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Abstract 

In this study, the photo response of gallium antimonide (GaSb) thin film and bulk material 

is investigated under different conditions. First, with the aid of the principle of the 

illumination mechanism, the photon absorption rate as a function of absorption coefficient 

and depth below the illuminated surface in both the bulk and the thin films of GaSb were 

determined. Next, using the steady state condition of the free carriers generation-

recombination mechanism, the radiative excess carrier lifetime of the photo-generated free 

carriers is described in both thin films and the bulk material as function of the depth below 

the surface, doping levels, injection levels and absorption coefficient.  The obtained result 

indicates that, photon absorption rate and the free carrier’s generation rate in general 

increases with decreasing the thickness of the thin films. The photo-response of the thin film 

semiconductor is found to be in general dominated by the property of the surface depletion 

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

Introduction  

Thin films are thin material layers ranging from fractions of a nanometer to sev eral 

micrometers in thickness. The thickness is typically less than several microns [1]. Thin films 

of semiconductors have the main applications in electronic semiconductor devices and 

optical coatings. Some work is being done with ferromagnetic thin films as  well for use as 

computer memory. Semiconductor materials exhibit a number of useful unique properties 

related to their electronic structure. They can be fabricated to be in bulk or in thin film forms. 

A semiconductor material is said to be in thin film form only when 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 [2]. Thin films are also regarded as two dimensional materials 

fabricated by the process of condensation of atoms, molecules or ions. This is what makes 

them to have unique properties significantly different from their corresponding bulk 

materials. These unique properties are as a result of the changes that occur in their physical 

dimensions, geometry and microstructure [3]. 

 In thin films there are deviations from the properties of the corresponding bulk 

materials 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  [4]. Most of 

the new thin film technologies coming up are based on the use of materials with very thin 

film geometry because they tend to lower costs and also lower material consumption [5]. 

Semiconducting thin film materials, which are based on sulfides and selenides have recently 

got much consideration as materials for optoelectronics technology. Thin films have other 

useful properties of electrical conduction, optical transmittance, reflectivity, and absorption 

and corrosion resistance.  

During the recent decades, semiconductor materials are extremely vital in the 

development of wide range electronic and optoelectronic devices for information 

applications. A significant property of a semiconductor is its temperature dependence of 

conductivity, that is, the fact that the conductivity in semiconductors increases with 

increasing temperature, whereas the conductivity in metals decreases with increasing 

temperature [6]. 
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Thin films are widely used in a large number of solid state devices. Some of these 

applications include photoconduction which is the change in the electrical conductivity of a 

substance, as a result of absorbing electromagnetic radiation [7]. The current investigation 

is the novel applications in which conversion of solar energy into electrical energy through 

photovoltaic effect cause photons that contain various amounts of energy corresponding to 

different wavelengths of light [8]. Many researchers [7, 9, 10] reported that as the thickness 

of the film increases, the absorption edge shifts towards lower energy region (higher 

wavelengths) and becomes much sharper (i.e. the band gap decreases). It has also been 

reported that films present a steep absorption edge at a wavelength of 500 nm with a band 

gap value of about 2.45 eV and their refractive index was of about 2 for the higher 

wavelengths while after annealing the absorption edge undergoes a slight shift towards the 

higher wavelengths [11]. 

Thin films can be used to fabricate optoelectronic devices that can convert photon energy 

into electrical energy for various uses. This can be achieved if their structure, inter-band 

transitions and other optical properties are maximized to harvest enough solar radiation to 

provide energy. Activities that take place when electrons transit between energy bands in 

thin films are a fundamental importance in harvesting solar radiation just like all fuels derive 

their source by utilizing solar energy [12].  Although solar energy is abundant it has not been 

harvested well. Obtaining energy by use of solar cells does not require sophisticated and 

expensive facilities. Thin film nanotechnology has been able to fabricate cheap opto - 

electronic devices that produce power for homes, small commercial uses or electric current 

for other uses [13]. It is a source of energy that is reliable, easy to maintain and even install 

and because of some of these advantages over other forms of fuels, there is a need to research 

on thin film materials with good photoelectrical properties in the visible range and those 

that extend into the IR and UV regions for photovoltaic cells [14]. Photovoltaic cells are 

known to absorb light (photons) from the sun and convert them directly into electricity. They 

consist of a p-type layer which has a majority hole carriers and an n type layer that has 

majority electron carrier. When a photon with energy greater than the band-gap of the 

semiconductor illuminates such a cell, it may be absorbed by the material and this takes the 

form of a band-to-band electronic transition producing an electron-hole pair [3]. 
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When an electric field is applied to the material by an external voltage source, it causes 

the electrons and holes to be transported. Hence, Photoconductive materials can be used in 

the manufacturing of photoelectric devices. Typical photoconductive substances consist of 

germanium, gallium, selenium, or silicon with impurities, also known as dopants, added. 

Other common materials include metal oxides and sulfides. Currently, the global amount o f 

information doubles every year. Many things we are taking for granted (such as, computers, 

Internet and mobile phones) would not be possible without silicon microelectronics. Since 

the beginning of semiconductor electronics, the number of transistors in an integrated 

circuit has been increasing exponentially with time [15]. 

One of the key parameters that often determine the range of applications of a given 

semiconductor is the basic energy band gap that separates the conduction from the valence 

bands, which is typically in the range from 0 to 3.5 eV for semiconductors [16]. In recent 

years, research on the preparation and characterization of thin films was developing into a 

major research area. Thus, the electronic industries due to the use of thin films in electronic, 

optoelectronic and other devices have become the supreme beneficiary of thin film 

technology. 

The study of the optical generation and recombination of excess carriers in 

semiconductor is a crucial issue in study of the performance of the material. Recombination 

of charge carriers is the opposite of generation of charge carriers, representing mechanisms 

that reduce the excess charge density. When there is a generation of charge carriers, it is 

always balanced at steady-state condition by a recombination of charge carriers. The 

recombination of charge carriers takes place both in the bulk and at the surface of a 

semiconductor. The electron and the hole are no longer free carriers participating in 

electrical conduction. Thus, the concept of lifetime is introduced to estimate the time span of 

life of the carrier before its annihilation by recombination and also it provides information 

on how fast or slow the recombination of the minority carriers takes place in that 

semiconductor material. The lifetime referred to here is the minority carrier lifetime. 

Alternatively, the value of minority carrier lifetime provides a direct assessment of the 

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

 



 

4 
 

Photoconductivity is the tendency of a substance to conduct electricity to an extent that 

depends on the intensity of light-radiant energy (usually infrared transmission or visible 

light) striking the surface of a sample. Most semiconductor materials have this property [19]. 

The basic principle involved in photoconductivity is that, when photons of energy greater 

than that of the band gap of the semiconductors are incident on the material, electrons -hole 

pairs are created resulting in the enhancement of electrical conductivity [20]. The electrical 

conductivity of the material increases in proportion to the photon flux density of the 

illuminating light. 

Photoconductivity is a useful tool to study the properties of semiconductors. It is also 

considered to be an important tool for providing information about the nature of the photo-

excitations. A good photoconductive device requires efficient charge separation and efficient 

transport of charge carriers to electrode. The conductivity of the material depends upon the 

carrier density and complex process of carrier generation, trapping and recombination. It is 

also a function of temperature, intensity and energy of illuminating radiation  [21].  

The main objective of this thesis is to determine the factors affecting the photo- 

conductivity of thin film semiconductors and compares it with that of the bulk (thick) 

semiconductors. The specific objectives of this study includes, the photon absorption effect 

and the generation of excess carriers in both thin films and bulk semiconductors. Then, the 

generation of excess carriers (or photocurrent) in the thin film and thick semiconductors 

have been considered. Finally, the recombination mechanisms in both thin films and bulk 

semiconductors and the determination of excess carrier lifetimes in both thin films and bulk 

semiconductors are considered. 

This thesis is organized as follows. The second chapter incorporates review of related 

literature. It is divided in to six sub sections. The third chapter deals with the methodologies 

followed to conduct the research. The fourth chapter presents analysis of data and discussion 

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

 

http://searchnetworking.techtarget.com/definition/infrared-transmission
http://searchcio-midmarket.techtarget.com/definition/semiconductor
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Chapter 2  

Literature Review 

2.1 Energy bands in solids 

 Most semiconductors occur in solid form. These solids are made up of atoms which in 

turn contains electrons. From quantum mechanics it is clear that electrons of an isolated 

atom can have only discrete energy levels. When a number of atoms are brought tog ether to 

form a crystal, their discrete energy levels split to form a band. As the inter -atomic spacing 

decreases these bands merge together to form a single band. When the distance between 

these atoms approaches equilibrium distance, the band splits again into two bands separated 

by a region called the forbidden gap (𝐸𝑔). The forbidden gap separates the two energy state 

bands with the condition that no carriers can occupy energies within the forbidden gap. The 

upper band is called the conduction band (CB) with its minimum energy labelled as 𝐸𝐶   and 

the lower band is called the valence band (VB) with its maximum energy labelled as 𝐸𝑉  [22, 

23]. 

 

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

In conductors (i.e. metals) as shown in Figure 2.1, the conduction band is either partially 

filled or overlaps the valence band so that there is no band-gap. This causes the uppermost 

electrons in the partially filled band or electrons at the top of the valence band to move to 

the next higher available energy level when they gain kinetic energy. Through this, current 

conduction readily occurs in conductors. In semiconductors, the bonds between 
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neighbouring atoms are only moderately strong. When thermal vibrations occur they break 

some of the bonds and free electrons along with free holes are produced. That is, why the 

band gap of a semiconductor is 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 form strong bonds between neighboring atoms in insulators. These strong bonds 

are difficult to break. This means that there are no free electrons to participate in current 

conduction. This causes the band gap in an insulator to be large. When we consider the  band 

gap in an insulator, thermal energy or any external applied electric field cannot raise the 

uppermost electron in the valence band to the conduction band [13].  

The band gap energy, 𝐸𝑔 = 𝐸𝐶 − 𝐸𝑉, is perhaps the most important in semiconductor 

physics. A contraction of the crystal lattice with decreasing temperature usually leads to a 

strengthening of the interatomic bonds and an associated increase in the band gap energy. 

The first empirical relation for the band gap shift with temperature was developed by 

Varshni et al [24, 25, 26]: 

𝐸𝑔(𝑇) = 𝐸𝑔(0)−
𝛼𝑇2

𝑇 + 𝛽
 .            (2.1) 

 where 𝐸𝑔(0) is 0.813 eV at 0 𝐾,  𝛼 = 3.78 × 10−4  eV/K,  β = 94 K and the band gap energy 

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

Figure 2.2, illustrates the temperature depen-

dence of band gap energy along with 𝐸𝐶  and 𝐸𝑉. As 

one can see from Figure 2.2, both 𝐸𝐶  and  𝐸𝑉  become 

closer and closer to the mid-gap with increasing 

temperature, as a result the band gap energy 

decreases with increasing temperature. 

Materials are classified as direct or indirect 

semiconductors depending on their band structure. 

Figure 2.3 illustrates indirect and direct band gap structure of semiconductors. As one can 

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

 

Figure 2.2: Temperature dependence of 
band gap energy along with 𝐸𝐶 and 𝐸𝑉. 
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Brillouin zone or zero momentum (𝑘 = 0), while the minimum in the conduction band occurs 

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

The electron at the conduction band 

minimum (𝐸𝐶) with zero kinetic 

energy can have crystal momentum 

different from zero (i.e. 𝑃𝐶). When 

an electron makes a transition from 

the valence band to the conduction 

band it requires then, not only an 

energy change is greater than 𝐸𝑔 , 

but also some change in the crystal 

momentum, 𝑝 = ℏ𝑘 . This makes 

such semiconductors to be indirect semiconductors because a change in crystal momentum 

is required in their transitions. One can see from Figure 2.3 (b) that the maximum in the 

valence band and the minimum in the conduction band occurs at the center of the Brillouin 

zone (or 𝑘 = 0) and in this case, an electron making a transition from the valence band to the 

conduction band can do so without a change in its momentum. Such semiconductors are 

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

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

2.2 Densities of Charge carriers 

 The density of states function can be applied to electrons in the conduction band and 

holes in the valence band of a semiconductor. 

This can be done by assuming parabolic bands 

for both the conduction and valence bands and 

using the conduction and valence band edge as a 

reference level. Since the densities of states are 

the properties of the conduction and the valence 

bands, they are not affected by the variation of 

Fermi level position in the band gap. Figure 2.4 

illustrates the room temperature energy dependence of the densities of states in the 

 

Figure 2.3: (a) Indirect and (b) direct bandgap structures of 

semiconductors [27]. 

 

Figure 2.4: Energy dependence of the densities of 
states in the conduction and the valence-bands. 
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conduction and the valence bands. As can be seen from Figure 2.4 the densities of states 

attains their minimum values (zero values) at the band edges. The density of state s in the 

valence band increases going deep into the band with decreasing energy, and the density of 

states in the conduction band increases going deep in the band with increasing energy.  

The general expressions for the equilibrium densities of electrons and holes in a 

semiconductor can be derived using the density of states function and the Fermi–Dirac (F-

D) distribution function. If one assumes that the constant energy surfaces near the b ottom 

of the conduction band and the top of the valence band are spherical, then the equilibrium 

distribution functions for electrons in the conduction band and holes in the valence band 

may be described in terms of the F-D distribution function. The number of electrons excited 

across the gap can then be calculated from the Fermi-Dirac probability distribution as [28]: 

𝑓𝑛(𝐸) =  
1

1 + exp(
𝐸 −𝐸𝐹
𝑘𝐵𝑇

)
, (2.2) 

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

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

𝑓𝑝(𝐸) = 1 − 𝑓𝑛(𝐸) ≈
1

1+ exp(
𝐸𝐹 − 𝐸
𝑘𝐵𝑇

)
, 

(2.3) 

The equilibrium concentration of electrons in the conduction band and holes in the 

valence band of a material can then be calculated using Eqns.(2.4) and (2.5) shown below. 

The intrinsic density of electrons (𝑛𝑖) is calculated using the density of states in the 

conduction band, 𝑁𝐶 , as well as the Fermi and conduction band energies. The intrinsic 

density of holes is calculated based on the properties of the valence band. Using the bottom 

of conduction band as 𝐸𝐶  and the top of valance band as 𝐸𝑉, the electron density in the 

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

𝑛0 = 𝑁𝐶 exp (−
𝐸𝐶 − 𝐸𝐹
kBT

), (2.4) 

In a similarly way, the hole density in the valence band can be given by: 
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𝑝0 = 𝑁𝑉 exp (−
𝐸𝐹 −𝐸𝑉
kBT

), (2.5) 

where 𝑁𝐶  and 𝑁𝑉 are the effective density of states in the conduction and valence bands 

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

𝑁𝐶 = 2(
2𝜋𝑚𝑛

∗ 𝑘𝐵𝑇

ℎ2
)

3
2⁄

, (2.6) 

and  

𝑁𝑉 = 2(
2𝜋𝑚𝑝

∗ 𝑘𝐵𝑇

ℎ2
)

3
2⁄

, (2.7) 

where 𝑚𝑛
∗  and  𝑚𝑝

∗  are electron and hole effective masses in the conduction and valence 

bands respectively. Since there are equal amounts of intrinsic holes and electrons, Eqns.(2.4) 

and (2.5) can be combined to show that the intrinsic carrier concentration is not dependent 

on the intrinsic Fermi energy, but it is dependent on the size of the energy gap (𝐸𝑔) and the 

result is given by: 

𝑛𝑖 = √𝑁𝐶𝑁𝑉𝐸𝑥𝑝(−
𝐸𝑔
2𝑘𝐵𝑇

). (2.8) 

2.3 Intrinsic semiconductors 

Intrinsic semiconductors are pure crystals of semiconductor materials. Conduction in 

these materials is due to the intrinsic processes without the influence of impurities. It occurs 

due to the electrons that are excited from the top of the valence band to the bottom of the 

conduction band by thermal energy. Thus, a semiconductor may be considered as an 

intrinsic semiconductor, if its thermally generated carrier density represented by 𝑛𝑖  is much 

larger than the background 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. 

Suppose that ℛ is the concentration of electron-hole pairs thermally generated in the 
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respective bands and ℛ𝑅  is the concentration of electron-hole pairs annihilated after the 

generation, the free carrier concentrations in the conduction and valence bands adjust for 

the intrinsic semiconductor to: 

𝑛0 ≈ ℛ −ℛ𝑅 = 𝑝0 = 𝑛𝑖 . (2.9) 

where 𝑛0 and 𝑝0  denote the equilibrium electron and hole densities, respectively. Since the 

nondegenerate relations are obviously valid for an intrinsic semiconductor where the Fermi 

level (𝐸𝐹) is equal to the intrinsic level energy (𝐸𝑖) in the semiconductor. 

When an external field is applied, the electrons that are excited into the conduction band 

by thermal means accelerate using the vacant states available in the conduction band. At the 

same time the holes in the valence band move but in a direction opposite that of the 

electrons. Since the non-degenerate relations are obviously valid for an intrinsic 

semiconductor where the Fermi level, 𝐸𝐹  is equal to the intrinsic level energy, 𝐸𝑖  in the 

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

𝑛𝑖  =  𝑁𝐶𝑒𝑥𝑝(−
𝐸𝐶 − 𝐸𝑖
𝑘𝐵𝑇

)  =  𝑁𝑉𝑒𝑥𝑝(−
𝐸𝑖 −𝐸𝑉
𝑘𝐵𝑇

). (2.10) 

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

𝐸𝑖 = 
𝐸𝐶 + 𝐸𝑉

2
+
3

4
(𝑘𝐵𝑇)𝑙𝑛 (

𝑚𝑝
∗

𝑚𝑛
∗
). (2.11) 

where 𝑚𝑝
∗  , 𝑚𝑛

∗  and 𝐸𝑔  are known at a given temperature.  

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

semiconductor (𝑚𝑝
∗ > 𝑚𝑛

∗ ) at (a) zero T, (b) intermediate T and (d) high T. The intrinsic 

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

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

Conduction band edge, 𝐸𝐶 and valence band 

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

if the electron and hole effective masses are 

equal, 𝑚𝑝
∗ = 𝑚𝑛

∗ , the intrinsic Fermi level, 𝐸𝑖  is 

exactly in the Centre of the band gap. The 

intrinsic Fermi level, 𝐸𝑖  moves toward the 

conduction band edge if  𝑚𝑝
∗ > 𝑚𝑛

∗  and toward 

the valence band edge if  𝑚𝑝
∗ < 𝑚𝑛

∗ . One can also 

see that, the energy band gap also decreases with 

increasing temperature.  

2.4 Extrinsic semiconductors 

If a dopant (impurity) is introduced into an intrinsic semiconductor, then it changes and 

becomes an extrinsic semiconductor. The process of deliberate addition of controlled 

quantities of impurities to a pure semiconductor is called doping.  

 

Figure 2.6: Temperature dependence of intrinsic 
Fermi level, 𝐸𝑖, in the band gap energy of a 
semiconductor for 𝑚𝑝

∗ =  𝑚𝑛
∗  , 𝑚𝑝

∗ > 𝑚𝑛
∗   and 𝑚𝑝

∗ <

 𝑚𝑛
∗  
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Figure 2.7: p–type doped semiconductor with an acceptor [29]. 

If the doping process results into a p-type semiconductor then the impurity atoms are 

called acceptors and the energy levels of these holes are called the acceptor energy levels 

(𝐸𝑎). 

The addition of impurities (doping) greatly increases the conductivity of most 

semiconductors as illustrated in Figure 2.8 [28]. 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. If a group-III element is introduced into a group-IV elemental 

semiconductor, then there is a deficiency of one electron for each replaced host atom by a 

group-III impurity atom, leaving an empty state (or creation of a hole) in the valence band. 

Hence, the conduction process is carried out by holes in the valence bands, and the 

semiconductor is called a p-type semiconductor. The group-III elements including boron, 

gallium, and aluminum are common doping impurities for producing p-type doping in the 

elemental semiconductors. Thus, group-III elements are shallow-acceptor impurities for the 

elemental semiconductors. 

To excite electrons from the donor level into conduction band (CB) or holes from 

acceptor level into valence band (VB), energy known as ionization energy is required. The 

ionization energy (𝐸𝑖) of donor electrons is approximately the same as the ionization energy 

of acceptor holes in the same crystal. When it is compared to the energy gap, the ionizatio n 

energy of an impurity atom is very small. This means that at room temperature a large 
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fraction of the donor level electrons as well as acceptor level holes are excited into the 

conduction and valence band respectively. This fraction is much larger than the fraction of 

electrons excited from the valence band or that of holes created by these electr ons due to the 

thermal energy [28]. The product of the 

number of electrons in the conduction 

band and the number of holes in the 

valence band must be constant for any 

semiconductor according to the law of 

mass action [30]. The number of 

electrons in the p-type semiconductor is reduced causing the holes in the valence band to 

become the majority charge carriers.  

The Fermi level (𝐸𝐹) with higher donor concentration (𝑁𝐷) will move closer to the bottom 

of the conduction band and in the same manner the one with a higher acceptor concentration 

will move closer to the top of valence band [2]. Hence, the electron and hole densities in 

extrinsic semiconductors can be expressed as: 

𝑛0 = 𝑛𝑖𝑒𝑥𝑝 (
𝐸𝐹 − 𝐸𝑖
𝐾𝐵𝑇

), (2.12) 

and 

𝑝0 = 𝑛𝑖𝑒𝑥𝑝(
𝐸𝑖 −𝐸𝐹
𝐾𝐵𝑇

), (2.13) 

If both the donor and acceptor impurities are present simultaneously, then the fermi level 

must adjust itself in such a way so as to preserve charge neutrality. 

If a material is doped so heavily that the Fermi energy is in one of the bands, the material 

is referred to as degenerately doped. This happens in n-type materials when the donor 

density is greater than the density of states in the conduction band and in p-type materials 

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

          2.5 The near surface region at thermal equilibrium 

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

carrier concentrations. This consists of a neutral region (with high thermal equilibrium 

 

Figure 2.8: Movement of electrons and holes during 
conduction [29]. 
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majority carrier concentration), followed by a transition layer (with decreasing  thermal 

equilibrium majority carrier concentration in moving towards the surface), and a depleted 

surface region of very low thermal equilibrium majority carrier concentration. The width of 

the total depletion layer (𝑏1) 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 (𝑏𝛿 ) 

between the highly depleted region and the quasi-neutral region: 

𝑏1 = 𝑏𝑠 + 𝑏𝛿  . (2.14) 

The band bending in different layers accounts for the variation of the majority carrier 

concentrations in these layers. The description of the band bending, 𝐸(x) 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 [32]: 

𝑝 (𝐸) = 𝑝0 exp(−
𝐸

𝑘𝐵𝑇
) . (2.15) 

The majority carrier concentration in Eqn.(2.15) is in general decreases with increasing the 

band bending. The minority carrier concentration at any point in the depletion layer can be 

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

𝑛 (𝐸) = 𝑛0 exp(
𝐸

𝑘𝐵𝑇
) . (2.16) 

Hence, the position dependence of the bending in energy in the entire depletion layer 

between the surface and the edge of the quasi-neutral region can be approximated in 

general as [32, 33]:      

𝐸(𝑥) =  −
𝑒2𝑁𝑎
2𝑘∞𝜀0

(𝑏1 −𝑥)
2. (2.17) 

where 𝐸(𝑥) is the band bending at depth 𝑥, 𝑁𝑎 is doping concentration, 𝑘∞ is dielectric 

constant (1.44 × 101) and 𝜀0 is permittivity of free space (8.85 × 10−12 𝑐
2

𝐽𝑚⁄ ). Figure 2.9 

describes the position dependence of the energy bending in the entire depletion layer 

between the surface and quasi-neutral region in a thin film semiconductor. The position 

dependence of the energy bending in the depletion layer can be determined using Eq n.(2.17). 
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From this figure it can be seen that the energy bending in the thick (bulk) region remains 

fixed with doping level. However, in the entire depletion layer the energy bends down and 

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

concentration in the depletion layer 

decreases from maximum value 𝑝0  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. From 

Figure 2.9 we also observe that as the 

doping concentration increases while the 

energy bending decreases at the two 

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

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

The valence band maximum (VBM) in the neutral region (bulk) is represented by 𝐸𝐵𝑉  and 

that at the surface is represented by 𝐸𝑆𝑉. The respective conduction band minimum (CBM) 

in the neutral region (bulk) and at the surface are represented by 𝐸𝐵𝐶  and 𝐸𝑆𝐶 . The total band 

bending at the surface is represented by 𝐸(0) = 𝐸𝑆. The Fermi-level position relative to the 

valence band maximum (VBM) is denoted by 𝐸𝐵𝐹  in the bulk and by 𝐸𝑆𝐹  at the surface. The 

Fermi and the intrinsic energy levels in the entire sample are also represented by 𝐸𝐹  and 𝐸𝑖 , 

respectively. The thermal equilibrium majority carrier density 𝑝0𝑠  under the surface of a p-

type semiconductor can also be expressed in terms of the surface Fermi-level position, 𝐸𝑆𝐹  

using Eqn.(2.19) as: 

𝑝0𝑠 = 𝑝(𝐸𝑠) = 𝑝0  exp(−
𝐸𝑠
𝑘𝐵𝑇

). (2.18) 

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

type semiconductor is given by: 

𝐸𝑆𝐹 = 𝐸𝐵𝐹 + 𝐸𝑆 . (2.19) 

where the Fermi-level position, 𝐸𝐵𝐹  relative to the VBM in the bulk at room temperature for 

highly doped p-type semiconductor is given by: 

 

Figure 2.9: Energy bending against depth below the 
surface with different doping concentration in the thin 
film semiconductor. 
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𝐸𝐵𝐹 = 𝐸𝑖 −𝑘𝐵𝑇ln(
𝑝0
𝑛𝑖
). (2.20) 

2.6 Photo-response of semiconductors 

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

hole pair. This energy can be supplied in the form of light. Each light photon has energy 

𝐸𝑝ℎ = ℎ𝜈. (2.21) 

where ℎ is the Planck’s constant and 𝜈 is the frequency of the light. A semiconductor can  

absorb a photons having ℎ𝜐 > 𝐸𝑔 . The energy of each absorbed photon is consumed by 

raising a valence band electron in to the conduction band and creating one electron and one 

hole. Photon with  ℎ𝜐 < 𝐸𝑔  are basically not absorbed by the semiconductor and cannot 

generate electron-hole pair [34].  

Photons incident on the surface of a semiconductor are either reflected from the top 

surface or absorbed in the material.  The absorbed photon has the possibility of exciting an 

electron from the valence band to the conduction band. A key factor in determining if a 

photon is absorbed or transmitted is the amount of energy of the photon. Therefore, only if 

the photon has enough energy will the electron be excited into the conduction band from the 

valence band. Thus, absorption of photons creates both a majority and a minority carrier. 

When the surface of a semiconductor is illuminated by a light source with  ℎ𝜐 > 𝐸𝑔 and 

the incident photon flux density, Φ0 (number of incident photon per unit area per unit time), 

the fraction of the photons flux density reflected back is given by Φ0𝑅 and the fraction 

entering the sample is Φ0(1 − 𝑅), where 𝑅 is the reflection coefficient (reflectivity) and can 

be defined in terms of the index of refraction of the media on either side of the surfaces 

(interfaces). Hence, it is calculated by using the relation [35, 36, 25]: 

𝑅 = (
𝑛− 1

𝑛+ 1
)
2

. (2.22) 

Equation (2.22) assumes the refractive index, 𝑛 remains constant for the entire wavelength 

range under consideration, i.e. λ < 20𝜇𝑚. For GaSb, the refractive index was taken as 3.8. 

This results in a typical value of 𝑅 to be approximately 0.34.  
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A photon can excite an electron from an occupied state in the valence band to an 

unoccupied state in the conduction band. This is called an inter-band transition. In this case, 

an excited electronic state is formed in the conduction band and a hole is left behind. This is 

regarded as intrinsic excitation of free carriers. On the other hand, electrons can be excited 

from impurity centers within the forbidden energy gap to the conduction band by the 

photons with ℎ𝜐 < 𝐸𝑔 . This is also known as extrinsic excitation of free carriers. In this case, 

an excited electronic state is formed in the conduction band and an ionized state is left 

behind at the impurity center. Thus, photoconductivity in semiconductors may also be due 

to both either intrinsic or extrinsic excitations [37]. 

2.6.1 Absorption in infinitely thick semiconductor 

Next, we are going to investigate a photon absorption rate at the surface and in the bulk 

of a very thick semiconductor. Thick (bulk) semiconductor refers to the case when the 

thickness of the semiconductor, 𝑏 is infinitely large (𝑏 →∞). Figure 2.10 shows a photon 

beam of flux density Φ0 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 ℎ𝜐 ≥ 𝐸𝑔 , selected by a monochromator. For clarity, the rays are shown for oblique 

incidence. However, based on the experimental set-up used to characterize the samples, a 

normal incidence is assumed for all reflection and transmissio n calculations in this work.  

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 

proportional to the photon flux density, Ф(x) remaining at 𝑥 after being absorbed in the 

preceding section of the material: 

𝑔0(𝑥) =
𝑑Ф(𝑥)

𝑑𝑥
= −𝛼Ф(𝑥), (2.23) 

where 𝛼 is a constant called the absorption coefficient, which is related to the dielectric 

properties of the material and the wavelength of the incident photon. The value of the 

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

by Bardeen et al. [38, 39]: 
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𝛼(𝜔) =
2
2
3𝑚𝑛𝑒

2

3ћ2√𝑘∞
(

𝑚𝑛
∗𝑚𝑝

∗

𝑚𝑛(𝑚𝑛
∗ +𝑚𝑝

∗ )
)

3
2

(1+
𝑚𝑛

𝑚𝑛
∗
+
𝑚𝑛

𝑚𝑝
∗
)(
ℎ𝜐 − 𝐸𝑔
𝑚𝑛𝑐

2
)

1
2

. (2.24) 

Here, ћ =
ℎ

2𝜋
  is the reduced Plank’s constant, 𝑒 is the elementary charge, 𝑚𝑛 is the free 

electron mass, 𝑐 is the speed of light and 𝑚𝑛
𝑝⁄

∗ is the effective electron/hole mass. 

The photon flux density Φ(𝛼, 𝑥), detected at depth 𝑥 below the eliminated surface can be 

found by integrating Eqn. (2.23) from the surface to depth 𝑥 as [40, 41]: 

Φ(𝛼,𝑥) = Φ0(1 − 𝑅)𝑒
−𝛼𝑥 , (2.25) 

 Eqn. (2.25) is called Beer’s Lambert law. 

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

decrease of the photon flux density with 

increasing the depth 𝑥 and 𝛼.  Figure 2.10 depicts 

how photons are absorbed in infinitely thick 

semiconductor. Note that, Φ(𝛼, 𝑥) has minimum 

value (0) for 𝛼𝑥 → ∞ and maximum value 

(Φ0(1 − 𝑅)) for 𝛼𝑥 → 0. This shows that, 

photons with high absorption coefficients are fully absorbed near the surface and photons 

with small absorption coefficients can go deep into the semiconductor.  

The total absorbed photon flux density in the layer of thickness, ∆𝑥 is given by the 

difference between the photon flux density detected at depths 𝑥 and 𝑥 + Δ𝑥 below the 

illuminated surface as: 

∆Φ(𝛼, 𝑥, Δ𝑥) = Φ0(1 − 𝑅)𝑒
−𝛼𝑥 (1 − 𝑒−𝛼Δ𝑥 ), (2.26) 

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

becomes: 

∆Φ(𝛼, Δ𝑥) = Φ0(1 − 𝑅)(1 − 𝑒
−𝛼Δ𝑥 ), (2.27) 

The total absorbed photon flux density in the entire sample can be obtained by letting Δ𝑥 ≈

𝑏 → ∞ in Eqn.(2.27) as: 

 

Figure 2.10: Absorption of photons in an infinitely 
thick semiconductor. 
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∆Φ = Φ0(1 − 𝑅). (2.28) 

If the depth 𝑥 increases, ∆Φ decreases and becomes zero for  𝑥 → ∞ . For very small 𝛼Δ𝑥, the 

term in the bracket on the right side of Eqn.(2.26) becomes 1 − 𝑒−𝛼Δ𝑥 ≈ 𝛼∆𝑥 and hence: 

∆Φ(𝛼, 𝑥, Δ𝑥) = Φ0(1 − 𝑅)𝑒
−𝛼𝑥𝛼∆𝑥. (2.29) 

Equation (2.29) represents the photon flux density absorbed in elemental layer of thickness 

∆𝑥 situated at depth 𝑥 below the illuminated surface for a photon of very small absorption 

coefficient or energy (𝛼 → 0) or if the thickness of the layer, ∆𝑥 is closer to zero (∆𝑥 → 0). 

The photon absorption rate in the elemental layer of thickness, ∆𝑥 of the semiconductor can 

be determined as: 

𝑔0 =
∆𝑁𝑝ℎ  

𝐴∆𝑥∆𝑡    
 =  

∆Φ 

∆𝑥
, (2.30) 

Where ∆𝑁𝑝ℎ is the number of absorbed photons, A is the illuminated area of the sample,  ∆𝑡 

is the time of illumination and ∆Φ is the absorbed photon flux density given by: 

∆Φ =
∆𝑁𝑝ℎ  

𝐴∆𝑡    
, (2.31) 

 For ∆𝑥 → 0, Eqn. (2.30) above takes the form: 

𝑔0 =
𝑑Φ 

𝑑𝑥
. (2.32) 

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

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

𝑔0(𝛼, 𝑥) = Φ0(1− 𝑅)𝛼𝑒
−𝛼𝑥 = 𝛼Φ(𝛼,𝑥). (2.33) 

A close examination of Eqn. (2.33) reveals that, 𝑔0(𝛼, 𝑥) → 0 for both lower values of the 

absorption coefficient (𝛼 → 0) and higher values the absorption coefficient (𝛼 → ∞). That 

means, 𝑔0(𝛼, 𝑥) has maximum value at some finite value of  𝛼 > 0.  The depth at which 

maximum absorption rate of photons can take place in the semiconductor for a given 

absorption coefficient, 𝛼 can be determined by differentiate Eqn.(2.33) with respect to 𝛼 and 

letting the result to be zero: 
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𝑑𝑔0
𝑑𝛼

 =  (1 − 𝛼𝑥)Φ(𝛼, 𝑥) = 0. (2.34) 

(Since Φ(𝛼,𝑥) can be zero only for large values of absorption coefficient (𝛼 →∞) as 

discussed earlier, and) therefore 1 − 𝛼𝑥 = 0 or 1 = 𝛼𝑥  for all values of 𝛼. This defines a 

depth 𝑥 below the illuminated surface where the maximum absorption rate occurs for a 

specific wavelength of light. The depth 𝑥 at which 𝑔0 (𝛼,𝑥) has a maximum value for a given 

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

penetration depth, 𝑥𝑝 for a photon of particular absorption coefficient, 𝛼 is hence given by: 

𝑥𝑝 =
1

𝛼
. (2.35) 

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

𝑔0(𝑥, 𝑥𝑝) =
Φ0(1 − 𝑅)

𝑥𝑝
exp(−

𝑥

𝑥𝑝
) .  (2.36) 

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

particular absorption coefficient, 𝛼 can be determined using Eqns.(2.36) and (2.35) as: 

𝑔0(𝑥𝑝) =
Φ0(1 − 𝑅)

𝑥𝑝
exp(−1) = 0.37(

Φ0(1 − 𝑅)

𝑥𝑝
). (2.37) 

The photon absorption rate in Eqn. (2.37) has maximum value at the surface (when 𝑥 → 0): 

𝑔0(𝑥𝑝) =
Φ0(1 − 𝑅)

𝑥𝑝
 . (2.38) 

Hence, comparison of Eqns. (2.38) and (2.37) enables us to reach the conclusion that, the 

value of the photon absorption rate at the penetration depth is 37% the maximum value at 

the surface for all the photons. The limiting cases for the photon absorption rate in a very 

thick semiconductor can be concluded as: 

𝑔0(𝑥𝑝) =

{
 
 

 
 
𝛼Φ0(1 − 𝑅),                   for 𝑥 ≪ 𝑥𝑝 ,   

 
0.37𝛼Φ0(1− 𝑅),           for 𝑥 = 𝑥𝑝 ,    

 
0,                                        for 𝑥 ≫ 𝑥𝑝 .   

 (2.39) 
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2.6.2 Absorption in thin films semiconductors 

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

to the different between their dimensions. 

Since semiconductor thin films are ranging 

from fractions of a nanometer to several 

micrometers in their thicknesses, 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. Figure 2.11 shows a photon beam 

of energy, ℎ𝜐 ≥  𝐸𝑔  and flux density, Φ0 directed at the upper surface of a portion of a 

semiconductor sample of thickness 𝑏. Each time the radiation meets a surface, some photons 

are reflected and some are transmitted. The processes of reflection, transmission and 

absorption are repeated many times until all the photons are absorbed by the material and 

transmitted through the surfaces. 

The photon flux density transmitted through the bottom surface after 𝑛𝑡ℎ  order is given 

by: 

Φ𝐵𝑇,𝑛 = Φ0(1 − 𝑅)
2𝑅2(𝑛−1)𝑒−(2𝑛−1)𝛼𝑏 ,                 (𝑛 = 1, 2, 3… ). (2.40) 

The photon flux density reflected back to the sample from the bottom surface after 𝑛𝑡ℎ  order 

is given by: 

Φ𝐵𝑅,𝑛 = Φ0(1 − 𝑅)𝑅
(2𝑛−1)𝑒−(2𝑛−1)𝛼𝑏 ,                  (𝑛 = 1, 2, 3… ). (2.41) 

The photon flux density transmitted through the upper surface after 𝑛𝑡ℎ  order is given by: 

Φ𝑈𝑇,𝑛 = Φ0(1 − 𝑅)
2𝑅(2𝑛−1)𝑒−2𝑛𝛼𝑏 ,                       (𝑛 = 1, 2, 3 … ). (2.42) 

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

is given by: 

 

Figure 2.11: Absorption of photons in thin film 
semiconductor 



 

22 
 

Φ𝑈𝑅,𝑛 = Φ0(1 − 𝑅)
2𝑅2𝑛𝑒−2𝑛𝛼𝑏 ,                             (𝑛 = 1, 2, 3… ). (2.43) 

The total photon flux density absorbed in the entire sample is hence given by: 

∆Φ = Φ0 − Φ0𝑅 −∑(Φ𝑈𝑇,𝑛 + Φ𝐵𝑇,𝑛).

∞

𝑛=1

 (2.44) 

Taking into account Eqn. (2.44) along with Eqns. (2.42) and (2.40) yields: 

∆Φ =
Φ0(1 − 𝑅)(1 − 𝑒

−𝛼𝑏)

1 − 𝑅𝑒−𝛼𝑏
 (2.45) 

 Next, we wish to investigate the total photon flux density and photon absorption rate in 

a layer of thickness ∆𝑥 situated at depth 𝑥 below the illuminated surface as shown in Figure 

2.11. The photon flux density entering the layer through the top surface after 𝑛𝑡ℎ  order is 

given by: 

Φ𝑢𝑖,𝑛 = Φ0(1 − 𝑅)
2𝑅2𝑛𝑒−𝛼(2𝑛𝑏+𝑥) ,                  (𝑛= 0, 1,2, 3 … ). (2.46) 

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

Φ𝑢𝑡,𝑛 = Φ0(1− 𝑅)𝑅
(2𝑛−1)𝑒−𝛼(2𝑛𝑏−𝑥) ,              (𝑛 = 1, 2,3 … ). (2.47) 

The photon flux density entering the layer through the bottom surface after 𝑛𝑡ℎ  order: 

Φ𝑏𝑖,𝑛 = Φ0(1 − 𝑅)𝑅
(2𝑛−1)𝑒−𝛼(2𝑛𝑏−𝑥−∆𝑥) ,          (𝑛 = 1, 2, 3… ). (2.48) 

 

The photon flux density leaving the layer through the bottom surface after 𝑛𝑡ℎ  order: 

Φ𝑏𝑡,𝑛 = Φ0(1 − 𝑅)
2𝑅2𝑛𝑒−𝛼(2𝑛𝑏+𝑥+∆𝑥) ,                (𝑛 = 0, 1, 2, 3… ). (2.49) 

The total photon flux density absorbed in the layer of thickness ∆𝑥 is given by: 

∆Φ(𝛼, 𝑥, ∆𝑥) = ∑(Φ𝑢𝑖,𝑛 −Φ𝑏𝑡,𝑛)

∞

𝑛=0

+∑(Φ𝑏𝑖,𝑛 −Φ𝑢𝑡,𝑛).

∞

𝑛=1

 (2.50) 

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

∆Φ(𝛼, 𝑥, ∆𝑥) =
Φ0(1 − 𝑅)𝑒

−𝛼𝑥 (1 − 𝑒−𝛼∆𝑥)(1 + 𝑅𝑒−𝛼(2(𝑏−𝑥)−∆𝑥))

1 − 𝑅2𝑒−2𝛼𝑏
. (2.51) 
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The photon absorption rate in this layer is hence described by dividing Eqn.(2.51) by ∆𝑥 as: 

𝑔0(𝛼, 𝑥, ∆𝑥) =
Φ0(1 − 𝑅)𝑒

−𝛼𝑥(1 − 𝑒−𝛼∆𝑥)(1 + 𝑅𝑒−𝛼(2(𝑏−𝑥)−∆𝑥))

∆𝑥(1 − 𝑅2𝑒−2𝛼𝑏 )
. (2.52) 

Next, we are going to investigate the effect of photon generation rate in each layer of a 

thin film of semiconductor. Consider a sample of thin film of thickness 𝑏 with depletion layers 

of equal thicknesses 𝑏1 on either sides under the two surfaces. We assumed the presence of 

highly depleted layers and transition layers of thicknesses  𝑏𝑆 and 𝑏𝛿 , respectively in both 

depletion layers. The photon absorption rate in the highly depleted layer under the 

illuminated surface is determined by putting 𝑥 = 0 and ∆𝑥 = 𝑏𝑆 as: 

𝑔0𝑆(𝛼, 𝑏𝑆) =
Φ0(1 − 𝑅)(1 − 𝑒

−𝛼𝑏𝑆)(1 + 𝑅𝑒−𝛼(2𝑏−𝑏𝑆))

𝑏𝑆(1 − 𝑅
2𝑒−2𝛼𝑏 )

. (2.53) 

For the transition layer under the illuminated surface is determined by putting 𝑥 = 𝑏𝑆 and 

∆𝑥 = 𝑏𝛿  as: 

𝑔0𝛿 (𝛼,𝑏𝑆, 𝑏𝛿 ) =
Φ0(1− 𝑅)𝑒

−𝛼𝑏𝑆(1 − 𝑒−𝛼𝑏𝛿 )(1+ 𝑅𝑒−𝛼(2𝑏−(𝑏𝑆+𝑏1)))

𝑏𝛿 (1 − 𝑅
2𝑒−2𝛼𝑏 )

. (2.54) 

For the quasi-neutral region it is determined by putting 𝑥 = 𝑏1 and ∆𝑥 = 𝑏 − 2𝑏1 as: 

𝑔0(𝛼, 𝑏1, 𝑏 − 2𝑏1) =
Φ0(1 − 𝑅)𝑒

−𝛼𝑏1(1 − 𝑒−𝛼(𝑏−2𝑏1))

(𝑏 − 2𝑏1)(1 − 𝑅𝑒
−𝛼𝑏)

. (2.55) 

For the transition layer under the bottom surface is determined by putting 𝑥 = 𝑏 − 𝑏1 and 

∆𝑥 = 𝑏𝛿  as: 

𝑔0𝛿 (𝛼,𝑏 − 𝑏1, 𝑏𝛿 ) =
Φ0(1 − 𝑅)𝑒

−𝛼(𝑏−𝑏1)(1− 𝑒−𝛼𝑏𝛿)(1 + 𝑅𝑒−𝛼(𝑏1+𝑏𝑆))

𝑏𝛿 (1 − 𝑅
2𝑒−2𝛼𝑏 )

. (2.56) 

For the highly depleted layer under the surface is determined by putting 𝑥 = 𝑏 − 𝑏𝑆 and ∆𝑥 =

𝑏𝑆 as: 

𝑔0𝑆(𝛼, 𝑏 − 𝑏𝑆,𝑏𝑆) =
Φ0(1 − 𝑅)𝑒

−𝛼(𝑏−𝑏𝑆)(1 − 𝑒−𝛼𝑏𝑆)(1 + 𝑅𝑒−𝛼𝑏𝑆)

𝑏𝑆(1 − 𝑅
2𝑒−2𝛼𝑏 )

. (2.57) 
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To find the photon absorption rate at a point situated 𝑥 distance below the illuminated 

surface, we make ∆𝑥 → 0, and hence, one can consider the approximation 1 − 𝑒−𝛼Δ𝑥 ≈ 𝛼∆𝑥 

and 𝑏 ± ∆𝑥 ≈ 𝑏 in Eqn. (2.52) above, so that: 

𝑔0(𝛼, 𝑥) =
Φ0𝛼(1 − 𝑅)𝑒

−𝛼𝑥 (1 + 𝑅𝑒−2𝛼(𝑏−𝑥))

1 − 𝑅2𝑒−2𝛼𝑏
. (2.58) 

Under the illuminated surface, 𝑥 → 0 and hence 

𝑔0(𝛼) =
Φ0𝛼(1 − 𝑅)(1 + 𝑅𝑒

−2𝛼𝑏 )

1 − 𝑅2𝑒−2𝛼𝑏
. (2.59) 

Near the bottom surface, 𝑥 → 𝑏 and 

𝑔0(𝛼, 𝑥) =
Φ0𝛼(1 − 𝑅

2)𝑒−𝛼𝑏

1 − 𝑅2𝑒−2𝛼𝑏
. (2.60) 

The total photon absorption rate in the entire sample of thickness 𝑏 can be determined from 

Eqn. (2.52) by changing ∆𝑥 to the sample thickness 𝑏 and taking the depth to the surface 

(𝑥 → 0) as: 

𝐺0(𝛼,𝑏) =
Φ0(1 − 𝑅)(1 − 𝑒

−𝑏/𝑥𝑝)

𝑏(1 − 𝑅𝑒−𝑏/𝑥𝑝)
,                         𝛼 =

1

𝑥𝑝
. (2.61) 

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

𝐺0(𝛼,𝑏) =

{
 
 
 

 
 
 
Φ0𝛼,                                  for  𝑏 ≪ 𝑥𝑝 ,

 
0.63Φ0(1 − 𝑅)

𝑏(1 − 0.37𝑅)
,             for  𝑏 = 𝑥𝑝 ,
 
 

Φ0(1 − 𝑅)

𝑏
,                      for  𝑏 ≫ 𝑥𝑝 .

 

 (2.62) 

2.6.3 Optical Generation and Recombination of excess carriers 

2.6.3.1 Generation/recombination rate equation 

The rates of change of electrons in the conduction band and holes in the valence band are 

equal and always given by the difference between the generation and the recombination 

rates, i.e.: 
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𝑑𝑛

𝑑𝑡
=
𝑑𝑝

𝑑𝑡
= 𝐺 − 𝑅.  (2.63) 

where 𝑛 and 𝑝 represent the non-thermal equilibrium electron and hole concentrations in 

the conduction and valence bands respectively, and 𝐺 and 𝑅 are the total generation and 

recombination rates of charge carriers, respectively. The total generation rate involves both 

the thermal (𝐺𝑡ℎ) and optical (𝐺0) generation rates: 

𝐺 = 𝐺𝑡ℎ +𝐺0 . (2.64) 

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

recombination rate and the thermal equilibrium generation rate: 

𝑈 = 𝑅 − 𝐺𝑡ℎ . (2.65) 

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

𝑈 =
𝛿𝑛

𝜏𝑛
=
𝛿𝑝

𝜏𝑝
. (2.66) 

where 𝛿𝑛 and 𝛿𝑝 are the concentrations of photo-generated carriers. The parameters 𝜏𝑛  and 

𝜏𝑝  are called the electron and hole recombination lifetimes, respectively. Using the principle 

of detailed balance along with Eqns. (2.63) to (2.66), the rates of change of the excess carriers 

are: 

𝑑𝛿𝑛

𝑑𝑡
= 𝐺0 −𝑈 =

𝑑𝛿𝑝

𝑑𝑡
. (2.67) 

Electron-hole pairs are continuously generated under illumination, and the excess charge 

carrier concentrations will increase. Recombination, on the other hand, tries to reduce the 

excess carrier concentrations to zero. 

2.6.3.2 Recombination mechanism in semiconductors 

Generation in semiconductors refers to the process by which electron-hole pairs are 

created. The electron–hole pair is the fundamental unit of generation and recombination, 

corresponding to an electron transition between the valence band and the conduction band.  

Recombination refers to the inverse processes by which the electron-hole pairs are lost due 

to the spontaneous transition of an excited electron from conduction band to a hole in 

valence band. The annihilation of excess carriers generated by electrical in a semiconductor 
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may take place via different recombination mechanisms [42]. Once the electron-hole pairs 

are generated by absorption in the semiconductor, they are exposed to several 

recombination mechanisms.  

 Depending on the ways in which the energy of an excess carrier is removed during a 

recombination process, there are different basic recombination mechanisms, which are 

responsible for carrier annihilation in a semiconductor  [43]. But, in the next section we are 

going to investigate only the radiative recombination mechanisms and the lifetime 

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

1. Radiative Recombination 

Radiative recombination is the direct annihilation of an electron-hole pair. Band-to-band 

radiative recombination in a semiconductor is the inverse process of optical absorption . The 

excess energy is being released mainly as a photon with energy close to that of the band gap. 

In the radiative recombination, the energy of an electron is given as a photon during 

recombination [44]. Emission of photons as a result of band-to-band radiative 

recombination is common in a direct band gap semiconductor. In a nondegenerate 

semiconductor, the rate at which electrons and holes are annihilated via band -to-band 

radiative recombination is proportional to the product of electron and hole densities in the 

conduction and valence bands, respectively. In thermal equilibrium, the rate of band-to-band 

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

𝑅0  = 𝑐𝑅𝑛0𝑝0  . (2.68) 

where  𝑛0 and  𝑝0 are the thermal equilibrium electron and hole densities respectively and 

𝑐𝑅  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 (𝜎𝑅) and the thermal velocity 

of the electrons (𝑣𝑡ℎ) [45, 46]:  

𝑐𝑅 = 𝜎𝑅𝑣𝑡ℎ . (2.69) 

The capture cross-section can be thought of as the volume swept out per unit time by a 

particle. When the dispersion in the dielectric constant is ignored, the band-to-band capture 

coefficient for bands with spherical symmetry was shown by van Roosbroeck and Shockley 

to depend on the absorption coefficient through the relation [47]: 
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𝐶𝑅 =
8𝜋𝑘∞
𝑐2

∫
𝛼(𝜐)𝜐2𝑑𝜐

exp(
ℎ𝜐
𝑘𝐵𝑇

) − 1

∞

0

  ,  (2.70) 

The radiative recombination coefficient 𝐶𝑅 has a value of 2 × 10−10𝑐𝑚−3𝑠−1 at 300 K as 

calculated using the expression derived by Van Roosbroeck and Shockley. The values of 𝐶𝑅 

can be obtained by numerical integration of Eqn.(2.70) for narrow band gap semiconductors 

as [33]: 

𝐶𝑅 = 𝑒𝜋√𝑘∞ (
𝑚𝑛

𝑚𝑛
∗ +𝑚𝑝

∗
 
300

𝑇
)

3
2

(1 +
𝑚𝑛

𝑚𝑛
∗
+
𝑚𝑛

𝑚𝑝
∗
) [𝐸𝑔

2 +3𝐸𝑔𝑘𝐵𝑇 + 3.75𝑘𝐵
2𝑇2], (2.71) 

where 𝐸𝑔  and 𝑘𝐵𝑇 are in electron volt (eV).  

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

𝑅 = 𝑐𝑅𝑛𝑝. (2.72) 

where 𝑛 = 𝑛0 + 𝛿𝑛 and  𝑝 = 𝑝0 + 𝛿𝑝. The net recombination rate is obtained by solving 

Eqns.(2.68) and (2.72) and resulting in: 

UR = 𝑐𝑅(np − 𝑛𝑖
2). (2.73) 

In the radiative recombination, electron hole pairs recombine directly from band to band 

with the energy carried away by photons. The concepts of carrier lifetime in semiconductor 

materials and average life expectancy in demography are similar. Like common mortals, 

electrons (and holes) die after some time and the average of this time is called the minority 

carrier lifetime [46].  

 The excess carrier lifetimes under steady-state conditions are defined by the ratio of the 

excess carrier density and the net capture rate for electrons and holes, and are given 

respectively by [48]: 

𝜏𝑛 =
𝛿𝑛

𝑈𝑛
 ,                              for electrons (2.74) 

𝜏𝑝 =
𝛿𝑝

𝑈𝑝
,                                for holes (2.75) 
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For the small injection case (i.e., 𝛿𝑛 ≪ 𝑛0  
 
and 𝛿𝑝 ≪ 𝑝0 

 
), the charge-neutrality condition 

requires that: 

𝛿𝑛 = 𝛿𝑝 . (2.76) 

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

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

𝜏𝑅  =  
𝛿𝑛

𝑈𝑟
 =  

1

𝑐𝑅(𝑝0 +𝑛0 + 𝛿𝑛)
 , (2.77) 

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

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

𝜏𝑅 = 𝜏𝑅0  =  
1

𝑐𝑅(𝑝0 +𝑛0)
, (2.78) 

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

accumulation: 

𝑑𝛿𝑛

𝑑𝑡
= 𝐺0 − (

𝛿𝑛

𝜏𝑅0
+𝐶𝑅𝛿𝑛

2) (2.79) 

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

𝛿𝑛 =
2𝐺0𝜏𝑘𝜏𝑅0
𝜏𝑅0 + 𝜏𝑘

. (2.80) 

and 

𝜏𝑅 = 𝜏𝑔 =
2𝜏𝑘 𝜏𝑅0
𝜏𝑅0 + 𝜏𝑘

, (2.81) 

where 𝜏𝑘  is the time constant given by: 

𝜏𝑘 =
𝜏𝑅0

√1+ 4𝐶𝑅𝐺0𝜏𝑅0
2
. (2.82) 

 

2. Effective excess carrier lifetime in thin films 

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

carriers generated by the interaction of light with the material, referred to as the excess 
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carrier lifetime (𝜏). 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 (𝐺0) is equal to their 

reverse recombination rate (𝑅). The photo-generated carrier concentration (∆𝛿) in the 

entire sample is proportional to the product of both the recombination or generation rate 

and the excess carrier lifetime. Thus, the free carriers’ generation rate is affected by the  

photon flux density, energy of the illumination and thickness of the sample. Hence, the photo-

generated carrier concentration (∆𝛿) in the entire sample is given as: 

  𝛿𝑛 =  𝐺0𝜏eff . (2.83) 

The absorbed photons create excess electron–hole pairs and as a result the densities of 

electrons and holes increase above their equilibrium value. This also results in the increment 

of the conductivity of the material. This increment in the conductivity of the material due to 

illumination by light is called photoconductivity of the material [33]. Thus, the change in the 

sample conductivity due to illumination is given by: 

𝛿𝜎 = 𝑒(𝜇𝑛 + 𝜇𝑝)G0𝜏eff , (2.84) 

where 𝑒 is the elemental charge, 𝜇𝑛 and 𝜇𝑝  are the electron and hole mobilities, respectively. 

The effective excess minority carrier lifetime in the entire sample ( i.e. bulk plus surface 

recombination) is determined by considering the sum of the recombination rates through 

the sample. The radiative recombination mechanisms discussed so far may occur in a given 

semiconductor material. The average (mean) radiative excess carrier lifetime in the entire 

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

𝜏eff  = 
1

𝑏
∫ 𝜏𝑅(𝑥)𝑑𝑥,
𝑏

0

 (2.85) 

where 𝑏 is the thickness of the sample.  
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Chapter 3  

Methodology  

The primary task of this work was to select the model of a pure direct band 

semiconductor sample in which band to band transition is most effective. Gallium 

antimonide (GaSb) was found to be suitable for its small and direct bandgap and its very high 

purity. The majority carrier concentration, 𝑝0  used in the analysis for different doping levels 

GaSb samples was taken from the simulation of the existing temperature dependence Hall 

measurements data measured at Nelson Mandela Metropolitan University, South Africa. The 

minority carrier concentration, 𝑛0 is determined from 𝑝0  and the intrinsic carrier 

concentration using the law of mass action for a particular semiconductor using the relation 

in Eqn. (2.16). 

Then, the photon absorption rate in the bulk semiconductor is described using  the 

technique discussed in Section 2.6.1. Bulk semiconductor was modelled to determine photon 

absorption effect in different layers of bulk semiconductor. The model of bulk semiconductor 

most used was illustrated in Figure 2.10. By using illumination mechanisms the total 

absorbed photon flux density, the penetration depth (𝑥𝑝) of a photon in a semiconductor, the 

photon absorption rate at the surface and in the bulk of a very thick semiconductors were 

studied in details and the photon absorption rate at a point at depth 𝑥 below the illuminated 

surface in very thick semiconductor were determined from the relation in Eqn. (2.33). At 

thin film semiconductor was also modelled to determine photon absorption effect in 

different layers of thin film semiconductor. The model of thin film semiconductor most used 

was illustrated in Figure 2.11. By using illumination mechanisms, the total photon flux 

density and photon absorption rate in a layer of thickness ∆𝑥 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 𝑏1 on either sides under the two surfaces, the 

photon generation rate effect in each layer of a thin film of semiconductor are also 

determined. Moreover, the photon absorption rate at a point situated 𝑥 distance below the 

illuminated surface and the total photon absorption rate in the entire sample of thickness 𝑏 

were described using Eqns. (2.58) and (2.61), respectively. In the analysis of this result, the 
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vertical axis for the photon absorption rate and horizontal axis of the absorption coefficient 

and depth below the surface was taken as semi-log for both thin film and thick film 

semiconductor. 

By using the steady-state radiative recombination mechanism for small band gap of a p-

type semiconductor, the expression for the radiative excess carrier lifetime was obtained in 

terms of the doping level, the injection level and absorption coefficient at different depths of 

the material. The effects of doping level, injection level and the energy of the illumination on 

the photo-response of the material at different depths below the illuminated surface are 

investigated in detail. Finally, the average (mean) radiative excess carrier lifetimes were 

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

Analysis of data and Discussions                                

This chapter presents the analysis and discussion of the entire results of this work. First, 

the photon absorption rate in both the bulk and thin films semiconductors were presented 

and compared. Then, the comparison of the photo-response (radiative excess carrier 

lifetime) for both bulk and thin films semiconductors were continued. The method can also 

be applied for the determination of Auger excess minority carrier lifetime for a small band 

gap of Gallium antimonide (GaSb) semiconductor. Nevertheless, since the variation of the 

impact ionization is similar to the radiative effect except the variation in the magnitude in 

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

4.1 Photon absorption rate in both bulk and thin film semiconductor 

4.1.1 At different depths and Absorption coefficients 

The photon absorption rate in this case is obtained as a function of absorption coefficient 

(𝛼) and depth (𝑥) below the illuminated surface of the sample using Eqns. (2.33) and (2.58) 

for the bulk and thin films, respectively. Figure 4.1 illustrates the photon absorption rate in 

the entire sample as a function of (a) absorption coefficient for samples with different 

thicknesses and (b) depths below the surface for photons with different absorption 

coefficients in the bulk of the sample. As one can see from the two figures, photons with 

higher absorption coefficients (energies) are absorbed more near the illuminated surface 

and photons with very low absorption coefficients (energies) are passing through the 

materials without being absorbed (or with a few absorption effect). As it can be seen from 

Figure 4.1 (a), the value of the absorption rate at each depth goes to zero for very large a nd 

small value of 𝛼 and has maximum absorption rate pick of Φ0𝛼(1 − 𝑅) exp(−1) at the value 

of 𝑥 equal to the reciprocal of 𝛼. This clearly shows that, when a point at a depth, 𝑥 below the 

illuminated surface is illuminated by photons of different energy, only a photon with 𝛼 equal 

to the reciprocal of 𝑥 has relatively very large absorption rate of Φ0𝛼(1 − 𝑅) exp(−1) as 

compared to other photons with more or less energies. The values of the absorption rate 

each photon can have at any depth is indicated by blue lines in the semi log graphs of Figure 

4.1 (a) and (b). As can be seen from Figure 4.1 (b) (see brown lines), each photon has a 
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maximum absorption rate of Φ0𝛼(1− 𝑅)  at the illuminated surface of the bulk material and 

the value of the absorption rate diminishes with increasing the depth below the illuminated 

surface. The absorption rate also decreases to Φ0𝛼(1 − 𝑅) exp(−1) at 𝑥 = 1/𝛼, which is 

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

  

 

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

The distinctive behavior of thick (bulk) and thin film semiconductors in this case is that, 

in thick semiconductor, if a photon of flux density, Ф0 is illuminating the surface, the amount 

Ф0𝑅 is reflected back and the absorption rate at depth 𝑥 below the illuminated surface is 

given by Eqn. (2.33).  Hence, the maximum absorption rate of Ф0𝛼(1 − 𝑅) occur just under 

the illuminated surface as shown by red lines in both Figure 4.1 (a) and (b). Whereas, the 

absorption rate at depth 𝑥 below the illuminated surface in thin film semiconductors which 

is described using relation in Eqn. (2.58) gives a maximum of photon flux density Ф0𝛼 under 

the illuminated surface of thin film. This indicates that, the reflection effect is compensated 

in thin films due to the multiple reflections of photon from the top and the bottom surfaces 

into the film. As a result, each point inside a thin film semiconductor has more photon 

absorption rates as compared to the corresponding points in thick semiconductors. This 

phenomenon is illustrated in Figure 4.1 (a) and (b) using brown curves, green lines and 

curves. The brown curve shows the effects of absorption rate at depth 𝑥 below the 

illuminated in thick semiconductor that has maximum value Φ0𝛼(1 − 𝑅)  just under the 

illuminate surface. The green curve shows the effects of absorption rate at depth 𝑥 below the 

illuminated in very thin film semiconductor that has maximum value Φ0𝛼 just under the 
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illuminated surface. The photon absorption rate in Figure 4.1 (a) and (b) has in general three 

limiting values. These are, the maximum absorption rate just under the surface of a thin film 

represented by the green line, the maximum absorption rate just under the surface of a thick 

material represented by the red line and the absorption rate at the absorption depth under 

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

4.1.2 For different thicknesses of samples and Absorption coefficients 

Figure 4.2 illustrates the total photon absorption rate in both thin film and bulk 

semiconductor as (a) a function of absorption coefficient for different thicknesses of the 

samples (b) function of thickness for different absorption coefficients. The analysis of this 

data is performed using Eqn. (2.61) that describes the general expression of the total photon 

absorption rate in terms of the absorption coefficient and the thickness of the material. The 

bulk semiconductor corresponds to a material with very large thickness and thin film 

corresponds to materials with very small thickness (𝑏 < 1/𝛼).  

 

 

Figure 4.2: Total photon absorption rate in both thin film and bulk semiconductor as (a) function of absorption 
coefficient for different thicknesses of the samples (b) function of thickness for different absorption coefficients.  

The total photon absorption rate in Figure 4.2 (a) and (b) has also three limiting values. 

These are, the maximum photon absorption rate in very thin film (𝑏 < 1/𝛼) represented by 

the blue line, the maximum photon absorption rate when the thickness of the material is 

equal to the penetration depth of the corresponding photon (𝑏 = 1/𝛼), represented by the 

green line and the photon absorption rate when the thickness of the material is greater  than 
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the penetration depth of the corresponding photon (𝑏 > 1/𝛼), represented by the red line. 

The effects of the variation of the photon absorption rate with absorption coefficient and 

thickness of the samples is easily understandable when explained using the illustrations like 

Figure 4.2 (a) and (b). Both of these figures describe that, photons with very high energies 

are absorbed at very high rate in very thin films and photons with very low energy are 

passing unabsorbed (with less absorption) through the materials.  

Figure 4.2 (a), also reveals that, the variation of the absorption rate with the energy of 

the illumination is very high in thin films than in thick materials of semiconductors. That is, 

different photons are absorbed with the same rate in a thick film, but they are absorbed with 

different rates in thin films. The rate of absorption is increasing with decreasing thickness. 

Figure 4.2 (b) also shows that, the variation of the absorption rate with the thicknesses of 

the samples is very high for high energy photons. That means, a low energy photon can be 

absorbed with a constant rate in very thin films of different thicknesses, but is absorbed with 

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

illumination.    

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

4.2.1 Low injection level and Low energy consideration  

The photo-response of a semiconductor also depends on the doping level, the injection 

level of the photon flux density, the energy of the illumination, the thickness of the material 

and the depth of the point under consideration below the illuminated surfa ce. As already 

discussed in the literature part, the layer under the surface of GaSb is depleted of majority 

charge carriers and has very low thermal equilibrium majority carriers as compared to the 

deep bulk. Hence, the recombination rate of photo-generated free carriers is relatively very 

small in this region as compared to the deep bulk. This enhances the magnitude of the excess 

carrier lifetime in the under surface depletion layer than in the deep bulk.  

For the description of photo-response of the material under low injection level, the data 

of the radiative excess minority carrier lifetime is obtained by using Eqns. (2.77) to (2.85). 

First, the low level injection radiative excess minority carrier lifetime is determined as a 

function of the depth below the illuminated surface for four samples with different doping 
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levels 1.8 × 1016cm−3, 1.8 × 1017cm−3 , 1.8 × 1018cm−3, and 1.8 × 1019cm−3 by keeping the 

energy and the photon flux density at their possible lowest values. The typical value of the 

room temperature radiative capture coefficient for GaSb used in this analysis is 2 ×

10−10  cm−3s−1. 
  

 

Figure 4.3: (a) Variation of radiative excess carrier 
lifetime as function of the depth below the 
illuminated surface for low injection level (  Ф0 =
0) in thin films of GaSb samples of thickness 
300 nm and different doping levels, (b) the effective 
excess carrier lifetimes corresponding to each 
doping levels and (c) the effective excess carrier 
lifetimes corresponding to each doping levels as 
function thickness. 

 

 

Figure 4.3 depicts (a) the variation of radiative excess carrier lifetime as function of the depth 

below the illuminated surface for low injection level (  Ф0 = 0) in thin films of GaSb samples 

of thickness 300 nm and different doping levels, (b) the effective excess carrier lifetimes 

corresponding to each doping levels and (c) the effective excess carrier lifetimes 

corresponding to each doping levels as function thickness. Figure 4.3 (a) illustrates that; the 

magnitude of the radiative excess minority carrier lifetime is highly decreasing in the deep 

bulk of the semiconductor with increasing the doping level, while the magnitude of the 

radiative excess minority carrier lifetime under the surface is insensitive to the doping level. 

This is an evidence that the surface property is unaltered by the doping effect of the material 
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and the surface Fermi level position is pinned regardless of the doping level of the sample 

[50] .  The radiative excess carrier lifetime is 400 ns at doping level of 1.8 × 1017cm−3  in the 

deep bulk of the semiconductor. The results obtained in this work is comparable with the 

result reported by R. N. Hall which is 0.37μs at doping level of 1017cm−3  in the deep bulk of 

GaSb [51]. A large range of values for the carrier lifetime of GaSb has been reported. Titkov 

et al. observed photoelectron lifetimes of a few nanoseconds for heavily doped p -type GaSb 

[32]. 

The difference between the surface and the deep bulk photo -response is also highly 

exaggerated with increasing the doping level. This is because the majority carrier 

concentration in the depletion layer decreases from maximum value 𝑝0  at the edge of the 

quasi-neutral region towards the surface and attains its minimum value at the surface. As a 

result, the surface contributes very high mean minority carrier lifetime obtained using Eqn. 

(2.85) in the entire semiconductor as depicted in Figure 4.3 (b) and (c) as function of depth 

and thickness, respectively. Even though, the mean minority carrier lifetime in the entire 

sample shown in Figure 4.3 (b) and (c) decreases with increasing the doping level, the 

difference between the bulk excess carrier lifetime and the mean minority carrier lifetime 

increases with increasing the doping level. Therefore, the role of the surface depletion layer 

in the photo-response of the material is very essential in highly doped samples where the 

bulk is insensitive to the illuminations. 

       4.2.2 Single doping, different injection levels and absorption coefficients    

consideration 

Figure 4.4 illustrates variation of radiative excess minority carrier lifetimes with depth 

below the illuminated surface for (a) different injection and low absorption coefficient, (b) 

different injection and high absorption coefficient and (c) high injection level and different 

absorption coefficients for GaSb thin film of doping level 6.83 × 1016 cm−3 and thickness 300 

nm. In Figure 4.4 (a), the absorption coefficient is kept at very low value of  10−3 cm−1 and 

the photon flux density injection level is varied from 0 to  1032 cm−2s−1. 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 three high injection level illuminations with 

photon flux densities  1027 cm−2s−1,  1029 cm−2s−1 and  1032 cm−2s−1. Since a photon with 
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low energy can pass through a thin material  with a constant low absorption rate as discussed 

in Figure 4.1 (b), equal amounts of free carrier concentrations, 𝛿𝑛 are generated by the 

illumination at all depths inside the material.  

Since the under surface regions have very low thermal equilibrium majority carrier 

concentration, 𝑝0𝑆 , they always remain under high injection level condition under the 

situations where 𝑝0𝑆 < 𝛿𝑛, while the deep bulk with very high thermal equilibrium majority 

carrier concentration, 𝑝0  (or 𝑝0 > 𝛿𝑛) still remains under low injection level as depicted by 

the two low injection levels  1023 cm−2s−1 and  1025 cm−2s−1 in Figure 4.4 (a). The photo-

response of the surface region is higher than the bulk in this case. With increasing the 

injection level of the photon flux density that can generate free carriers concentration more 

than the thermal equilibrium carrier concentrations in the bulk (or 𝑝0 < 𝛿𝑛) as indicated by 

the three higher injection levels  1027 cm−2s−1,  1029 cm−2s−1 and  1032 cm−2s−1, both the 

under surface layers and the deep bulk layers remain under the same high injection levels. 

  

 

Figure 4.4: Variation of radiative excess minority 
carrier lifetimes with depth below the illuminated 
surface for (a) different injection and low absorption 
coefficient, (b) different injection and high absorption 
coefficient and (c) high injection level and different 
absorption coefficient for GaSb thin film of doping 
level 6.83 × 1016 cm−3 and thickness 300 nm. 
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Hence, the effects of high injection level and low energy photons can be detected equally at 

all points inside a thin film material, while the effects of the low injection level and low 

energy photons cannot be detected in the deep bulk, but can be detected under the top and 

the bottom surfaces as illustrated in the upper part of Figure 4.4 (a). The excess carrier 

lifetime also decreases with increasing the injection level.  

In Figure 4.4 (b), the absorption coefficient is kept at very high value of  106 cm−1 and the 

photon flux density injection level is varied from 0 to  1032 cm−2s−1 as in Figure 4.4 (a). 

Again, the surface remains under high injection for all the illuminations except at 0 photon 

flux density, while the deep bulk is under low injection level only for the two low injection 

level illuminations with photon flux densities  1014 cm−2s−1 and  1017 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 (b), more amounts of free carrier concentrations, 

𝛿𝑛 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 𝑝0𝑆 < 𝛿𝑛, while the deep bulk with very high 

thermal equilibrium majority carrier concentration, 𝑝0  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 the illuminated surface 

as shown in Figure 4.4 (b). 
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In Figure 4.4 (c), the illumination photon flux density is kept at very high value 

of 1025 cm−2s−1 and the absorption coefficient is varied from 0 to 108 cm−1. The low energy 

photons with 𝑏 < 1/𝛼 (blue lines) generate free carriers at the same rate at all points inside 

the material, so that the photo-response of the materials to these photons remains uniform. 

Nevertheless, when the penetration depth of the photon becomes equal to the thickness of 

the film (𝑏 = 1/𝛼), the absorption rate under the bottom surface reaches its maximum value 

as discussed in Figure 4.1 (a). This gives a possible minimum excess carrier lifetime under 

the bottom surface represented by a brown line with 𝛼 = 1/𝑏 =  3.33 × 104 cm−1. Photons 

with energies more than this limit (𝑏 > 1/𝛼) cannot reach the bottom surface and mainly 

absorbed closer to the top surface and show similar to the one discussed in Figure 4.1 (b). 

That is, for very high energy illumination, the free carrier’s generation rate under the 

illuminated surface increases with increasing the absorption rate and that in the deep bulk 

and under the bottom surface decrease with increasing the absorption coefficient, 𝛼. All the 

green lines shown in Figure 4.1 (c) are the photo-responses of photons with 𝑏 > 1/𝛼. Note 

that, the slopes of the lines increase with increasing  𝛼. Therefore, one can conclude from this 

result also that, the effects of very high energy illuminations are detected only under the 

illuminated surfaces.  

The variation of the photo-response of GaSb as function of doping levels and injection 

levels are in complete agreement with the results obtained by M. W. Shura et.al by steady-

state photoconductivity measurements [32, 33]. 
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Chapter 5  

Conclusion  
 

In this thesis, the variation of photon absorption rate at different positions inside the bulk 

and thin films of Gallium antimonide (GaSb) semiconductor were determined for 

illuminations of different energies. Then, the total absorption rate of photons with different 

energies is described in samples of different thicknesses. While computing, multiple 

reflections of the photons from the top and the bottom surfaces into the bulk of the material 

are considered. Next, the photo-response to the illumination by the material that has an 

inverse relationship with the absorption effect in the material is determined in terms of the 

radiative excess minority carrier lifetime as function of the depth below the illuminated 

surface and the thicknesses of the samples for photons with different energies and injection 

levels in samples with different doping concentrations. In order to clearly understand the 

effects of the energy and the injection level of the photo-response of the material, the analysis 

is performed by varying the injection level and the energy of the illumination independently.  

The results of the analysis the effects of the absorption of photons in thin films show that, 

when a point at a depth, 𝑥 below the illuminated surface is illuminated by photons of 

different energy, only a photon with absorption coefficient equal to the reciprocal of 𝑥 has 

relatively very large absorption rate of  as compared to other photons. The absorption rate 

at the absorption depth of a photon is equal to 37% of its maximum absorption rate under 

the illuminated surface. High energy photons are found to be absorbed more near the 

illuminated surface and photons with very low energies are passing through the materials 

without being absorbed (or with a few absorption effect). Since, the reduction in the photon 

absorption rate occurred in the bulk semiconductor is compensated in thin films due to the 

multiple reflections of photons from the top and the bottom surfaces into th e film, each point 

inside a thin film semiconductor has more photon absorption rate as compared to the 

corresponding points in thick semiconductors. The total photon absorption rate in the entire 

material is also increases with decreasing the thickness of the films. Photons with very high 

energies are absorbed at very high rate in very thin films and photons with very low energy 

are passing unabsorbed (with less absorption) through the materials. The variation of 
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absorption rate with the energy of the illumination is very high in thin films than in thick 

films, whereas, the variation of absorption rate with the samples thickness is very high for 

high energy photons than for low energy photons. 

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

thermal equilibrium majority carrier concentration enhances the magnitude of the low 

injection level excess carrier lifetime in the under surface depletion layer than in the deep 

bulk. The magnitude of the radiative excess minority carrier lifetime is highly decreasing in 

the deep bulk of the semiconductor with increasing the doping level, while the magnitude of 

the radiative excess minority carrier lifetime under the surface is insensitive to the doping 

level. This is evidence for the premise that, the surface property is unaltered by the doping 

effect of the material and the surface Fermi level position is pinned regardless of the doping 

level of the sample. The effects of high injection level and low energy photons can be detected 

equally 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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