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Abstract 

In this study, the effects of the photo-responses of the near surface depletion layer and the deep bulk of gallium 
antimonide (GaSb) are investigated under different doping levels, injection level and illumination energies. First, 
the absorption rate of photons is described as a function of illumination energies at different locations inside the 
sample and as a function of the depth below the illuminated surface for photons with different energies. Then, the 
doping level dependence of the low injection level radiative, Auger and effective excess carrier lifetimes just under 
the surface and in the deep bulk are investigated by considering the variation of energy bending at the surface. The 
variation of the low injection level excess carrier lifetimes with the depth below the illuminated surface for samples 
with different doping levels is also described. This is followed by the description of the combined effects of doping 
and illumination energy on the photo-response of the entire bulk at slightly low injection level. Finally, the excess 
carrier injection level dependence of excess carrier lifetimes under the illuminated surface and deep bulk is also 
described for samples with different doping levels. Since photon absorption rate is directly related to the free 
carriers generation rate, the description of the photon absorption rate as functions of illumination energies and the 
depth below the illuminated surface is found to be the important and factors in the investigation in the photo-
response of semiconductors along with the doping and the injection levels.  The analysis of the results also shows 
that, the under surface region is insensitive to the doping level and that of the deep bulk is highly affected by the 
doping level. The injection level dependence of the photo-response of the under surface region is similar for all 
samples with different doping. The energy of illumination each photon mainly suppresses the photo-responses of 
the points situated closer to the penetration depths of each photon below the illuminated surface of the sample. 
Keywords: photo-response, direct band gap semiconductor, gallium antimonide GaSb 
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1. Introduction  
Semiconductors are materials that are very important in modern optoelectronic technologies. The existence of the 
energy band gap, high density of charge carrier density in semiconductor makes them very important in this aspect. 
Almost all of today’s technology involves the use of semiconductors, with the most significant aspect being the 
integrated circuit (IC). Energy band gap is for any semiconductors there is a forbidden energy range in which 
allowed states cannot exist. There are two types of energy band gap called direct and indirect band gaps. Direct 
band gaps semiconductors are the materials for which maximum of valence band and minimum of conduction 
band lie for the same value of wave vector (K). Indirect band gap semiconductors are the materials for which 
maximum of valence band and minimum of conduction band do not have the same value of wave vector [1-6]. 

The purpose of this work is in particular to determine the effect of the near surface depletion layer on photo-
response on the photocurrent produced in a direct band gap semiconductor during illumination with a light of 
photon energy which is greater than the energy band gap of semiconductor. Small direct band gap semiconductors 
with energy band gap ranged from	0.18	to1.0	eV, like indium arsenide (InAs), gallium antimonide GaSb, indium 
antimonide (InSb) are characterized by the absence or small amount of impurity materials, presence of very high 
charge carrier concentrations. Small direct band gap semiconductors find application as detectors in the medium-
to-far infrared region [7]. 

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. Gallium antimonide (GaSb) and related compounds are direct band-gap 
semiconductors suitable for fabricating high-frequency electronic devices and optoelectronic devices. The photo 
response of this material makes it very useful in the design of a variety of device architectures, including photo 
detectors, resonant tunneling structures and other quantum devices. Some of these semiconductors are also used 
as booster cells in solar cell clusters to improve the efficiency of photovoltaic and thermo-photovoltaic (TPV) cells. 
A great deal of civilization hopes rest on continued technological advancement using semiconductors [8]. 

The radiative generation-recombination and Auger mechanisms are fundamental band-to-band processes 
which are determined by the electronic band structure of the semiconductor. The role of radiative mechanism in 
detection of IR radiation has been recently critically re-examined by Humphreys. The Auger mechanism dominates 
generation and recombination processes in high quality and small band gap semiconductor. Auger recombination 
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is typically observed in both direct and indirect band-gap semiconductors when either the doping density or the 
excess carrier density is very high. Both radiative and Auger recombination can also occur through intermediate 
energy levels. When electron-hole pairs recombine radiatively through intermediate levels, photons are generally 
emitted for only one of the transitions [9]. It has thus become necessary to modify older techniques and develop 
measurement that provide better information specifically about surface and bulk properties. 

The performance of the material in this case depends on the lifetime of free charge carriers generated by the 
interaction of light with the material, referred to as the excess carrier lifetime ( )  Using the results from Hall 
Effect measurements along with the relations that describe the lifetimes of the excess minority carriers under the 
surface and in the bulk of the semiconductors, the theoretical values of the effective excess carrier lifetime in the 
materials were also calculated [10]. 

Therefore, radiative excess carrier lifetime is constant at low injection, but then decreases and continues to 
decrease as the injection level increases. While radiative recombination is typically the dominant recombination 
process in direct band gap semiconductors under low injection level, it is considered to be small or even negligible 
compared to other recombination processes in indirect semiconductors. Radiation which is presumably due to the 
recombination of free electrons and holes has been observed in gallium antimonide (GaSb) [11]. The radiative 
lifetime is inversely proportional to the total concentration of free carriers under all circumstances. Auger 
recombination will become the dominant mode of recombination direct and in indirect semiconductors for high 
injection levels. The lifetimes increased with decreased excess carrier density.  This is due to effects of Auger 
recombination and Radiative recombination and the lifetimes were taken at a consistent excess carrier 
concentration. The lifetime of both radiative and Auger mechanisms decreases with increase in doping 
concentration and the effective lifetime of the carriers are controlled only by Auger mechanism. Several methods 
were developed to determine effect of the near surface depletion layer on photo-response of direct band gap 
semiconductor and contents of carrier concentration in different recombination and lifetime [12- 14]. 

 
2. Materials  
2.1 Energy Band gap 

In a semiconductor, the energy difference between the top of valance band (
�) and the bottom of conduction band 
(
�) is defined as the band-gap energy (
). The band-gap energy of a semiconductor defines its optical absorption 
threshold or beginning for the photoelectric effect. That is, generation of electric charge-carrier from light 
absorption only occurs with photons with energies greater or equal to the band gap, 
 (or	ℎ� ≥ 
), where ℎ the 
Planck’s constant and �, the frequency of the absorbed photon by the semiconductor. In order to absorb a photon, 
an electron generally must be excited from the valence band of the semiconductor to the conduction band [16]. 

The band gap energy 	
 = 
� − 
�  is perhaps the most important in semiconductor physics. The first 
empirical relation for the band gap shift with temperature was developed by Varshni et al [17-20]: 

����� = ����� − ���
� + �, (2-1) 

where � and � are constants 3.78 × 10#$%&/(  and 94( respectively chosen to obtain the best fit to experimental 
data and 
�0� is 0.813	%&, the limiting value of the band at zero Kelvin. By using Eqns. (2-1) we get energy band 
gap value which is GaSb sample 0.726	%& at room temperature. Gallium antimonide (GaSb) is small direct band 
gap semiconductor and Zinc blend structures [21].  
 
2.2 Thermal equilibrium charge carriers 

The density of state function in the conduction and valence  band of a semiconductor provided that free electron 
mass either the electrons density of state effective mass (-.	∗ ) in the conduction band or holes density of state 
effective mass (-0∗ ) in the valence band. 
Effective masses for holes and electrons of states of GaSb are given in [22, 23].  -0∗ = 0.5-6,															-.	∗ = 0.047-6. (2-2) 
The densities of states are determining properties of conduction and valence bands. The density of states in the 
valence band and conduction band are given as: 
 

7��
� = 48ℎ9 :�2-.∗ �9�
 − 
��												;<=		 
7��
� = 48ℎ9 >?2-0∗ @9�
� − 
�. 

 
(2-3) 

The total density of electrons in the semiconductor is obtained from Eqns.  
(2-3) and Fermi energy as: 
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<6 = A� %BC D−
� − 
EFGH I , J<	Kℎ%	LM<=NLKJM<	O;<=. (2-4) 

The total density of holes in the semiconductor is obtained from Eqn. 
(2-3) and Fermi energy as: 

C6 = A� %BC D−
E − 
�FGH I , J<	Kℎ%	P;Q%<L%	O;<=. (2-5) 

where, A�  and A�  the effective density of conduction band states  and the effective density of valence band states 
respectively, which are the expression for the equilibrium holes density in valence band and electrons density in 
conduction band [24]: 

A� = 2D28-.∗FGHℎR IS.T ,													A� = 2D28-0∗FGHℎR IS.T.			 (2-6) 

 

2.3 Intrinsic Semiconductors  

Intrinsic semiconductors are semiconductors do not contain impurities. A semiconductor may be considered as an 
intrinsic semiconductor if its thermally generated carrier density represented by <U   is much larger than the 
background doping or residual impurity densities. [25-27] For an intrinsic semiconductor where the Fermi level, 
is equal to the intrinsic level energy, in the semiconductor from Eqns. (2-4) and (2-5): 

<U = A� %BC D−
� − 
UFGH I = A� %BC D−
U − 
�FGH I,			 (2-7) 

where intrinsic Fermi energy is given by: 


U = D
� + 
�2 I + 34 �FGH� Q< D-0∗-.∗ I.			 (2-8) 

Once		-0∗ ,		-.∗  and 
 are known at a given temperature and one can easily compute the value of nW  and EW using 
Eqn. (2-8) into (2-7). In the non-degenerate semiconductor case:  

<U = :<6C6 = :A�A� %BC D− 
2FGHI.			 (2-9) 

Eqn. (2-9) is called law of mass action. Which indicates that if -0∗ = -.∗  or H = 0 the Fermi level in an intrinsic 
semiconductor is positioned at mid-gap [28, 29].  
 
2.4 Extrinsic semiconductors 

In an extrinsic semiconductor, electrons are majority carriers and holes are minority carriers in n-type 
semiconductor. In p-type material, electrons are minority carriers and holes are majority carriers. Adding donor or 
acceptor impurity atoms into semiconductor will change the distribution of electrons and holes in the material, and 
as a result, the Fermi energy will change and eliminating NC and NV among Eqns.(2-4), (2-5) and (2-7) yields [30]: 

<6 = <U %BC D−
U − 
EFGH ,											C6 = <U %BC D−
E − 
UFGH I.			 (2-10) 

The law of mass action Eqn. (2-9) allows one to calculate the minority carrier density in an extrinsic semiconductor 
when the majority carrier density is known: 

YJ<MZJK[	L;ZZJ%Z	=%<\JK[ =
]̂
_
^̀<U

R
C6 ,						aMZ	C	K[C%	-;K%ZJ;Q,		<UR<6 ,					aMZ	<	K[C%	-;K%ZJ;Q.

									 (2-11) 

The thermal equilibrium extrinsic Fermi-level position can also be described from Eqn.(2-10) in terms of EW and 
the thermal equilibrium carrier concentrations as: [31] 
E = 
U − FGH Q< DC6<UI = 
U + FGH Q< D<6<UI.		 (2-12) 

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 Eqns. (2-12) shows that 
E  lies above 
U for n-type material �<U > C6� and below  
U for p-type material�<U < C6� [32- 33]. 
 
2.5 Statistics of Donors and Acceptors 

The density of electrons in a shallow-donor state is given by [34]; 

<d = Ad1 + 1ed %BC f
d − 
EFGH g,			 (2-13) 
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where, <d 		the density of electrons occupying the donor level is,	Ad is the concentration of donor atoms, 
d is the 
energy of the donor level and ed is the donor-site degeneracy factor. The concentration of ionized donors Adh is 
then: 

Adh = Ad − <d = Ad1 + ed %BC f
E − 
dFGH g.				 (2-14) 

When a singly-ions able donor captures an electron it becomes neutral, and when it releases an electron, it becomes 
positively charged. Using the same analysis for the concentration of ionized acceptors	Ai# we have: 

Ai# = Ai − Ci = Ai1 + ei %BC f
i − 
EFGH g,						 (2-15) 

where Ci 	is the density of holes bound to acceptors,	Ai the concentration of acceptor atoms, 
i the energy of the 
acceptor level relative to the valence band,	Ai# the concentration of ionized acceptor atoms and ei is the acceptor-
site degeneracy factor. When free electron-hole pairs annihilate through recombination, the free carrier 
concentrations in the conduction and valence bands adjust for the intrinsic semiconductor to		<6 = C6 = <U . For 
the extrinsic semiconductors this takes the form: <6 = Adh +j − <k		,														C6 = Ai# + j − <k, (2-16) 
where <k is the concentration of the total electron-hole pairs being annihilated each other after the donors and the 
acceptors are being ionized, j is the concentration of electron-hole pairs thermally generated from band to band 
and Ai#and Adh are the densities of free electrons and holes contributed by the donor and the acceptor levels to the 
respective conduction and valence bands. Upon eliminating j− <k  in Eqn. (2-16) the well-known neutrality 
relationship is obtained: Adh + l6 	= Ai# + <6.						 (2-17) 
The law of mass action Eqn. (2-9) along with Eqn. (2-17) yields: 

C6 = Ai# −Adh2 + m<UR + nAi# − Adh2 oR	. (2-18) 

For very high acceptor impurity concentrations �Ai# ≫ Adh�, Eqn. (2-18) can be simplified: l6 	= Ai# + <U (2-19) 
 

2.6 The near surface depletion region at thermal equilibrium 

In the depletion region of a semiconductor, the free carrier concentration is very small as compared to the bulk, 
also called depletion region, as well as junction region or space charge region is an insulating region within a 
conductive or doped semiconductor layer where the charge carriers have been swept away through recombination 
[35, 36]. 

In the depletion layer the majority carrier concentration at the surface is smaller than its equilibrium value, 
but larger than the minority carrier concentration at the surface, and the bulk of most isolated III-V semiconductors 
have three various regions of different carrier concentrations. This consists of a neutral region (with high thermal 
equilibrium majority carrier concentration), followed by a transition layer (with decreasing thermal equilibrium 
majority carrier concentration in moving towards the surface), and a depleted surface region of very low thermal 
equilibrium majority carrier concentration. The width of the total depletion layer is represented by	OS [37-39].  

The band bending in different layers accounts for the variation of the majority carrier concentration in these 
layers. The description of the band bending,	
q�B� at any location B in the depletion region also enables us to 
evaluate the thermal equilibrium free carriers densities at any point in the depletion region. The majority carrier 
density, C�
� at any energy, 
 in the depletion layer of a p-type semiconductor can be expressed as: 

C�
� = C6 %BC D−
FGHI. (2-20) 

The majority carrier concentration in Eqn. (2-20) is in general decreases with increasing the band bending. 
The minority carrier concentration at any point in the depletion layer can be described using the law of mass action 
Eqn.(2-9) along with Eqn. (2-20) as: 

<�
� = <URC�
� = <6 exp D 
FGHI. (2-21) 

The width of the total depletion region bS also can be rewritten as:  

OS = 	m2t
u%RAi#	.  
(2-22) 

where t is the permittivity of the material. The position dependence of the bending in energy in the entire depletion 
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layer between the surface and the edge of the quasi-neutral region can be described as:  


�B� = −%RAi#2t �OS − B�R.	 (2-23) 

Where B is depth at surface. Figure 1 illustrates the position dependence of (a) energy band structure and (b) 
thermal equilibrium majority carrier concentration in the under surface depletion layer and the deep bulk of p-type 
semiconductor. As can be seen from Figure 1 (b), the majority carrier concentration decreases from the deep bulk 
to the surface and hence the minority carrier concentration increases from the deep bulk to the surface. The energy 
band bending also increases from the deep bulk to the surface (see Figure 1 (a)).   

  
Figure 1: Position dependence of (a) energy band structure and (b) thermal equilibrium majority carrier 
concentration in the under surface depletion layer and the deep bulk of p-type semiconductor. 

The valence band maximum (VBM) in the neutral region (bulk) is represented by 
G� and that at the surface 
is represented by	
q� respectively. The respective conduction band minimum (CBM) in the neutral region (bulk) 
and at the surface are represented by 
G�  and		
q�  respectively. The total band bending at the surface is represented 
by	
q. The Fermi-level position relative to the VBM is denoted by 
GE  in the bulk and by 
qE at the surface. The 
intrinsic energy level in the entire sample is also represented by		
U . In the entire depletion layer the energy bends 
down and reaches its maximum at the surface. The majority carrier concentration in the depletion layer also 
decreases from maximum value C6	at the edge of the quasi-neutral region toward to the surface and attains its 
minimum value C6q 	 in the entire region between the edge of the transition region and the surface [40].  

The total width of depletion layer relative to the surface and in the bulk at room temperature for highly doped 
p-type semiconductor. The total width of depletion layer including transition region and highly depleted region. 
Majority concentration and minority carrier concentration in the bulk is constant until the total depletion width and 
after this because of band bending energy at the surface majority carrier concentration decreases with increasing 
minority carrier concentration under the surface [40-42].  

The thermal equilibrium majority carrier density C6q under the surface of a p-type semiconductor can also be 
expressed in terms of the surface Fermi-level position		
qE, using Eqn. (2-20) as: 

C6q =	C6 %BC D− 
uFGHI = <U %BC D
U − 
qEFGH I.	 (2-24) 

Since, <U and 
U in Eqns. (2-24) are not the function of Na, the doping level dependence of 	C6q can be described 
only if the doping level dependence of the surface Fermi-level position, 
qE is known. Equation that relates the 
band bending and the Fermi-level position at the surface of a p − type semiconductor is: 
q = 
qE − 
GE . (2-25) 
Fermi energy at the bulk is given by: 
GE = 
U − FGH Q< DC6<UI. (2-26) 

Figure 2 illustrates the room temperature doping level dependences of (a) the depletion width (b1),  (b) energy 
band bending at the surface (
q) and surface Fermi level position (
qE) in GaSb semiconductor.  

Deep 

bulk

b
1Depth, x

S
u

rf
a

c
e

E
BF

E
S

E
SF

(a)

E
n

e
r

g
y

Depletion 

layer

E
SV

E
SC

E
BV

E
F

E
i

 

 

E
BC

S
u

r
fa

c
e

(b)

Deep bulk

Depletion layer

b
1

p
0S

0

C
a

rr
ie

r 
c

o
n

c
e

n
tr

a
ti

o
n

, 
p

0

Depth, x

p
0



Advances in Physics Theories and Applications                                                                                                  www.iiste.org 

ISSN 2224-719X (Paper) ISSN 2225-0638 (Online) DOI: 10.7176/APTA 

Vol.75, 2019         

 

15 

  
Figure 2: Room temperature doping level dependences of (a) the depletion width (b1), (b) energy band 
bending at the surface (ES) and surface Fermi level position (ESF) in GaSb semiconductor. 

As can be seen from Fig. 2(a), the width of the under surface depletion layer decreases with increasing the 
doping level. The Fermi level position at the surface relative the valence band at the surface, 
qE remains constant 
with increasing the doping level. The energy band bending at the surface increases with increasing the doping level 
as depicted in Fig. 2(a). These variations bring the difference between the photo-responses of the under surface 
depletion layer and the deep bulk of a semiconductor. 

 
2.7 Photo response of Semiconductors 

The interaction of light with matter can be viewed macroscopically as consisting of four components: incident, 
reflected, transmitted and absorbed (or scattered) components. Using the reflected, the transmitted and the 
absorbed (or scattered) components of photons one can describe several properties of the material. Reflectance can 
be defined in terms of the index of refraction of the media on either side of the surfaces (interfaces). 
2.7.1 Optical absorption and carriers Generation in semiconductor  

To select a design of direct small band gap semiconductor sample is gallium antimonite (GaSb) with a model 
known as length, width and infinitely large thickness denoted by ℓ,w	and	b, respectively. The practical magnitudes 
of the dimensions of the samples are micrometers to be compatible with the magnitudes of the parameters of the 
illuminating radiations. The beam contains only photons of energy yz ≥ E{ selected by a monochromatic. Figure 

3 describes the absorption of photon in bulk semiconductor. As can be seen from Figure, a beam of photon of flux 
density, Φ6 is directed at the upper surface of a portion of 
a semiconductor sample [43]. 

The photon absorption rate e}in the entire volume of 
the given illuminated area ~	and thickness  ∆B is defined 
as the total number of absorbed photons per unit volume 
per unit time: 

e} = ∆A0�~∆B∆K = ∆��B , (2-27) 

where A0�  is the number of absorbed photons,	∆K the time and ∆Φ is the absorbed photon flux density given by: 

∆� = ∆A0�~∆K 	 (2-28) 

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

e}�B� = =��B�=B = −���B�, (2-29) 

where �	is a constant called the absorption coefficient, which is related to the dielectric properties of the material 
and the wavelength of the incident photon, as will be seen later. The negative (-) sign in Eqns.(2-29) indicates the 
decrease of e} with increasing B. the value of the absorption coefficient determined using its dependence on the 
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Figure 3: Absorption of photons in bulk 
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photon energy. 

���� = 2R9-.%R3yR√F∞n -.∗-0∗-.?-.∗ +-0∗@o
9R n1 + -.-.∗ +-.-0∗o ny� − 
-.LR o	SR	, (2-30) 

where y	is	ℎ/28the reduced Plank’s constant,	% is the elementary charge, L	the speed of light and -. 0⁄  is the 
effective electron/hole mass. This allows 	����  to be calculated for all wavelengths of the incident photons. 
Taking into account the reflection of a photon flux density Φ6� 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: �u�0� = �6�1 − ��. (2-31) 

 The solution for Eqn. (2-29) at a distance B below the illuminated surface, using the boundary condition in Eqn. 
(2-31) results in:  ��B� = �6�1 − ��%#��. (2-32) 
Equation (2-32) is known as Beer’s law. It represents the total photon flux density as a function of distance B 
below the illuminated surface. The reflection coefficient (reflectivity) �	is calculated assuming that the refractive 
index 	<  remains constant for the entire wavelength range under consideration, i.e. � < 	20	μm . Using this 
assumption,	� for a beam incident normal to the surface is given by: 

� = D< − 1< + 1I
R. (2-33) 

For	GaSb, the refractive index was taken as 3.8. This results in a typical value of �	≈ 0.34. The photon flux 
density absorbed in the elemental thickness �B at a distance B below the illuminated surface can be described from 
Eqns. (2-29) and (2-32) as: �� = ��6�1 − ��%#��	�B. (2-34) 
Eqns. (2-27) and (2-34) yield the photon absorption rate for different wavelengths as:   e6��, B� = ��6�1 − ��%#�� . (2-35) 
The photon absorption rate in Eqn. (2-35) also depends on the absorption coefficient, � . The linear term dominates 
for lower values of		�, while the exponential term dominates for higher values of		�. It has a maximum value for 
intermediate values of,	� which can be found by differentiating Eqn. (2-35) with respect to � and equating it to 0: =e6��, B�=B = �1 − �B��6�1 − ��%#�� = �1 − �B���B�. (2-36) 

The photon flux density Φ�B� cannot be zero at all points inside the materials and therefore  �1 − �B� = 0 
or� = 1/B. This defines a depth B below the illuminated surface where the maximum absorption rate occurs for a 
specific absorption coefficient (i.e. photon wavelength). The depth B at which	e}��, B�, has a maximum value for 
a given photon energy is called the penetration depth (B0).  
 The photo-generated electrons and holes due to absorption of photons can change the total electron and hole 
concentrations in the semiconductor to new values < and C, respectively, given by: < = <6 + �<													;<=										C = C6 + �C, (2-37) 
where <6  and C6   are the thermal equilibrium electron and hole concentrations; δn and δC are excess (photo-
generated) electron and hole concentrations [44]. 
2.7.2 Excess Carriers recombination in a semiconductor 

Recombination refers to any process whereby any electron is captured by a free hole and both of them stopped the 
conduction process. Electron has not been vanished in the process of recombination. Depending on the ways in 
which the energy of an excess carrier is regained during a recombination process, there are three basic 
recombination mechanisms that are responsible for carriers’ annihilation in a semiconductor. They are (1) non-
radiative recombination (i.e., the multi-phonon process), (2) band-to-band radiative recombination, and (3) Auger 
band-to-band recombination [45, 46].  

When there is generation of charge carriers, it is always balanced at steady-state by the recombination of 
charge carriers. Recombination of charge carriers takes place both in the bulk and at the surface of a semiconductor. 
In deriving our recombination model, it has been assumed that the semiconductor is non-degenerate [47- 51]. 

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. =<=K = =C=K = � − �,	 (2-38) 

where < and C represent the non-thermal equilibrium electron and hole concentrations in the conduction and 
valence bands, respectively, �	 and �  are the total generation and recombination rates of charge carriers, 
respectively. 
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The net excess carrier recombination rate � is defined as the difference between the total recombination rate 
and the thermal equilibrium generation rate: 	� = � − ���	, (2-39) 

where �  is non-thermal equilibrium recombination, ���  thermal equilibrium recombination. The net 
recombination rates for photo-generated electrons and holes are given by: 

� = �<�. = �C�0 	, (2-40) 

where �< and �C are the concentrations of photo-generated carriers given in Eqns. (2-37) the parameters �.	and �0 are called the excess electrons and holes recombination lifetimes, respectively. Using the principle of 
detailed balance (��� = ���), along with Eqns. (2-38) to (2-40) the rates of change of the excess carriers are: =�<=K = �6 − � = =�C=K 	. (2-41) 

Electron-holes pairs are continuously generated under illumination and the excess charge carrier’s 
concentration will increases. Recombination, on the other hand, tries to reduce the excess carrier concentrations to 
zero. At steady state, when the recombination rate equals the generation rate: �< = �6�.. (2-42) 

In a semiconductor the term bulk refers to a region in the base material which is free of valence and conduction 
band bending, typically associated with a disturbance in the periodicity of crystalline structure, such a disturbance 
happens near a surface. 
I. Radiative recombination Mechanism  

The radiative recombination is the inverse process of fundamental optical absorption in a semiconductor. The 
recombination of an electron and a hole take place with the release of energy which is equal to the initial difference 
in the energies of the two charged particles. The released energy is given out in the form of radiation [52]. 

In non-degenerate semiconductor a photon with energy ℎz enters a semiconductor transmitted, if  ℎz	 < 
e , 
absorbed if		ℎz	 > 
e. Critical photon absorption energy can be used to determine 
e	of semiconductors. If a 
photon is absorbed by the semiconductor an electrons holes pair is generated ℎz	 > 
e.Then electrons can be 
promoted to energy levels above the bottom of the CB. Such electrons lose energy to the lattice until their average 
velocity approaches the equilibrium velocity of the electrons in the CB. In thermal equilibrium, the rate of 
recombination is equal to the rate of thermal generation, which can be expressed by: �6 = �kC6<6 = �k<UR, (2-43) 
where �k	is the rate of radiative capture probability derived from the optical absorption process by using the 
principles of detailed balance. 
Under the steady-state conditions, the rate of radiative recombination is given by:  � = �kC<. (2-44) 
The net recombination rate is obtained by solving Eqns. (2-43) and (2-44) result yields: � = � − �6 = ���<�C6 + <6 + �<�. (2-45) 
The radiative lifetime, �k due to the recombination is obtained by solving Eqns. (2-40) and (2-45) which yields:  

�k = �<� = 1�k�<6 + C6 + �<� 	= �k61 + �k�k6�<.	 (2-46) 

where 

		�k6 = 1�k�<6 + C6�		. (2-47) 

From Eqn. (2-46), it is noted that �k is inversely proportional to the majority carrier density	C6. Upon substituting 
the steady-state generation relation (2-42) into Eqn. (2-46), the radiative excess carrier lifetime takes the form: 

�k = 2���k6�k6 + �� ,			 (2-48) 

where �� is the time constant given by: �� = �k6:1 + 4�k�6�k6R 	. (2-49) 

Under low injection conditions,	�< ≪ C6, <6, Eqn. (2-46) can be simplified to: 		�k = �� = �k6. (2-50) 
This shows that, for the low injection case, the radiative excess carrier lifetime is dominated only by the thermal 
equilibrium majority carrier density [53].  
II. Auger recombination Mechanism 

Auger recombination is a three-particle process, which involves either the electron-electron collisions in the 
conduction band followed by recombination with holes in the valence band, or hole-hole collisions in the valence 
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band followed by recombination with electrons in the conduction band. For small band gap semiconductors such 
as InSb	, GaSb the minority carrier lifetime is usually controlled by Auger recombination, and energy loss is carried 
out either by electron-electron collisions or hole-hole collisions and subsequent Auger recombination. The Auger 
recombination lifetime for excess carriers are then given by [54]: �� = ��61 + ��6�F��< + ���<R�,	 (2-51) 

where F� = �0i�2C6 + <6� + �.i�C6 + 2<6�,												 �� = �0i + �.i                      and 

��6 = n 1�0i�C6R + 2<UR� + �.i�<6R + 2<UR�	o.			 
(2-52) 

Under low injection level conditions ( �< = 	�C ≪ 	C6, <6�:	 �� = ��6.	 (2-53) 
III. Effective Excess carrier’s lifetime 

The concept of lifetime is introduced here to estimate the time span of life of the carrier before its death by 
recombination. It is a measure of the period of recovery of carriers from the perturbed state to the equilibrium one 
[55]. The excess carrier lifetime in an extrinsic semiconductor is dominated by the minority carrier lifetime. The 
minority carrier lifetime is a key physical parameter for determining the excess carrier recombination in an 
extrinsic semiconductor under low injection conditions [56, 57].  

The effective excess minority carrier lifetime in the entire sample (i.e. bulk plus surface recombination) is 
determined by considering the sum of all the recombination rates through all the recombination channels. This is 
the sum of the bulk recombination rate and the surface excess minority carrier recombination rate [58]. The 
recombination lifetime in the bulk determined by the recombination’s mechanism radiative and Auger 
recombination according to the relationship (2-46) and (2-51): 1���� = 1�k 	+ 1��. (2-54) 

 
3. Methodology  
For the analysis of the photo-response of the materials in this work, Gallium antimonide (GaSb) was found to be 
suitable for its small and direct band gap, very high carrier densities, mobility and its very high purity. The majority 
carrier concentration, C6  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, <6  is determined from C6	and the 
intrinsic carrier concentration using the law of mass action for a particular semiconductor. The typical carrier 
capture coefficients used in the analysis were 2.3 × 10#SS cm-3s-1 for radiative recombination, 2.5 × 10#R  cm6s-

1 for Auger holes capture and 2 × 10#R¡ cm6s-1 for Auger electron capture. 
Then, the photon absorption rate in the entire semiconductor is described using the technique discussed in 

section 2.7.1. The model of bulk semiconductor most used was illustrated in Figure. By using illumination 
mechanisms the total absorbed photon flux density, the penetration depth (B0� 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 B below the illuminated surface in very thick semiconductor were 
determined from the relation shown in eqn. (2-35). By using illumination mechanism, the total photon flux density 
and photon absorption rate in a layer of thickness ∆B below the illuminated surface were investigated in details. 
Moreover, the photon absorption rate at a point situated B distance below the illuminated surface was described. 
In the analysis of this result, the 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 effective excess carrier lifetime was determined using the two recombination mechanisms radiative and Auger 
that are usually dominant in small band gap materials. The radiative (�k) and Auger (��) lifetimes for excess 
carriers in p-type GaSb material are determined as functions of doping, depth below the surface and injection 
levels. First, the data for energy bending and radiative excess carrier lifetime, �¢ was described using Eqns. (2-23) 
and (2-50) in the bulk as function of the depth below the surface for samples of different doping levels. The results 
of the analyses were described using semi-log graphs for all the excess carrier lifetimes. The results of the doping 
level dependence at room temperature effective carrier lifetime	��£¤¤� were described using the combinations of 
Eqns.(50),(2-53) and (2-54) under the illuminated  surface and in the bulk sample  of gallium antimonide by 
varying the doping levels in both the surface and the bulk regions. To describe the photo-response at different 
depths below the illuminated surface in the semiconductor, the doping level and the absorption coefficient 
dependence of the radiative excess minority carrier lifetimes are described at different depths in the depletion layer 
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and in the deep bulk of the semiconductor.  
To corroborate the effects of injection level in all the analysis methods performed under different situations 

discussed above, both the radiative and the Auger excess minority carrier lifetimes are determined as a function of 
the optically generated free carriers just under the surface and in the deep bulk for samples of semiconductors with 
different doping levels. 

The effects of the doping level, the energy and the injection level of the illumination on the photo-response 
of the under surface depletion layer and the deep bulk of a given semiconductor is discussed in detail in the next 
topic. 

 
4. Results and discussion   
This topic deals with the analysis and discussion of the entire results of this paper. First, the photon absorption 
effects at different positions in a semiconductor were determined. Then, the photo-response (excess carrier 
lifetimes) for both in the deep bulk and the near surface depletion layer in semiconductors were analyzed. 
 
4.1 Photon absorption rate in a semiconductor  

Figure 4 depicts the ratio of the optical absorption rate per incident photon flux density (e6/Φ6) in the bulk of 
semiconductors 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 graphs of photon absorption rate in Figure 4 (a) 
and (b) were obtained using relation (2-35). 

  
Figure 4: Ratio of the optical absorption rate per in a 
as (a) function of absorption coefficient at different 
for photons with different absorption coefficients.  

incident photon flux density ( ��/¥� ) 
semiconductors depths in the material and (b) as a 
function of depth  

Figure 4 (a) illustrates that; photons with different energies have different absorption rates at a given depth. 
When a point at depth B below the top surface of a given semiconductor is illuminated by photons of different 
energy (or different absorption coefficients,	�), the absorption rates for photons with very low and very high 
energies are negligibly very small. However, a photon with penetration depth equal to 1/�  has a maximum 
absorption rate 	�Φ6�1 − R� exp�−1�	at that particular point as compared to other photons with energies less than 
or greater than its energy. That means, a hill of absorption rate of height �Φ6�1 − R� exp�−1�	is formed around 
the � = 1/B by the photons with different energies as shown Figure 4 (a). 

One can also see from Figure 4 (a) and (b) that, the absorption rate lost due to reflection at the illuminated 
surface is �Φ6� and hence all photons have maximum absorption rate of �Φ6�1 − R�	just under the illuminated 
surface of the semiconductor. At the penetration depth of each photon, the absorption rate falls 
to	�Φ6�1 − R� exp�−1�	or 37% of the maximum absorption rate at the surface. Figure 4 (b) also clearly depicts 
that, high energy photons are highly absorbed near the surface and low energy photons are penetrating into the 
deep bulk without being absorbed (or with less absorption). 

 
4.2 Doping level dependence of photo-response at the under the surface and in the deep bulk 

Figure 5 shows the room temperature (300K) doping level dependence of the excess minority carrier lifetime (a) 
just under the illuminated surface and (b) in the deep bulk of GaSb semiconductor. To analyze these results, first 
the pinning position for the surface Fermi level position is kept at 300 -%& regardless of the doping level reported 
by several authors [59]. Then, the position of the Bulk Fermi energy, 
GE  relative to the VBM is determined using 
relation (2-26) for all the samples with different doping levels.  

The variation of the maximum energy band bending at the surface of each sample is also determined using 
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relation (2-25) the radiative, Auger and effective excess minority carrier lifetimes are determined using Eqn. (2-
20) along with Eqns. (2-50), (2-53) and (2-54) by considering only the doping level in the deep bulk and the 
variation of the majority carrier density with energy bending at different positions. 

For non-degenerate semiconductors, the values of the band to band excess minority carrier lifetimes, 
τk , τ�	and	τ��� decrease with increasing the doping levels in the deep bulk as shown in Figure 5 (b) and remain 
constant irrespective of the doping level under the surface of the semiconductor as shown in Figure (a).  

 
 

Figure 5: Doping level dependence of the excess minority carrier lifetime (a) under the illuminated surface and 
(b) in the deep bulk of GaSb semiconductor. 

This is because in the bulk, the value of the majority carrier density, C6  is directly related to the doping level 
and hence with increasing the doping level the value of C6 increases and as a result the excess minority carrier 
lifetimes described by the relations (2-50), (2-53) and (2-54) decreases with increasing doping in the deep bulk of 
the semiconductor as shown Figure 5 (b). Nevertheless, the energy bending at the surface decreases and the values 
of the products on the right sides of Eqn. (2-20) and (2-21) remain constant with variations of the doping levels. 
Hence, the value of the majority carrier density, C6q under the surface remains independent of the doping level. 
This makes the respective low level injection radiative, Auger and effective excess minority carrier lifetimes 
described by the relations (2-50), (2-53) and (2-54) to remain constant irrespective of the variation of the doping 
levels just under the surface of the semiconductor as depicted in Figure 5 (a). One can see from 5 (a) that, radiative 
recombination (Photon emission) dominates the under surface region for the entire doping regime.  However, 
radiative recombination dominates only a small portion or the lowest level of the doping regime in the deep bulk 
and the Auger recombination (impact ionization) dominates most of the higher doping level. The difference 
between the excess carrier lifetimes at the under surface and the deep bulk increases with increasing the doping 
level. The results obtained for the variation of the excess carrier lifetimes with the doping level is in complete 
agreements with the reports of several authors [60, 61].  

 
4.3. Variation of photo-response with depth below the illuminated surface 

Figure 6 illustrates the position dependence of room temperature (a) energy band bending for samples with doping 
levels 10S cm#9,			10S©cm#9, 10Sªcm#9		and		10S¡cm#9, (b) the respective low level injection radiative, Auger  
and effective lifetimes, τk , τ� 	  and τ��� excess minority carrier lifetimes for a sample with doping level 10S©	cm#9	and (c) effective excess minority carrier lifetime, τ���for samples used in (a). The variation of energy 
bending and the thermal equilibrium majority carrier density with the depth below the surface is described using 
relations (2-23) and (2-20), respectively. The width of the under surface depletion layer is also determined using 
relation (2-22). The radiative, Auger and effective excess minority carrier lifetimes are determined by considering 
the variation of the majority carrier with energy bending at different positions Eqn. (2-20) along with Eqns.(2-50), 
(2-53) and (2-54).  
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Figure 6: Position dependence of room temperature (a) 
energy band bending for samples with different doping 
levels, (b) the respective low level injection radiative, 
Auger  and effective lifetimes, τR, τA and τeff  excess 
minority carrier lifetimes for a sample with doping 
level 10S©	cm#9 and (c) effective excess minority 
carrier lifetime, τeff  for samples considered in (a). 

 
Since the style of the variation of the Auger excess minority carrier lifetime with the depth below the 

illuminated surface is the same as that of the variation of radiative excess minority carrier lifetime with the depth 
below the illuminated surface, except the difference in magnitude as depicted in Figure 6 (b), we use only the 
variation of radiative excess minority carrier lifetime in the analysis of the variation of excess minority carrier 
lifetime with the depth below the illuminated surface for samples with different doping levels shown in Figure 6 
(c). 

For non-degenerate semiconductors, the energy bending at the surface increases with increasing the doping  
levels, but, the width of the under surface depletion layer decreases with increasing the doping levels. The values 
of the band to band effective excess minority carrier lifetimes, τk , τ�  and τ��� remain fixed irrespective of the 
doping level just under the surface, decreases with increasing the depth below the surface in the depletion layer 
and decreases with increasing the doping levels in the bulk of the material and as illustrated in Figure 6 (c). The 
reason for the variation of the effective excess minority carrier lifetimes under the surface and the deep bulk is 
discussed in detail in section 4-3 above. Figure 6 (b) also shows that, the radiative recombination rate dominates 
the region closer to the surface and the Auger recombination rate dominates the most portion of the depletion layer 
including the deep bulk. 

 
4.4. Combined effects of doping and illumination energy on the Photo-response of entire bulk  

Figure 7: illustrates the room temperature low injection level radiative excess carrier lifetime at different locations 
below the illuminated surface (a) as function of majority carrier concentration and (b) as function of absorption 
coefficient for a sample with doping level of 1018 cm-3. Since the radiative excess carrier lifetime is very suitable 
for the effects illumination energy on the photo-response of the material, the analysis for this result is performed 
by using only radiative recombination mechanism. As can be seen from Figure 7 (a), the low injection level 
radiative excess carrier lifetime remains constant irrespective of doping just under the surface as already discussed 
in section 4-3 previously. For a point situated at depth B below the surface in the depletion region, the excess 
minority carrier lifetime at the point rapidly decreases with increasing the doping level until the doping level 
reaches the maximum level that this point becomes the border of the depletion layer; B = OS. The point of B = OS 
is the maximum common point of the curve of B and the bulk line shown at the bottom of Figure 7 (a). When the 
doping level exceeds this level, the point under consideration becomes part of the deep bulk, B > OS	and the excess 
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carrier lifetime at the point decreases slowly in similar manner as the doping level dependence of the excess carrier 
lifetime in the deep bulk shown in Figure 7 (b).  

This bottom line in Figure 7(a) corresponds to the broken blue line of the doping level dependence of the 
radiative excess carrier lifetime in the deep bulk shown in Figure 7(b) above. Since OS has inverse relationship 
with the doping level,	Ai, the point of B = OS is shifted to the low doping regime with increasing B as illustrated 
by the maximum common points of the curve of B and the bulk line shown at the bottom of Figure 7 (a). This 
figure also clearly shows that, the gap between the photo-responses of the under surface and the deep bulk increases 
with increasing the doping level. 

Next, we wish to investigate the effects of the energy of the illumination at different positions in a given 
sample of semiconductor.  To do so, the doping is adjusted to high level, 1018 cm-3, the injection level made to be 
slightly low, 1014 cm-2s-1 and the absorption coefficient is varied from very low to very high values as depicted in 
Figure 7 (b). For a point located just under the surface, the excess carrier lifetime remains at its maximum constant 
value (equal to the excess carrier lifetime shown by broken blue line in Figure 6 (a)) at very low energy regime 
and decreases with increasing the absorption depth as depicted by the B = 0 slanted blue line in Figure 7(a). As 
the depth, B increases more, the excess carrier lifetime remains at its maximum constant value as in the under 
surface B = 0 region, reaches its minimum value at the penetration depth of the illumination and again reaches the 
maximum value at the surface in the high energy regimes. The valleys of excess carrier lifetimes formed at the 
penetration depths between the two plateaus at very low and very high energy regimes is related to the inverse of 
the hills of absorption rates discussed in Figure 4 (a). The position of this deep valley shifts to the low energy 
regime and its depth also decreases with a slight increase in the depth B below the illuminated surface as shown 
by curves B = 10#T	nm, 10#$ nm, 10#9 nm, 10#R  nm and 10#S  nm in Figure 7(b). As B approaches the depletion 
layer width, OS, the depth of the valley of the excess carrier lifetime diminishes to zero and the excess carrier 
lifetime decreases uniformly as depicted illustrated by the curves of B = 1	nm to 18.9 nm (or OS) in Figure 7( (b). 
Finally, for	B ≥ OS, the excess carrier lifetimes remains at its minimum constant value (zero energy bending) as 
shown by the lower brown horizontal line represented by B = OS  in Figure 7(b), the results obtained for the 
variation of the excess carrier lifetimes with the absorption coefficients and depth is in complete agreements with 
the reports of several authors [11, 62, 63]. 

 

4.5. Injection level dependence of excess carrier lifetime 

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 the 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 with other 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 dominant in low injection level material. As a result, the excess carrier life 
time given in Eqns. (2-46), (2-51) and (2-54) remain only a function of photo-generated carrier concentrations in 
high injection level system and only a function of thermally-generated carrier concentrations in low injection level 
system.  

The description of the injection level dependence of the excess carrier lifetimes can be predicted by varying 
the photo-generated carriers in relations (2-46), (2-51) and (2-54). Figure 8 illustrates the injection level 

  

Figure 7:  Room temperature low injection level radiative excess carrier lifetime at different locations below 
the illuminated surface (a) as function of majority carrier concentration and (b) as function of absorption 
coefficient for a sample with doping level of 1018 cm-3. 
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dependence of room temperature excess minority carrier lifetime in GaSb samples (a) under the illuminated surface 
from intrinsic level to doping level of 1019 cm-3; and in the deep bulk at (b) intrinsic level, (c) doping level of 1017 
cm-3 and (d) doping level of 1019 cm-3. Due to the surface Fermi pinning position, the region under the surface 
attains a minimum constant majority carrier density given by relation (2-24) which is independent of the doping 
level of the material as discussed in section 4-2 above. This makes the under surface region excess carrier life time 
to remain constant in the low injection level region (C6q < �<) for the entire doping regime as shown in Figure 

8(a).  The under surface radiative excess carrier lifetime remains dominant at low injection level (C6q < �<) 
irrespective of the doping level. The under surface Auger excess carrier lifetime is also dominant at high injection 
level (C6q > �<) irrespective of the doping level. 

  

  
Figure 8: Injection level dependence of room temperature excess minority carrier lifetime in GaSb samples 
(a) under the illuminated surface from intrinsic level to doping level of 1019 cm-3; and in the deep bulk at (b) 
intrinsic level, (c) doping level of 1017 cm-3 and (d) doping level of 1019 cm-3. 

In Figure 8(c) and (d), both the radiative and the Auger excess carrier lifetimes in the deep bulk remain 
constant at low injection level (�< < C6) and decreases in the high injection regime (�< > C6). The radiative 
excess carrier lifetime in the deep bulk can be dominant at low injection level in a sample of relatively very low 
donor concentration (Figure 8 (b)). The photo-responses of the deep bulk and the under surface region is similar 
at intrinsic level as depicted in Figure 8(a), (b). The deep bulk Auger excess carrier lifetime is dominant at low 
injection level in a sample of relatively high donor concentration and dominant at high injection level in all the 
samples in the high injection level samples irrespective of the donor concentrations as shown in Figure 8 (b), (c) 
and (d). This is because of most of the photo-generated carriers are involved in the process of generating electron-
hole pairs (impact ionization) rather than giving off photons during their recombination with the opposite charge 
carriers. The results obtained for the variation of the excess carrier lifetimes with the injection level is in complete 
agreements with the reports of several authors [64, 65]. 

 
Conclusions 

In this study, the effects of the energies of the illuminations on the photon absorption rates at different locations 
below the illuminated surface inside GaSb sample are described.  Then, the effects of doping, energy of 
illumination and injection level of photon flux density on the room temperature photo-responses of GaSb at 
different locations below the illuminated surface is investigated. 
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The results obtained from the description of photon absorption rate, shows that; photons with different 
energies have different absorption rates at a given depth. At depth B below the illuminated surface, photons with 
depths less and greater than the penetration depths of the illuminations have negligibly small absorption rates, so 
that the absorption rate forms a hill of maximum height equal 37% its value at the surface. The absorption rate 
occurs at the penetration depth of a photon is equal to	�Φ6�1 − R� exp�−1�	or 37% of the maximum absorption 
rate at the surface. High energy photons are highly absorbed near the surface and low energy photons are 
penetrating into the deep bulk without being absorbed (or with less absorption). The analysis of the photo responses 
of GaSb indicates that, the energy bending at the surface increases with increasing the doping level, while the 
width of the deletion layer decreases with doping level. The values of the band to band excess minority carrier 
lifetimes, decrease with increasing the doping levels in the deep bulk and remain constant irrespective of the doping 
level under the surface of non-degenerate semiconductor. Radiative recombination dominates the under surface 
region for the entire doping regime, while it dominates only a small portion or the lowest level of the doping 
regime in the deep bulk. The Auger recombination dominates most of the higher doping level in the deep bulk 
regions.  

Excess minority carrier lifetime decreases with increasing the depth below the surface in the depletion layer 
and remains constant in at all positions in the deep bulk of doped semiconductor. For points situated in the 
depletion region, the low injection level excess minority carrier lifetimes decrease have relatively very high value 
and rapidly with increasing the doping levels as compared to the corresponding excess minority carrier lifetimes 
in the deep bulk. The excess carrier lifetime at the under surface region of a highly doped semiconductor at 
relatively low injection level semiconductor remains constant and has very high value in the low illumination 
energy regime and diminishes to zero with increasing the energy of the illumination. For points situated deep inside 
the depletion layer, the excess carrier lifetime in the same material has very deep valley of minimum point at the 
penetration depth (1/�) surrounded by plateaus of the same height on either sides of the low and high illumination 
energy regimes. The position of this deep valley shifts to the low energy regime and its depth also decreases with 
a slight increase in the depth B below the illuminated surface. As B approaches the depletion layer width, OS, the 
depth of the valley of the excess carrier lifetime diminishes to zero and the excess carrier lifetime decreases 
uniformly until it reaches the corresponding value in the deep bulk. This shows that, the photo response of the 
under surface layer is suppressed by high energy illuminations and the photo-responses of the points situated deep 
in the depletion layer is suppressed by photons that have equal penetration depths equal to the depths of the 
corresponding points. Points located in the low injection level deep bulk are not affected by the energies of the 
illuminations.   

The under surface region excess carrier lifetime remains constant in the low injection level region for the 
entire doping regime.  The under surface radiative excess carrier lifetime remains dominant at low injection level 
irrespective of the doping level. The under surface Auger excess carrier lifetime is also dominant at high injection 
level irrespective of the doping levels. The radiative excess carrier lifetime in the deep bulk can be dominant at 
low injection level in a sample of relatively very low donor concentration. Hence, the photo-responses of the deep 
bulk and the under surface region is similar at intrinsic level. The deep bulk Auger excess carrier lifetime is 
dominant at low injection level in a sample of relatively high donor concentration and dominant at high injection 
level in all the samples irrespective of the donor concentrations. This is impact ionization is the dominant 
mechanism in samples with very high carrier concentrations (thermal or photo generated) than optical generation 
of carriers. 
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