincere gratitude to him for his
valuable guidance, inspiration, by giving some practical measured parameters and great

material support throughout my entire research work.

I would also like to extend my grateful acknowledgement to the Department of Applied
Physics and Adama Science and Technology University for delivering all their supports to
accomplish my M. Sc. and research work. I am grateful to my families, my mother Dama
Biru, my Brothers and Sisters (Dale, Roba, Dame, Bado, Adisu, Angatu, Melala, Dasu, Chali,
Bekele, Besha, Gelane, Ashetu, Abu, Alamayo, Hawas, Sisay and Fikiru) who did their most
in keeping up the moral and material needs for the successfulness of my work. Also I am
grateful for the support of my colleagues Roba Dabale who were supporting me in giving
laptop for a long period of time, Dugo Nura and Nuguse Girma who share the good and
bad things during in my studies. Also [ would like to thanks FOCUS ASTU students for

academic support and companionship.

Finally I thank and praise the Almighty God, who offered me everything.

iii



Table of Contents

Contents Pages
ACKNOWLEDGEMENTS ........ooieiieteesseesssessssessssessssessssesssssssssssssssessssessssessssessssssssssessssessssessssessssssssssessssassssessssesssnss iii
Table Of CONEENES..........coirr bR iv
LIST Of FIGUIT@S ...ttt bttt R AR R s bR bbb \4
List of Symbols and ADDIevVIations ...t ss s st st nees vi
7] 0 i T PP viii
(08 P01 ol I 0100 o7 L0 U 00 o TP 1
1.1 BACKEZIOUIIA. ..ot seeeseess s ess s sees s s s s e s b e 1
1.2 Objectives Of the STUAY ...t sess et b s 4
1.3 TRESIS OULINES ... 4
Chapter 2 : Basic SemicoOnductors ProOPerties......... s sssssssssssssssssessssssssssses 5
2.1 Thermal Equilibrium properties of Semiconductor ..., 5
2.1.1 Energy band gap of SemicoOndUCEOr .............cncssseesseeseessesssesssssss s 6
2.1.2 Thermal equilibrium carrier cOnCeNtration ... 6
2.1.3 Intrinsic SEMICONAUCEOLS ... s 7
2.1.4 EXtrinsic SEmMIiCONAUCLOTS ... sassenes 8
2.3 Photo-response of SEMiCONUUCTOTS...........ccoucueeeeeeseessersesseesseesssssessesssesssessssssssssssssssessssssessnes 10
2.3.1 Absorption in infinitely thick (bulk) semiconductor ............oonninnnncnncennens 11
2.3.2 Radiative RecOmbINAtion..........s s 14
Chapter 3 : MEthOAOIOZY ...ttt ss s s s s s s p s 16
4.1 Photon aDSOTPLION FALE ...t sess s sess s sss s s s s s s s nnes 18
4.2 Excess Carrier LIfetilme ... ssssssssssssnes 20
4.2.1 At different absorption coefficients and high photon flux.........cccconnnnncnn. 21
4.2.2 At different photon flux density and with photon energy..........cccconnmenmrnrenecnn. 22

4.2.3 Effects of injection level with the excess carrier lifetime as function of
AbSOTrPtion COETFICIENLES ...t 24
Chapter 5: CONMCIUSION........c. ettt s e s s e b 26
=y =) ) 1 o 28

v



List of figures

Figures Pages
Figure 2-1: This figure shows the difference between the band gap of metal, semiconductor and insulator
[19, 207 ceereeeeerereeeersreeeessseesesssseesesssessesssesesss s RS RR RS RRRRRRERRRERRRRRRRRRERRRERRRERRRRRRRRRRR 5
Figure 2-2: Direct and indirect band gap SEMIiCONAUCLOTS [24]. c..orurrernreereeermiesneerseesssessssessesssessssssssssssssssssssssssssssssssssess 6
Figure 2-3: Absorption of photon in SemicoONAUCEOTS [38]. ...oemreeeniersnerseessssesseessessssssssssssesssesssesssssssssssssssssssssssesss 11
Figure 2-4: Photon Absorption in infinitely thick semiconductor [33]. ...eeeeneseessessesessessssessseeess 13

Figure 4-1: Normalized photon absorption rate (ratio of the optical absorption rate per incident photon
flux density) in the bulk of semiconductor (brown lines) as (a) a function of absorption coefficient at
different depths in the material and (b) as a function of depth for photons with different absorption
Fo0 T § (00 (=) oLt 19

Figure 4-2: Room temperature low injection level radiative excess carrier lifetime at different depth below
the illuminated as function of absorption coefficient for a sample with doping level of 1 x 107cm™3.20

Figure 4-3: Variation of radiative excess carrier lifetimes with depth below the illuminated surface for
different absorption coefficients and high photon flux for GaSb doping level 1 X 107 cm™3.....cccccciiiens 21

Figure 4-4: Variation of the radiative excess carrier lifetimes with depth below the illuminated surface
for (a) at different flux and low absorption coefficients, (b) at different flux and high absorption
coefficients fOr GASH dOPING 1EVEL 1 X 107 CI 73 ....uuuuuuuuuuusesssssssssssssssssssssssssssssesssssssesssssssssssssssssssssssssssssssessssssssssseseees 23

Figure 4-5: Variation of radiative excess carrier lifetimes as function of absorption coefficients with
different injection levels for small depth below the illuminated surface for GaSb. .....ccunerrreerneennennn. 24



List of Symbols and Abbreviations

T Temperature (K)
kg Boltzmann'’s constant (J/K)
E, Energy band gap (eV)

E4(0) Band gap energy at absolute zero on the Kelvin (eV)

Eq(T) Band gap energy at any temperature (eV)

Epn Energy of photon (eV)

Ev Electro volt

GaSb Gallium Antimonide

Ec, Ey Energy of conduction band and valance band (eV)
a Absorption coefficient (cm™1)

B Beta (K)

A Photon Wavelength (nm)

c Speed of light (/)

h Plank’s constant (Js)

h Reduced plank’s constant (Js)

EHP Electron hole pairs

K Kelvin

v Photon frequency (s™1)

k Wave number

Cg Carriers radiative capture coefficient (cm3s~1)

E; Intrinsic Fermi energy ( eV)

Ep Fermi energy (eV)

Eprp Bulk Fermi energy (el)

D, Incident photon flux density (cm™2s71)

AD Absorbed photon flux density (cm™2s~1)

D, Photon flux density entering the illuminated surface (cm™2s™1)
Ax Change in thickness (m)

b Thickness of layer (m)

At Time interval (s)

A Area (cm™?)

l Length of layer (cm)

w Width of layer (cm)

ANy Number of photon absorbed

Gin Thermal equilibrium Generation rate Electron and hole (cm™3s™1)
G, Photon absorption rate (cm™3s™1)

vi



G Total generation rate (cm™3s71)

Total recombination rate

U Net recombination rate
Ug Radiative recombination rate
T Tp Lifetime for electron and holes (s)

my,my  Electron and hole effective mass (kg)

m, Rest mass of the electron (kg)

e Elementary charge (c)

n; Intrinsic carrier density (cm™3)

Ny, Po Thermal equilibrium concentration of electron and hole (cm™2)

np Non-thermal equilibrium concentration of electron and hole (cm™3)
én,dp Excess charge carrier concentration for electron and hole density (cm-3)
N¢, Ny Effective density in the conduction and valence band (cm™3)

N, Acceptor concentration (cm™3)

Index of refraction

R Reflectivity

X Depth below the illuminated surface
Xp Penetration depth of the light (m)
koo Dielectric constant

€ Permittivity of free space (c?/Jm)

T Pi

TR Radiative excess carrier lifetime(s)
Tk Time constant of the radiative recombination (s)
Tg Excess generation carrier lifetime (s)
Ven Thermal velocity of the electrons

ag Carrier capture cross section

vii



Abstract

In this study, the effects of illumination on the room temperature performances of the
bulk of Gallium Antimonide semiconductor are investigated under different conditions.
First, by using the illumination mechanism, the photon absorption rate as function of
absorption coefficient and depth below the illuminated surface in the bulk of the
semiconductor were determined. Second, using the steady state condition of the free
carrier generation-recombination mechanism, the radiative excess carrier lifetime of the
free carrier is described in the bulk of semiconductor as function of the depth below the
illuminated surface, absorption coefficients and injection levels. Next, the excess carrier
lifetime is described at different photon flux density and energy of photons illumination.
The obtained result indicates that, photon absorption rate and the free carrier’s
generation rate in general decreases with increasing the depth below the illuminated
surface. Then, the variation of photo-response of the thick semiconductor is to be in
general dominated by high injection levels and high energy of the illumination but, low
injection levels and low energy illuminations cannot be detected the photo-response of

the deep bulk and it becomes dominant at very high injection level.
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Chapter 1 : Introduction

1.1 Background

Semiconducting materials have been of scientific interest for almost 200 years. The
beginning of semiconductor research is marked by Michael Faraday’s 1833 report on
negative temperature coefficient of resistance of Silver Sulfide who in 1833 published
a description of material with a resistivity which had the opposite temperature
dependence to that typically measured for metals. In 1873, Willoughby Smith arrived
at the discovery of photoconductivity of Selenium. He set into experiments with
Selenium high resistance, which appeared suitable for his submarine telegraphy [1].
Semiconductors in devices followed the discovery of a preferential direction for
current flow through metal contacts made to naturally occurring crystals by Carl
Braun in 1874. This observation was in distinction from the usual properties of

metals and electrolytes in whose case resistance increase with temperature [2].

The next important decade in the semiconductor research is the decade of 1870.
During this period selenium was discovered as a semiconductor, rectification at metal
semiconductor interface came into scientists notice [3]. The first observation of
photovoltaic effects in a solid system was made in 1876 [4]. Again, W. G. Adams, along
with his student R. E. Day was investigating the photoelectric properties of Selenium
at Cambridge. They discovered that illuminating a junction between Selenium and
Platinum had a photovoltaic effect [3]. Although the most significant observations of
the 19th century came during the period 1870-1885, the semiconductors had not
received any device application for any practical purpose yet. It was not used until
1890’s for any practical application. Wireless communication is the first field to
employ these materials for practical application and then in the 1930s a complete
theoretical foundation of semiconductors was established [5]. In recent years,
considerable progress has been made in the fabrication of optoelectronic devices
working at different frequency ranges in the infrared region using small band gap
materials. Small band gap materials are used in various domains, such as pollutant
detection and infrared thermal imaging, using a variety of device architectures,
including near infrared photo-detectors, resonant tunneling structures and other

quantum devices [6]. Some of these semiconductors are also used as booster cells in



solar cell clusters to improve the efficiency of photovoltaic and thermo-photovoltaic
cells. By the beginning of the 20th century the five properties now associated with
semiconductors had been discovered but, scarcely characterized such as: negative
temperature coefficients, photoconductivity, rectification, photovoltaic effect and

electroluminescence (excitation by current) [7].

Semiconductor material which conduct electricity conditionally, ranging between a
conductor and an insulator. The existence of the energy band gap, high density of
charge carrier and high mobility of a charge in semiconductor makes them very
important in this aspect. The energy band gap of semiconductor ranges from
0.3 to 3.5 eV, small and direct band gap is ranging from 0.3 eV to 1.1 eV. The band gap
for GaSb is ranged from 0.727 eV at room temperature to 0.813 eV an absolute zero
[8]. Band gaps are one of the most important properties of modern semiconductor
applications in photovoltaic, micro-processing, lighting source and for designing and
discovering new applications. The conductivity of these materials can be varied over
orders of magnitude by changes in temperature, optical excitation, and impurity
content without altering the band-gap and other basic parameter of the host material
and by simply doping it with acceptor or donor impurities [9]. At low temperature,
pure semiconductors may become a perfect electrical insulator and the room
temperature mobility of electrons for most semiconductors is ranged, since its
valence band is totally filled with valence electrons and the conduction band is
completely empty. However, as the temperature rises, a fraction of the valence
electrons is excited into the conduction band by the thermal energy, thus creating

free holes in the valence band [10].

Then, the effects of the injection level and the energy photon illuminations produced
in a direct band gap in the bulk semiconductor Gallium Antimonide during
illumination with a light of photon energy is greater than the energy band gap
semiconductor. When the light of energy of individual photons greater than the
semiconductor band gap is shining on the surface of a semiconductor sample, the
photons can be absorbed, transferring their energy to an electron and the electron
can be excited from the valence band to the conduction band [11]. The free electrons
and holes produced due to illumination in the material raises the electrical

conductivity of the semiconductor, the electrical conductivity in semiconductor



depends on the concentration of electrons and holes and their mobility [12]. The
concentration of electrons and holes within the conduction or valence band can be
affected by the light energy and injection level (photon flux density). The incident
photon flux density @ is a measure of how many photons are attacking an area on
the surface of the material per a unit time. Photons incident on the surface of a
semiconductor will be either reflected from the top surface, or will be absorbed,
scattered in the material, or transmitted through the material [13]. The performance
of the material depends on the lifetime of free charge carriers generated by
interaction of light with the material, referred to as the excess carrier lifetime [14,
15]. In a direct band gap material, optical absorption occurs near surface of the
materials where as for the material having indirect band gap, light penetrates much

deeper into the material [16].

The excess carriers in semiconductor is a crucial issue in study of the performance of
the material. The performance of the material in this case depends on the excess
carrier lifetime of free charge carriers generated by the interaction of photon with the
material. Many researchers reported the effects of the illumination in the bulk of
semiconductor and compared the theoretical and experimental values. Using the
steady state photoconductivity along with the relations describing the excess carriers’
lifetimes in the bulk of the semiconductors. The theoretical values of the excess
carrier lifetime radiative recombination in the materials were also calculated. The
radiative lifetime in the deep bulk of the material is constant at low injection, but
decreases and continues to decrease as the injection level increases [17]. Stollwerk et
al. [18] Reported that, the room temperature carrier lifetimes in the bulk the gallium
antimonide photovoltaic cells is varying from 6 ns down to 10ps across the 10'8cm™3
to 102°cm™3 doping range. Hilsum et al. [19] also reported that, a lifetime of roughly
1um for GaSb, whereas Svensson et al. [20] measured a lifetime of 150 ns in undoped
GaSb using photoconductivity measurements alone. The result of the excess carrier
lifetime obtained from the steady state photoconductivity measurements revealed
that the lifetime strongly decreases with increasing injection levels. Many of the
researchers studied the photo responses of the bulk material in their previous works
by using the experimental and theoretical methods. But the excess carrier lifetime is

not measured and difficult to measure at each depth below the illuminated surface. In



this study, the photo response of in the bulk of Gallium Antimonide is described as

function of the depths and absorption coefficients under different conditions.

1.2 Objectives of the study

The general objective of this study is to determine the effects of illumination on the

room temperature performances of the bulk of Gallium Antimonide semiconductor.

The specific objectives of the study were:

e to determine the effects of photon energy and the depth below the illuminate
surface on the room temperature photon absorption rate in bulk semiconductor,

e to investigate effects of photon energy, photon flux density and the depth below
the illuminate surface on the room photo-response (excess carrier lifetime) in

bulk semiconductor.

1.3 Thesis outlines

This thesis organized into five chapters. Chapter is about review of related literatures.
It mainly deals with the theory of energy bands, thermal equilibrium properties and
the photo-response of semiconductors. Chapter three presents the overall method of
data analysis in this work. Chapter four covers the results and discussion of the study.

Chapter gives the overall conclusions of the results obtained in chapter 4.



Chapter 2 : Basic Semiconductors properties

In semiconductors, the electron-hole pairs can be created by either thermal or
optical. At thermal equilibrium, these concentrations are constant. However,
electrons are continually being thermally excited from the valence band into the
conduction band by the random nature of the thermal process. At the same time,
electrons moving randomly through the crystal in the conduction band may come in
close proximity to holes and fall into the empty states in the valence band. This is
called electron-hole recombination mechanism. Since the net carrier concentrations
are constant at thermal equilibrium, the rate at which electrons and holes are
generated and the rate at which they recombine must be equal. Semiconductors have
a distinctive band structure. The Fermi energy lies between the conduction and

valence band in the band gap as shown in Figure

overlap

e Fermi energy |
. valence
band

metal semiconductor  insulator

2-1 below [21]. The band gap is also known as

conducti
band

forbidden energy band and electrons are absent
in the band gap. Band gap is defined as the

minimum energy needed for an electron to shift

from the valence band to the conduction band or
vice versa. Band gap in semiconductors usually
ranges between 1 and 4 eV, less than the band

Figure 2-1: This figure shows the
gap in insulators, while more than the band gap  difference between the band gap of metal,

semiconductor and insulator [21, 22].
in conductors [23].As the temperature increases,
however, some electrons will be thermally excited into the empty conduction band
where there is an abundance of unoccupied states. Therefore, under the effect of an
externally applied electric field, the electrons can act as mobile carriers. They are
drifted in the crystal lattice and there by contribute to the electric current, allowing
the remaining electrons in the valence band to exchange places with each [24]. Excess

electron-hole pairs can also be generated in a semiconductor by the absorption of

photons with energies greater than the band gap energy [25].

2.1 Thermal Equilibrium properties of Semiconductor

In this section, the description of some common properties of semiconductor
materials like the energies, charge carrier densities and the photo-response will be

discussed.



2.1.1 Energy band gap of Semiconductor
The respective conduction and valence bands can be thermally populated with both
electrons and holes, respectively as the Fermi energy level is near enough to both

bands. There are two types’ band structures in semiconductors: direct or indirect

band. A direct band semiconductor is
Cl::r_duc.ti.}\/
distinguished by having the minimum pand | _ b o ,
\\. r
conduction band and maximum valence band Direct e o
band gagd ‘_,_,--"
edges aligned in at the same wave vector Indirect
bamnd gap
value, k, so that an electron can easily transit Walence
band
from the maximum edge of the valence band to
k=10

the minimum edge of the conduction band. On
the other hand, in the indirect band Figure 2-2: Direct and indirect band gap
semiconductors [26].

semiconductors, the band edges are not

aligned at the same value of k, so that the electron does not transit directly to the
conduction band minimum edge, both a photon and a phonon production mechanism
are involved. In crystalline solids, the energy band gap, E, between the valence band
maximum, E, and conduction band minimum, E; is referred to as energy band gap
[27]:

E, = E; — Ey. (2-1)
When band gap light is absorbed by a semiconductor, charges move between the
valence band and conduction band. A contraction of the crystal lattice with
decreasing temperature usually leads to a strengthening of the interatomic bonds and

associated increase in the band gap energy. The first empirical relation for the band

gap shift with temperature, T was developed by Varshini et al. as [28, 29]:

(ITZ 2-2
E,(T) = E,(0) — ———, (2-2)
5 (1) = Ey(0) = 5
where a and f are constants and E;(0) is the limiting value of the band at zero kelvin,
the typical values of Eg(O), a and B are0.813 eV, 3.78 x 107*eV/K and 94 K,

respectively.

2.1.2 Thermal equilibrium carrier concentration

The thermal equilibrium concentration of electrons and holes in semiconductor are
determined by many factor including the band structure of the semiconductor, types

and concentrations of the impurities doped in semiconductor. The thermal

6



equilibrium is used to describe the unperturbed state of system, to which no external
illumination, or other perturbing forces are applied [30, 31]. Therefore, the thermal
equilibrium concentration of electron and hole in conduction and valence band are
always remained constant. At thermal equilibrium, electron-hole pairs are constantly
being created and annihilated. For a semiconductor under thermal equilibrium, the
concentration of electrons and holes in the conduction and valence bands are
represented by ny andp, respectively. The thermal equilibrium carrier
concentrations, n, and n, in the non-degenerate semiconductor case can be given by
[32]:

Ec = B EF) (2-3)

EF - Ev)
kpT ’

and po = Nyexp (— T

Nng = NCeXp (—

where Ep is the Fermi-level energy, kg, Boltzmann constant, No and N, are the
effective densities of conduction valence band states, respectively that are described
as:

2mmi kT2 2mm kT2
N, =2 (h—23> and N, =2 (h—ZB) , (2-4)

where h is Planck’s constant, m; and m, are effective mass of electrons holes in

conduction and valence bands, respectively and given in GaSb semiconductor given as

[33, 34].
my, = 0.35m, and my = 0.047m,, (2-5)
where m,, is the rest mass of electron.

2.1.3 Intrinsic Semiconductors

Un-doped semiconductors (i.e.,, semiconductors with no intentional doping) 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 background doping or residual impurity densities. At T = 0K, 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. 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
g is part of the intrinsic 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 [35]:

ng= N— Ng =n; = po. (2-6)

In the above section, 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 1 eV or higher, the intrinsic carrier density is usually
very small at low temperature below 100 K. As a result, the resistivity for these
intrinsic semiconductors is expected to be very high at low temperatures. For
intrinsic semiconductor when both n, and p, are equal to the intrinsic concentration,
n; (or ny = py), the Fermi-level, E is converged to the intrinsic energy, E; in relation

(2-3) above, so that:

N ( Ec — Ei) ¥ ( E; — EV) (2-7)
pme kT v kT
Upon squaring relation (2-7), we obtain:

E

n; = /NNy exp (— ZkZT)' (2-8)

The intrinsic energy level can be determined taking into account the two terms on the
left side of relation (2-7) and relation (2-4) as:

_Ey +Ec

E; >

3 m;,
+ZkBT1n — (2-9)

n

2.1.4 Extrinsic Semiconductors

In addition to the intrinsic carriers generated thermally, it is possible to create
carriers in semiconductors by purposely introducing impurities into the crystal. This
is called doping. 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. 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. In the carrier concentration by doping rather than by thermal
electron hole pair 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 [36]. 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. 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. By adding in the two exponential terms in
relation (2-3) and taking into account relation (2-7) we get a very known relation
between the intrinsic and the thermal equilibrium carrier densities [37]:

Ei - EF)
KT

Ep — E;
and py=n; exp(— T ) (2-10)
B

nyg = n; exp (—
The law of mass action allows one to calculate the minority carrier density in an
extrinsic semiconductor when the majority carrier density is known.
Upon multiplying the two expressions in relation (2-10) above and taking into

account the expressions in relation (2-3), we get:

E
n; = \/pong = /Ny Ncexp (kB_gT)' (2-11)

Eqn. (2-11) is called the law of mass action [38]. Upon eliminating n; in between the

two expressions in (2-10), we obtain the extrinsic Fermi-level, E to be:

Ep = E, — ksTln (@) . (2-12)

nl
As the charge carrier concentrations change, the position of the extrinsic Fermi

energy level varies within the band gap until the system reaches thermal equilibrium.



Eqn. (2-12) shows that E lies above E; for n-type material (n; > p,) and below the E;
for p-type material (n; < py) [39].

When free electron-hole pairs annihilate through recombination in extrinsic
semiconductor, the free carrier concentrations in the conduction and valence bands
adjust for the intrinsic semiconductor to [35]:

no =~ NJ + m - nR (2'13)

and

po = N7 + 9t — ng, (2-14)

where 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, ny is
the concentration of total electron-hole pairs involved in the recombination process
after the donors and the acceptors are being ionized. Upon eliminating 9t — ny in

Eqn. (2-14), the well-known neutrality relationship is obtained:

no + Ny =po + Nj. (2-15)

The law of mass action, relation (2-11), along with relation (2-15) for highly doped
semiconductor (N; > Nj) yields:

N; 2n;\° (2-16)
=214+ |1+(==) |
Po=7 | ¥ +<Na‘)

2.2 Photo-response of semiconductors

When photons with energies equal to or greater than the band gap energy (hv = Ej)
are incident on semiconductor materials, the photons are absorbed by the formation
of electron-hole pairs, where v is the frequency of the light. 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 (hv < E;) 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. The photo-generated carriers can dominate

10



the conduction processes in the semiconductor material. Because of the existence of
two types of

charge carriers in semiconductors, excess carriers

can be created in the bulk without introducing any E.
significant space charge. A large concentration of hy s Eg E
excess carriers can hence be maintained in a g
semiconductor under non-thermal equilibrium 0 E,

conditions and this alters the conduction properties  Figure 2-3: Absorption of photon in
semiconductors [40].

of the specimen. While the photo-generated carriers

exist in their respective bands, they are free to contribute to the conductivity of the

material. The energy of each absorbed photon is consumed by raising a valence band

electron in to the conduction band and creating electron-hole pair. Photon with hv <

E, are basically not absorbed by the semiconductor and cannot generate electron-

hole pair [41].

Photons incident on the surface of a bulk semiconductor are either reflected from the
top surface or absorbed in the material. When the surface of a semiconductor is
illuminated by a light source with hv > Eg4 with incident photon flux density,
@, (which is equivalent to the number of incident photon per unit area 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 [17] :

R = (n — 1)2 2-17

T \n+1/7 (2-17)
Relation (2-17) assumes the refractive index, n remains constant for the entire
wavelength range under consideration, i.e. A < 20 ym and the refractive index was

taken as 3.8 for Gallium Antimonide [42, 43]. This results in a typical value of R to be

approximately 0.34.

2.2.1 Absorption in infinitely thick (bulk) semiconductor

Next, we wish to investigate a photon absorption rate at different depths 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 — o0). Figure 2-4 shows a
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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;. 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, g, 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 [44].

B dd(x)
9o = dx

= —acl)(x), (2-18)

where a 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
absorption coefficient is determined using its dependence on the photon and the

band gap energies, by Bardeen et al [45] as:
2 1
23 my,e? m;,m; 2 m, m how — E,\2
a(w) = — —r 1+ —+— =) (219)
312 ko, \mu(my +m3) m;, m; m,c

The negative (-) sign in Eqn. (2-18) indicates the decrease g, of with increasing x.

Taking into account the reflection of 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) = P,(1 —R). (2-20)
The total photon flux density remained at depth, x below the surface is described by
the integration of relation (2-18) from the surface to depth, x as:
@ . x
o —aj dx’' (2-21)
b 0
and hence is given by:
d(x) = ©,(1 — R) exp(—ax). (2-22)
The total photon flux density decreases with increasing the depth below the surface.

Relation (2-22) is known as Beer’s law [46].
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Next, we wish to describe the photon absorption rate, g, at different depths in a given
portion of thick semiconductor. Figure 2-4 illustrates the photon absorption in a layer
of thickness Ax at depth x in infinitely thick or bulk semiconductor (b = o) of width

and length w and [, respectively.

ﬂ’u"‘ DR DN ®,R

T -

\t‘bu[l—R]e“‘* \ D (1-R) x
/ \ |

— —~
D, (1— R)e=0+20 /

s
1

Figure 2-4: Photon Absorption in infinitely thick semiconductor [35].
The photon absorption rate (go) in entire volume of the given illuminated area (A)
and thickness (Ax) is defined as the total number of absorbed photons per unit
volume per unit time:

ANy, AD (2-23)

90 = AAxAt | Ax’

where AN,;, is the number of absorbed photons, At the time, 4, illuminated surface

area and A® the absorbed photon flux density given as:

AN, (2-24)

AD = .
AAt

The photon absorption rate, g, at depth, x below the surface can be determined from

relation (2-18) as:

gola,x) = —a®y(1 — R) exp(—ax) = —ad(x) (2-25)
or
@ = a(1 — R) exp(—ax). (2-26)
0

The photon absorption rate in relation (2-26) also depends on the depth, x and the
absorption coefficient,a«. As one can see from relation (2-26), the linear term
dominates for lower values of a, while the exponential term dominates for higher
values of a. The absorption rate, g, has hence maximum value for intermediate
values a. When relation (2-26) is differentiated with respect to a and the result is

equated to zero as:
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M =1 -ax)®(x) = 0. (2-27)
da

The photon flux density ®(x) cannot be zero at all point inside the material and
therefore 1 = ax. This defines a depth x,, below the illuminated surface where the
maximum absorption rate occurs for specific absorption coefficient. The depth (x,) at

which go(a,x), has a maximum value for a given photon energy is called the

penetration depth, x,, of that photon and is given by:

Xp = (2-28)

Taking into account Eqn.(2-26) along with Eqn.(2-28) yields the position dependence

of the absorption rate of a photon of absorption depth, x,, as:

®o(1 - R
go(x) = % exp <— ;—p) (2-29)

The limiting cases for the photon absorption rate in a very thick (bulk) semiconductor

can be concluded as:

(a®y(1 —R), for x < xp,

go(x,) ={037ade(1 —R),  forx =~ x,, (2-30)
|
kO, for x > x,,.

2.2.2 Radiative Recombination:

Radiative recombination is the opposite of the optical generation of charge carriers.
It occurs when the energy of the excited electron is emitted by the formation of
photon during the annihilation of an electron-hole pairs. This steady state excess
carrier lifetime is given by: The Radiative recombination rate depends on the
concentration of free electrons (n) and holes (p) is obtained as follows [48, 49, 50,
and 51].

Ug = Cr(np —nf), (2-31)

where Cgp is the electron and hole radiative carrier capture coefficient by the

respective bands given by [52, 53, 54, 55 and 56]:

3
m, 300\2 m, m,

Cp=emfko [—2—"—) (1+—2 +
e ( ) m,

E2 + 3E knT + 3.75 k% T2 (2-32)
m;‘l+m;‘,T n >[g+ gl + B ]'
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and n and p are the non-equilibrium electron and hole concentrations, respectively

given by:

n=ngy+dén (2-33)
and

p =po +6n (2-34)

and dn is the photo-generated electron-hole concentrations. Substitution of relations

(2-33) and (2-34) into relation (2-31) gives [57, 58]:
UR = CRSn(Sn + pO + no), (2'35)

The radiative excess carrier lifetime, Ty takes the form:

én T
Tp = — == RO (2-36)
Ur 1+ CrTRedn
where TR is a time constant given by [59, 60]:
1
TRo = ————. 2-37
RO Cr(no + 10 ) (2-37)
Since Up = G, at steady state, the radiative excess carrier lifetime can be given by:
2Ty TRo
— : 2-38
TR Tro + Tk ( )
where 7, a time constant given by:
Tk = 20 2-39
k= -
J1+4CrGot3, (2-39)
For a system under low injection level (G, — 0), we have:
Tk = Tro (2‘4‘0)
and hence,
Tr = TRo- (2'41)
For under high injection level (G, — o), then:
! <
T = T 2-42
oGy (2-42)
and
on = 2Go7y and TR = 2Tk. (2-43)

15



Chapter 3 : Methodology

This chapter gives the details explanation about the method used to analyze the
results of this research work. First, a model of bulk Gallium Antimonide sample with
known dimensions and majority carrier concentration is selected as the one in Figure

2-4.

The temperature dependence Hall measurements data was obtained from Nelson
Mandela University, South Africa. The minority carrier concentration, n, is
determined from majority carrier concentrationp, and the intrinsic carrier

concentration using the law of mass action given in relation (2-11).

Table 3-1 depicts all the constants and parameters used in the description of the

results in this work.

Table 3-1: Constants and parameters used in the description of the results in this work.

2 Quantity Symbols Amount

1 Band gap at absolute zero Ego 0.813 meV

2 Band gap temperature coefficient a 3.78 x 10~* eV/K
3 Elementary charge 1.602 x 107 *°¢

4 Band gap temperature constant B 94 K

5 Rest mass of electron my, 9.11 x 103%kg

6 Effective mass of electron in conduction band my 0.047m,

7 Effective mass of hole in valence band my, 0.35m,,

8 Planck’s constant h 6.626 x 10734Js
9 Boltzmann constant kg 1.38 x 10723JK1
10 Majority carrier concentration Do 10Y7cm™3

11 Intrinsic carrier concentration n; 9.07 x 10*cm™3
12 Intrinsic Fermi energy E; 0.445 eV

13 Extrinsic Fermi energy Er 0.147 eV

14 Radiative capture coefficient Cr 1.01 X 1071%¢m3s~1

Next, the photon absorption rate as function of the depth, x and the absorption
coefficient, a in the entire sample were investigated in detail using relation (2-29).
The absorption coefficient dependence of the absorption rate is determined by
varying the depth below the surface. The position dependence of the absorption rate

below the illuminated surface is also determined by varying the absorption
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coefficient of the material. In all the analysis of the results of the description of the
photon absorption rates in the material, the vertical axes of the photon absorption
rate and the horizontal the axes of the absorption coefficient and depth below the

surface were taken as semi-log scales.

Using the steady-state conditions for radiative excess carrier lifetimes in relation
(2-38), the excess carrier lifetime as functions of the depth below the illuminated
surface and the absorption coefficient. The radiative carrier capture coefficient used
in the analysis was calculated at room temperature using relation (2-32). In the
description of excess carrier lifetimes as function of the absorption coefficients, the
depth below the illuminated surfaces and the flux density of the photons are varied as
required. In the description of excess carrier lifetimes as function of the depth below
the illuminated surface, the absorption coefficient and the flux density of the photons

are varied.
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Chapter 4: Results and discussion

This chapter deals with the analysis and discussion of the entire results of this thesis.
First, the photon absorption rates as function of depths and absorption coefficients in
the bulk of semiconductor were presented. Then, the radiative excess carrier lifetime
as function of absorption coefficient and depth below the illuminated surface were

analyzed injection level under different condition.

4.1 Photon absorption rate

Figure 3-1 shows the normalized photon absorption rate (ratio of the optical
absorption rate per incident photon flux density (go/®,)) in the entire sample
(brown lines) as a function of (a) absorption coefficient for different depths and (b)
depths below the illuminated surface at different absorption coefficients. As one can
see from Figure 3-1 (a), the normalized photon absorption rate has maximum value
of a(1 — R) for x — 0 or near the illuminated surface of the sample as shown by red
line. The values of the photon absorption rates at the surface corresponding to
photons with absorption coefficients @ are shown by the intersection points of the
horizontal red lines and the slanted red line just above the peak of each curve in
Figure 3-1 (a). If a point at depth x below the illuminated surface is illuminated by
photons of all energies (absorption coefficients), photons with the absorption
coefficients equal to the reciprocal of x (x = 1/a) has maximum absorption rate
equal to 37% of its maximum value at the surface, or 0.37a(1 — R) shown by green
line in Figure 3-1 (a). Other photons with absorption coefficients less than x
(or1/a < x) and greater than x (or 1/a > x) have photon absorption rate less
than 0.37a(1 — R). The values of the photon absorption rates at the surface
corresponding to photons with absorption coefficients a are shown by the
intersection points of the horizontal red lines and the slanted red line just above the

peak of each curve in Figure 3-1 (a).

The values of the photon absorption rates at the absorption depth of each photon
with absorption coefficients a are shown by the intersection points of the horizontal
green lines and the slanted green line just at the peak of each curve in Figure 3-1 (a).
In addition, at a given depth, the photon absorption rate has very small values at very

small and large values of @. The photon absorption rate has very large (maximum
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value) at the intermediate value of a. The points of intersection of blue slanted line
and horizontal blue lines indicates the maximum value of the normalized photon

absorption rate (a) at the surface in the absence of surface reflectivity, R.
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Figure 3-1: Normalized photon absorption rate (ratio of the optical absorption rate per incident photon flux

density) in the bulk of semiconductor (brown lines) as (a) a function of absorption coefficient at different depths in

the material and (b) as a function of depth for photons with different absorption coefficients.
The normalized photon absorption rate with surface reflectivity, R cannot attain the
maximum value, a. Surface reflectivity, R changes the maximum value of the
normalized photon absorption rate from its value a to a(1 — R). This value again
reduced to 0.37a(1 — R) at the penetration depths of each photon. The green slanted
line in Figure 3-1 (a) shows the coordinates of the values at the penetration depths of
the photons (@, 0.37a(1 — R)). The red slanted line depicts the coordinates of the
points at the surface in the presence of reflectivity (a, (1 — R)). The blue slanted line

depicts the coordinates of the points at the surface in the absence of reflectivity («, a)

that cannot be attained in this case.

As shown in Figure 3-1 (b), photons with very large absorption coefficient (energy)
have very high absorption rate near the surface. Photons with very large absorption
coefficient (energy) have very low and constant absorption rate near the surface. The
maximum values of the normalized absorption rates near the illuminated surface for
all of the photons represented by absorption coefficients, @ are shown by horizontal
red lines with values at a(1 — R). The horizontal blue lines indicates the maximum
values of the normalized absorption rates at the surface (a) in the absence of
reflectivity, R. The normalized absorption rates at the surface cannot attain the value
a indicated by the horizontal green lines with the presence of the surface reflectivity.
Reflectivity reduces the maximum values of the normalized absorption rates from «

to a(1 — R). The values the normalized absorption rates again falls to 0.37a(1 — R) at
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the penetration depths of the photons in the material as shown by horizontal green
lines in Figure 3-1 (b). The green slanted line in Figure 3-1 (b) shows the values at the
penetration depths of the photons (x,0.37a(1 — R)). The red slanted line indicates
the coordinates of the points at the surface in the presence of reflectivity (x, a(1 —
R)). The blue slanted line depicts the coordinates of the points at the surface in the

absence of reflectivity (x, a) that cannot be attained in this case also.

Figure 3-1 in general describes that, photons with very high absorption coefficients
(energy) have maximum photon absorption rate near the surface and hence have the
probability to be absorbed fully near the surface. Nevertheless, photons with very low
absorption coefficients (energy) have very low and constant photon absorption rate
near the surface and hence have the probability to be penetrated into the deep bulk of

the semiconductor.

The results obtained for variation of the photon absorption rate as function of
absorption coefficients and depths below the illuminated surface of GaSb is in good
agreement with that of M.W. Shura in his work of photoconductive spectroscopy of p-

type GaSb films [35].

4.2 Excess Carrier Lifetime

10* Figure 3-2 illustrates the room

10° x=1x10"nm

\:u]o6 m
2

onlevel |  temperature with injection level
for the radiative excess carrier
lifetime at different depth below

the illuminated surface as function

of absorption coefficient for a

@ = 1x1015em 2571
10° TR | sample with doping level of
10° 10" 10 10% 10" 10° 10" 10 10° 10* 10° 10° 10’
(@) Absorption coefﬁcient,a(cm_1) 1 X 1017cm_3 and the phOton ﬂux

Figure 3-2: Room temperature low injection level density is 1 X 10 cm~2s~1. Since
radiative excess carrier lifetime at different depth

below the illuminated as function of absorption the radiative excess carrier

coefficient for a sample with doping level of1 X

10"7cm 2. lifetime is very suitable for the
effects illumination on the photo-response of the material, the analysis for this result
is performed by using radiative recombination mechanism in bulk semiconductor.

Then, we wish to investigate the effects of the energy of the illumination at different
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positions in a given sample. Then, the doping is adjusted at room temperature, the
photon flux density made to be slightly low, 1 X 10'°cm™2s~! and the absorption
coefficient is varied from very low to very high values as depicted in Figure 3-2.
For a point located just at the surface, the excess carrier lifetime remains its
maximum constant value at very low energy regime and decreases with increasing
the absorption depth. As the depth increases more, the excess carrier lifetime
remains its maximum constant value as above the x = 1 X 10’nm and it becomes low
injection level region, reaches its minimum value at the penetration depth of the
position of the illumination and again reaches the maximum value at the surface in
the high energy regimes (high absorption coefficients) carrier lifetimes formed at
the penetration depths between the two plateaus at very low and very high energy
illumination regimes is related to the inverse of the hills of absorption rates as
discussed in Figure 3-1(a) in the bulk of gallium antimonide semiconductor. Then as
result obtained from Figure 3-2, the excess carrier lifetimes remains at its maximum
constant value with very low energy and high energy regimes, but its minimum
values as the depth below the illuminated surface slightly decreases. The variation of
the excess carrier lifetimes with the absorption coefficients varied from 10™%ns to

103ns in case of this figure.

4.2.1 At different absorption coefficients and high photon flux
In this Figure the absorption coefficients

photon energy illuminations except at

Low injection

e - ! : .
“/‘““"fl‘lfl"%‘l// = 110" em? are varied from very low to very high
10° 7= fxto’em ™ value at high photon flux density. Then,
7 = pao’an™ | under high injection level for all the
gﬂf 3 = 1x103cm_1

4 -1
= 1x10 cm High injection

0 cm~! and 1x107cm™! with depth below

a = 1)(1()5cm.1

@ = 1x10%%em 2571 5 the illuminated surface. While, the bulk is

10" T T ; ; ; T T T
10" 10° 10' 10" 10° 10" 10° 10" 10" 10" under low injection level only for two

Depth below surface, x (nm)

: - - _ values of 0 cm™! and 1x10”cm™* energy of
Figure 3-3: Variation of radiative excess carrier

lifetimes with depth below the illuminated surface hoton illuminations with hiech photon
for different absorption coefficients and high photon p g p

: 17 pnpy—3 . o
flux for GaSb doping level 1 x 10*"cm™. flux den51ty 1% 10%5cm—2s~1 then, the
radiative excess carrier lifetime remains constant maximum value at each depth
below the illuminated surface. Since, a photon with low and high energy of

illumination can pass through a material with a low absorption rate and it is
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maximum photon absorption rate at equal the penetration depth as discussed in
Figure 3-1 (b) reciprocal of the excess carrier lifetime. As discussed the above the
bulk is low energy photon with constant low absorption rate at all points inside the
bulk material and the absorption rate of a photon with high energy is very high closer
to the illuminated surface, so that the photo-response of the bulk materials at low and
high energy of photon illumination remains constant and maximum values in Figure
3-3 and has maximum absorption rate pick of at the value depth equal to the
reciprocal of absorption coefficients. But, in this case the radiative excess carrier
lifetime is the inverse of the hills of the photons absorption rate in Figure 3-1(b).
Therefore, the value of the absorption rate diminishes with increasing the depth
below the illuminated surface. Then, the value of the radiative excess carrier lifetime

constant maximum values with very large the depth below the illuminated surface.

4.2.2 At different photon flux density and with photon energy

Figure 3-4: shows the room temperature (300K) for all the samples with single
doping level of the variation of radiative excess minority carrier lifetimes with the
depth below the illuminated surface at different photon flux density as low and high
photon energy illumination is determined using relation Eqn.  (2-26). Then, Figure
3-4 (a), the absorption coefficient is very low is value of 10"2cm™! and the photon

flux density injection levels is varied from 1 x 10*>cm?s™to 1 x 103° cm?s~1,

As can be seen from Figure 3-4 (a) the bulk material under low injection level for the

illumination less than 102% cm2s~1

photon flux density, while, under high injection
level for the four photon flux density 1 x 10%°cm?s™!,1 x 1027cm?s™1,1 x
10%2° cm?s™tand 1 x 103° cm?s~1.Since the deep bulk with very high thermal
equilibrium majority carrier concentration, p, > én still remains under low injection

level as depicted by the low photon flux density 1x10%°cm?s~?!

as shown in the Figure
3-4 (a). Then, the excess carrier lifetimes becomes constant at low illumination
photon flux density as shown can be seen from Figure 3-4 (a), until the 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 p, < én as
indicated by the four higher injection levels 1 x 102°cm?s™1,1 x 10?7cm?s™1,1 X

102° cm?s™tand 1 x 103° cm?s™1. Hence, effects of high injection level and low

energy photons can be detected in the deep bulk towards the illuminated surface,
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while the effects of the low injection level and low energy photons cannot be detected
in the deep bulk. So, the excess carrier lifetime is decreases with increasing the

injection level and with large thickness low injection level.

As shown in Figure 3-4 (b), the absorption coefficient is kept at high value 6x10* and
with room temperature as already seen in Figure 3-4 (b), the excess carrier lifetime
remains maximum constant value under low injection level for 1x10'°cm?s~! photon
flux density at all depth below the illuminated surface, while for high injection level
and high energy of photon illumination and the photon flux densities varied from

1x10%°cm?s~?! to 1x10%°cm?s~ ! cm2s1,

10* 10
3 @, = 1x10"°cm’”s™ 3] ®p= 1x10"°cm’s™
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Figure 3-4: Variation of the radiative excess carrier lifetimes with depth below the illuminated surface for (a)
at different flux and low absorption coefficients, (b) at different flux and high absorption coefficients for GaSb
doping level 1 x 10Y7cm™3,

The effects of these high injection levels and high photon energy can be detected in
the bulk and near to the illuminated surface. Since the photon absorption rates of a
photon with high energy (absorption coefficient) is closer to the illuminated surface
and decreases with increasing the depth below the illuminated surface as already
discussed in Figure 3-1 (b). Then under high injection levels regions condition
for py < 6n, then the excess carrier concentration én shows different response as
function depth below the illuminated surface with high injection levels and the higher
photon energy. Due to the presence of maximum free carrier concentration under the
illuminated surface, the excess carrier lifetime also has decreases value with
increasing photon flux density. The value of the excess carrier lifetime corresponding
to maximum remains constant values at each depth and low injection level, but,

decreases with the depth below the illuminated surface decreases and attains
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minimum value at very high injection levels. Hence, 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 effects of illumination energy
with low photon flux density cannot be detected in the material and the excess carrier
lifetime remains constants value as shown in Figure 3-4 (a) and (b). In general the
performance of the material is determined under high photon illumination energy

rather than low photon illumination energy.
4.2.3 Effects of injection level with the excess carrier lifetime as

function of absorption coefficients

In general, photo-generated carriers can be recombined both with opposite photo-
generated carriers and thermally-generated carriers in the material. Each of the
recombination rates for photo-generated carriers discussed above is hence the sum of
the recombination rate of a photo-generated carrier with opposite photo-generated
carriers and thermally-generated carriers. The net recombination rate of photo-

generated carriers is dominant in

high injection level material, while

the net recombination rate of a
photo-generated carrier with the

thermally generated carriers is

Lifetime (ns)
[=Y
S
l

dominant in low injection level

material. As a result, the excess

carrier lifetimes given in Eqns.

T T T T T T T T

7

1((;; 10° 107 10" 10° 10" 10° 10° 10* 10° 10° 10 (2-36) (2_39) and (2-38) remain

Absorption Coefficient, o (cm-1)

only a function of photo-generated
Figure 3-5: Variation of radiative excess carrier lifetimes as

function of absorption coefficients with different injection carrier concentrations in high
levels for small depth below the illuminated surface for GaSb.

injection level system and only a
function of thermally-generated carrier concentrations in low injection level
materials in Eqn. (2-37). The description of the injection level dependence of the
excess carrier lifetimes can be predicted by varying the photo-generated carriers in
relations Eqns. (2-36), (2-37) and (2-38). Then, Figure 3-5 illustrated that the
injection level with excess carrier lifetime for p-type of the gallium antimonide as
function of the absorption coefficients or the photon energy of illuminations, then the

regions of the excess carrier lifetime is divided in two in this case. The first regions
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where the excess carrier lifetimes remains constant maximum value with very low
photon energy the region where the thermal equilibrium carriers concentration
dominate the entire recombination mechanism (p, > én). This condition is called low
injection level. The regions where the excess carrier lifetimes decreases with
increasing the photon flux density, where the injection levels dominate the entire
recombination mechanism (dn > p,) and this condition is called high injection level.
As can be seen from Figure 3-5 above the excess carrier lifetime decreases slightly
with increasing photon flux density in radiative recombination and constants
maximum values with very low photon illumination energy and also very high photon
illumination energies. The excess carrier lifetime is displaying distinctive decreases
with increasing photon flux density and it becomes constant at very low photon flux
density. The results obtained for the excess carrier lifetimes in Figure 3-5 for injection
levels were varied from 10~ ns to the value to 103 ns. Then, the results obtained for
the variation of the excess carrier lifetimes with the injection level is in good

agreements with the reports of several authors [17, 47, 48].
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Chapter 5: Conclusion

In this study, the effects of the energies of the illuminations on the photon absorption
rate at different locations below the illuminated surface inside GaSb sample are
described. Then, the effects of energy of illumination and photon flux density the on
the photo-responses of bulk of gallium antimonide semiconductor at different depth
below the illuminated surface is investigated. The results obtained from the
description of photon absorption rates, shows that; photons with different energies
have different absorption rates at a given depth. So that the absorption rate forms a
hill of maximum height equal 37% its value at the surface. High energy photons are
highly absorbed near the illuminated surface and low energy photons are penetrating
into the deep bulk without being absorbed (or with less absorption). Photons with
very high energies are absorbed at very high rate and photons with very low energy
are passing unabsorbed through the material. The value of the absorption rate goes to
zero for very large and small energy of illumination and maximum at the penetration
depth, whereas, the rate of absorption is increases with decreasing thickness, but it is

absorbed with different rate in thick semiconductor.

The excess carrier lifetimes in GaSb have been studied as function of the energy
illumination and depths below the illuminated surface with injection level have been
studied using steady-state and illumination mechanism. The excess carrier lifetime
remains its maximum constant value at very low and very high energy of
illuminations and as the depth, x increases more the excess carrier lifetime remains at
its maximum constant value reaches and its minimum values as the depth below the
illuminated surface slightly decreases and reaches, its minimum value at the
penetration depth of the illumination. The excess carrier lifetime displays distinctive
decreases with increasing photon flux density. When the excess carrier lifetime also
become constant at very low illumination photon flux density and varying with
photon flux density at high injection level. As the injection level increases, the
photo-responses it becomes decreases and the deep bulk becomes dominant at very
high injection level. The variation of photo-response of the thick semiconductor is to
be in general dominated by high injection level and high energy photon illumination,
but, low injection level and low energy photon illuminations cannot be detected in

deep bulk semiconductor or the lifetimes it remains constant maximum value. Then,
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the excess carrier lifetimes also become constant at very low illumination photon
flux density and varying with photon flux density at high injection level as function

depths below the illuminated surface and absorption coefficients.

27



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

References

M. Faraday, "Experimental Researches in Electricity, Bernand Quaritch, London,"

vol. 1, pp. 122-124, 1839.

B. R. Green, "Hall effect measurement for semicodoctors and material

characterization," Journal of semiconductor physics, 2011.

W. Smith, "Effect of Light on Selenium during the passage of an Electric Current,”
p. 303, 1873.

G. L. Pearson and W. H. Brattain, "History of semicondoctor research, Proc. IRE,"

vol. 43, pp. 1794-1806, 1955.
E. A. Jones, "Semicondoctor physics and device," Journal of semiconductor, 2003.

L. W. Brid et al, "Hall effect the thermodynamics of electrical phenomena in

metals," 1934.

B. G. Streetman, "In solid state electronic devices, 3rd. ed. Prentice Hall, Inc,

Englewood cliffs, N. ], U.S.A," Journal of quatum electronics, vol. 26, 1990.

J. Brody, A. Rohatgi, A. Ristow, "Review and comparision of equations relating
bulk lifetime and surface recombination velocity to effective lifetime measured

under flash lamp illumination,” Solar cell energy, vol. 17, p. 293, 2003.

B. K. Ridley, "Large-band-gap semiconductors," Tr. j. of physics, vol. 23, pp. 577-
582, 1999.

[10] S. M. Sze, "Semicondoctor devices: physics and techology," vol. 2nd, 2002.

[11] R. Agarwal and C. M. Lieber, "Semiconductor nanowires: optics and

optoelectronics," J. of applied physics A, vol. 3, p. 85, 2006.

[12] L. P. Kouwenhoven, "Quantized photocurrent in a single-exciton pump,

europhysics,” vol. 18, p. 607, 1992.

28



[13] R. Sinton, "Pricatical measurement of bulk lifetime and surface recombination by
using wavelength dependence, 3rd Wolrd Conf.," Photovoltaic energy conversion,

vol. 1, p. 951, 2003.

[14] P. S. Dutta and H. L. Bhat, "The physics and technology of Gallium Antimonide: an
emerging aptoelectronic material," J. of appl. phys, vol. 81, no. (9), pp. 5821-5870,
1997.

[15] S. Bowden and R. A. Sinton, "Determinig lifetime in silcon blocks and wafers with

accurate expression for carrier density," J. appl. phys, vol. 12, p. 102, 2007.

[16] N. Matsuo, H. Ohno, H. Hasegawa, "Mechanism of high gain in GaAs
photoconductive detectors under low extitation," Japanese journal of applied

physics, vol. 23, p. 299, 1984.

[17] M. W. Shura, V. Wagener, J. R. Botha and M. C. Wagener, "Photoconduction
spectroscopy of p-type GaSb films: Nelson Mandela Metropolitan University, Port
Elizabeth 6031, South Africa," Physics B, vol. 407, p. 1656-1659, 2012.

[18] G. Stollwerck, O. V. Sulima and A. W. Bett, IEEE Trans. Elec. Devices, vol. 47, p. 448,
2000.

[19] C. Hilsum and A. C. Rosse-innes, "Pergamon Press, New York," Semiconducting

[1I-V compounds, pp. 189-190, 1961.
[20] S. P. Svesson, D. D. Wang, H. Hier et al, ] of cryst of growth, vol. 334, p. 103, 2011.

[21] M. C. Wu and C. C. Chen, "Photoluminescence of high-quality GaSb grown from
GaSb rich solutions by liquid phase epitaxial," Journal of applied physics, vol. 72,
pp. 4275-4280, 1992.

[22] L. M. K. Pattie, "Acceptor defects in p-type Gallium Antimonide materials,” 2005.

[23] W. ]. Turner et. al, "Exciton absorption and emmission in InP," Physical review A4,

vol. 136, pp. 1467-1470, 1964.

[24] C. W. Hsien and P. H. Lai, "Temperature effect on empact ionization

29



characteristics metamorphic high electron mobilty transistors," 2006.

[25] A. Many and R. Bray, "Lifetime of excess carriers in semicondoctors. London:

Heywood and Co," pp. 117-151, 1985.

[26] S. Abdullah, "Preparation and characterisation of chlorine doped cadmium
sulphide thin films and their applications in solar cells, M.sc thesis, kings

university, saudi Arabia," 2007.
[27] C. Kittel, "Introduction to solid state physics, Wiley, seventh edition," 2010.

[28] Y. P. Varshni, "Temperature dependence of the energy gap in semiconductors,"

Physica, vol. 34, p. 149, 1967.

[29] I. A. Y. Lubiaiker, "Direct band and indirect band semiconductors depend on

temperure,” p. 38, 1995.

[30] J. P. McKelvey, "Solid-state and semiconductor physics, 2nd ed., Harper & Row.,
New York," 1966.

[31] S.S. Li, "Semiconductor Physical electronics (Springer, New York)," 2006.

[32] C. Kittel, "Introduction to solid state physics, 8th ed, John Wiley & Sons, Inc,"
2005.

[33] L. L. Li, W. Xu, Z. Zeng, A. R. Wright et al, "Mid- infrared absorption by short-
period InAs/GaSb type Il superlattices," vol. 40, pp. 815 - 817, 2009.

[34] E. Rosencher and B. Vinter, "Opto-electronic, Thomson-CSF Masson," 1998.

[35] M. W. Shura, "Photocunductive sptecroscopy of GaSb thin films, Ph.D thesis,
Nelson Mendella Metropoliatan University, South Africa," pp. 3:(1-68), 2013.

[36] F. Silva, "Impurity cluster effects in high and low doping semiconducotors,

Wiley," International journal of quantum chemistry, pp. 1-6, 2010.

[37] P. Blood and J. W. Orton, "The electrical characterization of semiconductors:

majority carriers and electron states, Landon: Accadamic press," 1992.

30



[38] R. Kaur, A. V. Singh, R. M. Mehra, Non-cryst solids, vol. 352, p. 2335, 2006.

[39] S. Wang, "Fundamentals of semiconductor theory and device physics, Pr entice-

Hall, Englewood," 1989.

[40] S. C. Phillips, "Optical characterizaion and modeling of compositionally matched
Indium Arsenide-Antimonide, bulk and multiple quantum well semiconductors,"

2004.

[41] M. S. Tsagi, "Introuduction to semiconductor material and ligth ( John Wiley and
Sons, New York)," 1991.

[42] G. Kennler, K. Forberich, M. C. Scharber, C. J. Brabec, "]. of applied phys," vol. 102,
p. 054516, 2007.

[43] A. Candola, R. Pino, P. S .Dutta, Semiconductor science and technology, vol. 20, p.
886, 2005.

[44] B. G. Streetman, "Solid state electronic device 6th edition," 2006.

[45] R. K. Lal and P. Chakrabarti, Progess in crystal growth and charactrerization of
materials, vol. 52, p. 33, 2006.

[46] R. H. Bube, "Cambriga University Press, LaVergene, TN," photoelectronic

properties of semiconductors, 2010.

[47] M. Z. Rahman, "Modeling minority carrier’s recombination lifetime of p-Si solar

cell," International journal of renewable research, vol. 2(1), pp.- 117-121, 2012.

[48] V. L. B. Bruevich, "The electronic theory of heavily doped semiconductors,
Elsevici Publ. Co, New York," 1966.

[49] M. W. Shura, V. Wagener, J. R. Botha, M. C. Wegener, "Non-linear ijection level
dependence of the excess carrier life time of p-type GaSb thin films: A two-layer

model," Journal. applied. physics, vol. 111, pp. 103-104, 2012.

[50] R. A. Scazubi, "The emmission spectroscopy of narrow band-gap

semiconductors," J. of physics, 2005.

31



[51] R. F. Pierret, "Advanced semiconductor fundamentals 2nd edition, prentice Hall,

New Jersey," 2002.

[52] W. Shockley and W. T. Read, "Statistical of the recombination of holes and
electronsl,”" Physical review, vol. 87(5), pp. 835-842, 1952.

[53] V. K. Khanna, "Carrier lifetimes and recombination-generation mechanisms in

semiconductor device physics," Solid state devices division, pp. 223-224, 2004.

[54] D. Macdonald, "Measuring and interpreting the life time of silicon wafers," Sollar

energy, pp- 255-262, 2004.

[55] R. Sinton and T. Mankad, "Contactless carrierlifetime measurement in silicon

wafers," pp. 1-14, 2010.

[56] M. ]. Kerrar, "Surface, emitter and bulk recombination in silicon and

development of silicon nitride passivated solar cells," pp. 6-8, 2002.
[57] W. Van. Roosbreck and W. Shockley, Phys review, vol. 94, p. 1558, 1954.
[58] A. Rogalski and Z. Orman, "Infrared physics," vol. 25, p. 551, 1985.

[59] Y. Arafat, F. M. Mohammedy, M. M. S. Hassan, "Optical and other measurement
techniques of carrier lifetime in semiconductors," International journal of

optoelectronic engineering, vol. 2(2), pp- 5-11, 2012.

[60] M. Z. Rahman, "Modeling minority carrier’s recombination lifetime of p-Si solar
cell," International journal of renewable energy research, vol. 2(1), pp. 117-121,

2012.

32



