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Theoretical study of photoresponse to pulsed 
radiation in n-lnSb in the temperature range 
77-300 K 

RITA CHADDHA,  DEEPTI LEHRI, RAJESH MOHAN* ,  FEROZAHMED 
Department of Physics and Astrophysics, University of Delhi, Delhi 110 007, India 

The results of a theoretical simulation of a transient experiment in n-lnSb in the temperature 
range 77-300 K, are reported. Minority carrier lifetimes for the three recombination processes, 
radiative, SRH and Auger, have been calculated at different temperatures using the 
temperature dependence of intrinsic carrier concentration, ni, and density of states effective 
mass of heavy holes, md. It was found that around room temperature the lifetimes for the three 
processes become comparable and at higher temperatures the Auger lifetime becomes 
dominant. This fact was ignored in previous work where only SRH and radiative processes 
were considered in the calculation of effective lifetime. The present results of effective lifetime 
in n-lnSb are in reasonably good agreement with the results obtained previously. The effect of 
higher time modes on the decay of photoresponse to pulsed radiation is discussed. An 
instantaneous time constant has been defined and its variation with time at different 
temperatures has been studied. 

1. In troduct ion  
Indium antimonide is a III-V semiconductor having 
essentially similar crystal structure (zincblende) to that 
of silicon or germanium. Soon after the discovery of its 
semiconducting properties it was found that InSb had 
the smallest band-gap compared to any other semi- 
conductor known at that time. The band-gap was 
found to be 0.171 eV at room temperature (300 K) and 
0.22 eV at liquid nitrogen temperature (77 K). It was 
also noticed that it is a direct band-gap semiconductor 
and can be easily prepared in single-crystal form using 
conventional means. This immediately led to the real- 
ization that InSb can be used as a long wavelength 
infrared detector material. For optimum performance, 
infrared detectors are designed to operate in certain 
specified modes and temperatures. The infrared 
detectors are usually designed to operate in photo- 
conductive (PC), photovoltaic (PV) and photoelec- 
tromagnetic (PEM) modes at room temperature 
(300 K), dry-ice temperature (195 K) and liquid ni- 
trogen temperature (77 K). The responsivity, detect- 
ivity, etc. can be shown to be related to material 
parameters such as electron and hole concentrations, 
mobilities and lifetimes. Howevers lifetime, x, is the 
principal factor in controlling the detector response. 
Therefore, it is important to determine z correctly at 
different temperatures. From its temperature depend- 
ence information can be obtained about the dominant 
recombination mechanisms in different temperature 
ranges. 

In the past much effort has been made to measure 
and calculate excess carrier lifetime in InSb at different 

temperatures using both steady state [-1-5] and transi- 
ent methods [6-11]. In most of the above steady state 
measurements, a joint photoelectromagnetic and 
photoconductive (PEM-PC) technique has been used 
to obtain the lifetime of both the carriers if the mobili- 
ties and carrier concentrations are known from other 
measurements. In the transient case, the material is 
irradiated by short pulses of light and the decay of 
induced photoconductivity due to recombination of 
excess carriers is measured. A straight line is fitted to 
the logarithm of photoconductivity versus time. If the 
decay is exponential, the slope of this line gives the 
lifetime. Using this method, the earliest reliable meas- 
urements of excess carrier lifetime in both p- and 
n-InSb were carried out by Wertheim [-7] at different 
temperatures. He had observed that the decay of 
photoconductivity in n-InSb can be expressed by a 
single exponential function at all temperatures 
(130-250 K). In order to compare his experimental 
results, Wertheim [7] also calculated effective lifetime 
at different temperatures by including the contribu- 
tions from SRH (Shockley-Read-Hall recombination) 
and radiative processes and using the intrinsic carrier 
concentration, %, as given by Hrostowskii et al. [-12]. 
However, his measured results showed systematic 
deviations from his calculated values at higher tem- 
peratures. He attributed this to effects such as broad- 
ening of photon levels, temperature dependence of 
trap cross-section, surface recombination, etc. He also 
observed that the measured results of effective carrier 
lifetime can be made to agree with calculations pro- 
vided the calculated results of radiative lifetime were 
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reduced by nearly a factor of three. As far as we know, 
no effort has been made to look into this discrepancy. 

In this paper we present the results of theoretical 
simulation of a transient experiment in n-InSb in the 
temperature range 77-300 K. The minority carrier 
lifetimes at various temperatures for the three recom- 
bination processes, radiative, SRH and Auger, have 
been calculated using the temperature dependence of 
the intrinsic carrier concentration, n~, and density of 
states effective mass of heavy holes, rod, as given by 
Oszwaldowski and Zimpel [13]. We have found that 
around room temperature the lifetimes for the three 
processes become comparable and at higher temper- 
atures the Auger lifetime becomes dominant. It should 
be noted that Wertheim [7] considered only radiative 
and SRH processes in his calculation of effective 
lifetime. The present results of effective lifetime in 
n-InSb are in reasonably good agreement with 
Wertheim's measured results [7]. 

We also investigated the effect of higher time con- 
stants on the decay of photoresponse in n-InSb. In 
order to clarify the effect of higher time modes we have 
defined an instantaneous time constant and studied 
its variation with time at different temperatures. The 
mathematical formulation of the photoresponse to 
pulsed radiation is also briefly outlined, and expres- 
sions of lifetime corresponding to the three recombi- 
nation mechanisms and the semiempirical relations 
for n~ and Eg, as given by Oszwaldowski and Zimpel 
[13], are presented. 

2. Mathemat ica l  formulat ion 
2.1. Photoresponse to pulsed radiation 
Let us consider a slab of n-InSb (minority carriers 
being holes) of thickness, a, assumed to be much larger 
than the minority diffusion length, L, (a >> L). The 
excess minor i ty  carrier concentration, Ap, is then 
given by 

1 8 8 2 
D 8t hp(x,  t) - ~ x  2 Ap(x, t) 

g(x, t) 
-- k2Ap(x, t) + ~ (1) 

where k 2 = lIDs, D being the diffusion coefficient. 
For the case of pulsed radiation, the generation rate, 

g(x, t) can be written as 

9(x, t) = N~(I - Rx)8(t)~e- ~x (2) 

where N~ is the number of photons cm - 2 s-  ~, Rx is the 
reflection coefficient, and ~ is the absorption coeffi- 
cient. As we will be concerned with the recombination 
characteristics of the bulk material, we will assume 
recombination due to surfaces and contacts to be 
negligible. Therefore, we assume the surface recombi- 
nation velocity to be zero and take 

~ Ap(x, t) = 0 (3a) 
x=O 

Because a >> L, we can take the other boundary condi- 
tion as 

Ap(x, t)l==, = 0 (3b) 

Equation 1 has been solved earlier by taking Fourier 
transform [9], Laplace transform [10] and 
Sturm-Liouville transform [14, 15]. Here we solve 
Equation 1 by taking its Laplace transform. This gives 

~2 - -  
8x 2 Ap (x, s) - ]3 2 Ap (x, s) + C e - ~ = 0 (4) 

where 

and 

f3 2 = k 2 + s/O (5) 

Nx(1 - Rx)0~ 
C = (6) 

D 

Ap (x, s) = e-S'Ap(x, t) dt (7) 
o 

is the Laplace transformed excess carrier density. 

Because the boundary conditions for Ap (x, s) will be 
the same as for Ap(x, t), using the boundary conditions 
as given by Equation 3, we get 

- -  C /o~sinh[3(a - x) 
- _ 

e - ~ cosh 13x ] 
+ cosh 13a e-~ x ~ (8) 

On taking the inverse Laplace transform, we obtain 

Ap(x, t) = ~ Am(x)e-'/zm (9) 
m=O 

where 

Am(x) = 2N?dl - R~.)~ 

x [~a + ( _ 1)ma~me aa] 
~(/}2 -T- ( a ~  COS~mX (10) 

and 

1 1 D 
- + O ~ 2 ~  - + D ~  (113 

~m ~ L2 

~m = (m + �89 ~- (123 
a 

From Equation 9 we find that photoresponse to 
pulsed radiation can be expressed at any distance x as 
the sum of decaying exponentials. The higher order 
modes (m = 1, 2, 3 , . . . ,  ) will die out soon after the 
injection of the pulse and the decay will be governed 
by the zeroth order (m = 0) mode only. We then have 

Ap(x, t) = Ao(x)e-'/~o (13) 

where 

1 1 7~2D 
- + - -  (14 3 % z 4a 2 

2.2. Recombination mechanisms in bulk 
material 

There are three recombination mechanisms by which 
thermodynamic equilibrium is achieved in semicon- 
ductors~ These are radiative recombination, Auger 
recombination and Shockley-Read recombination. 
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The radiative and Auger recombinations are funda- 
mental as they are determined by the electronic band 
structure of the semiconductor. The Shockley-Read 
recombination is determined by the energy levels due 
to lattice defects and impurities in a semiconductor. 
They, in principle, can be controlled by the procedure 
used to grow the material. In both radiative and Auger 
recombination, an electron in the conduction band 
combines with a hole in the valence band (interband 
recombination). The energy of recombination, equal 
to the energy gap, is either released by emission of a 
photon (radiative recombination) or is transferred to a 
second conduction band electron by electron-electron 
interaction (Auger recombination). These recombina- 
tion mechanisms have been treated by a number of 
authors and we will here summarize the various res- 
ults. We will write various expressions under the small 
signal approximation (i.e. for low illumination in- 
tensities). This would imply small departures from 
equilibrium such that Ap < no for n-type material. 
Under this approximation the carrier lifetimes for 
different recombination mechanisms are given by 

n2 
~. - ( 1 5 )  

9Ro(no + Po) 

- ( 1 6 )  
ee (H  

gAol, o + PO) 
T A 

and 

~SR = 
"Cpo(n o + h i )  + "Cno(Po + P l )  

(no + P0) 
(17) 

and 
n o ni 

ZAi --  e e  - -  ( 2 2 )  
29Ao 2g~o 

From Equations 18 and 19 we find that for n-type 
extrinsic material z, ~ (nl/no) whereas rAN (hi~no) 2. 

The equilibrium radiative generation rate as ob- 
tained by van Roosbroeck and Shockley [16] can be 
written as 

gRo -- C 2 J,o eu -- 1 (23) 

where u( = hv/kT) is the variable of integration, c is 
the speed of light, n is the refractive index (its values 
have been taken as given in [7]) and ~(u) is the 
absorption coefficient for photons of energy hr. The 
lower limit Uo ( =  Eg/kT) corresponds to the long 
wavelength limit of the characteristic absorption band 
of InSb. Gobeli and Fan [I 7] have given experimental 
curves showing variation of ~ with photon energy at 
temperatures 298, 77 and 5 K. The absorption cur- 
ves at other temperatures can be obtained by shifting 
the absorption edge according to the temperature 
dependence of energy gap, Eg. The values of radiative 
equilibrium generation rate, 9Ro, at any temperature 
can be obtained by numerical integration of Equa- 
tion 23. 

Auger recombination (the e-e process) was first 
analysed in detail by Beattie and Landsberg [18]. 
Assuming transitions between conduction band and 
heavy hole valence band only, we can write the ther- 
mal equilibrium electron-electron generation rate as 

8(2Tc)5/Ze4mo 
h 3 

(m~/mo)[F 1 Fzl2(kT/Eg)3/2no 
k2(1 + I.t)1/2(1 + 2~t)exp {[(1 + 21a)/(1 + ~t)] Eg/kT} 

(24) 

We may note that in the above approximation of 
small departures from equilibrium and for a small 
density of recombination centres, the minority and 
majority carrier lifetimes are equal to each other. In 
writing Equation 17 for ~SR it has been assumed that 
the recombination centres (or trap centres) correspond 
to a single level of energy, Er, and with density, Nr, 
which is low (N r < no). g~o is the thermal equilibrium 
electron-electron generation (or impact ionisation) 
rate and gRo is the thermal equilibrium spontaneous 
generation rate for electron-hole pair. ~po, %o, nx and 
Pl have the usual expressions and have been defined 
in [7]. 

For n-type material, in the simple case when 
no > Po > Pl, we can write 

T R ~ 2"~R,(ni/no) (18) 

T, A ~ 2TAi(ni/no) 2 (19) 

and 

ZSR ~ Zpo(1 + njno) ~ rpo (20) 

where z,, and ZA, are the respective radiative and 
Auger lifetime for the intrinsic material and are de- 
fined in terms of equilibrium electron-hole and 
electron-electron generation rate as 

ni 
ZR, -- (21) 

2gRo 

where ~t( = me/mh) is the ratio of the conduction band 
to the heavy hole valence band effective mass, m o is the 
electron rest mass, Eg is the energy gap, k is the relative 
dielectric constant and F1 and E 2 a r e  the overlap 
integrals of the periodic parts of Bloch functions for 
the conduction and valance bands. Equation 24 has 
been widely used to calculate the equilibrium genera- 
tion rate for the electron-electron process in n-type 
material. From Equations 22 and 24 one finds that 
Auger lifetime for the intrinsic material is independent 
of carrier concentration, because g~o varies linearly 
with n o . 

2.3. Temperature dependence of various 
parameters 

Recently, Oszwaldowski and Zimpel [13] have re- 
ported the temperature dependence of intrinsic carrier 
concentration, nl, in InSb between 150K and the 
melting point of the compound (798 K). They pro- 
posed an empirical formula for the temperature varia- 
tion of ni in InSb as given by 

ni(T ) = 2.9 • 1011(2400 - T )  3/4 

x(1 + 2.7 x IO-4T)T  3/2 

•  - (0.129 - 1.5 x 10 -4 T)/kT] 
(25) 
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It has been found that in InSb, the thermal energy gap 
has virtually a constant value ( =  0.235eV) for 
T < 40 K and for T > 100 K it decreases linearly 
with temperature as given by 

Eg(T) = 0.258 - 2.9 x 10-*T (26) 

l'he density of states effective mass of heavy holes, rod, 
is defined through classical expression for hole con- 
centration, p. For intrinsic material (p = n = ni), 
we have 

4 (2rcmdkT~l"5 F ( Ef + E~ 
P = ni -- rco.5 ~ ~ j 12~, k-T / 

(27) 

where F i x  is the Fermi integral. It has been shown by 
Oszwaldowski and Zimpel [13] that for T > 100 K, 
the hole concentration in intrinsic InSb can be as- 
sumed to be non-degenerate and Equation 27 can be 
simplified as 

10 .2 

10 -3 

10-' 

I--' --5 
~I0 
E 

.J 

_6 
I0 

10 -7 

(1 / ) 

(z) 

(2') 

p = n i 

2 (27tmdkZ~"Sexpl _ (Ef + Eg~ = \ ~ / k - T  / ]  (28) 

Values of m d at different temperatures can be obtained 
using hi(T) and Eg(T) as given by Equations 25 and 
26. 

The variation of diffusion coefficient with temper- 
ature is taken into account through the relationship 

kT 
D = ( e - ) g p  (29) 

where the mobility of minority carriers (holes) in 
InSb has been taken as g p ~  T -17 with gp 
= 104cm 2 V - i s - 1  at 77K [19]. 

3. Results and discussion 
The values of radiative lifetime, ~R, Auger lifetime, rA, 
and Read-Shockley lifetime, rSR, have been obtained 
at different temperatures for the n-type sample of 
Wertheim [7] with given N d - N O = 2.3 x 101. cm -3. 
The expressions used have been outlined in the pre- 
ceding section. It is assumed that different recombina- 
tion mechanisms operate in parallel and effective 
lifetime, r, would be given by 

1 1 1 1 
- + - -  + - -  ( 3 0 )  

"C T R T A TSR 

The temperature variations of "OR, ~g and ZSR are 
shown in Fig. 1. Also shown are the experimental and 
theoretical results of Wertheim [7]. Curves 2 and 2' 
show, respectively, the temperature variation of radia- 
tive lifetime, ZR, as obtained by Wertheim [7] and the 
present results. As mentioned earlier, Wertheim [7] 
used the expression for n~ as given by Hrostowskii [12] 
and band gap by Oswald [20], whereas the present 
calculations are based on the temperature dependence 
of nl and Eg as suggested by Oszwaldowski and 
Zimpel [13]. In both the calculations, the absorption 
coefficient as a function of energy at different temper- 
atures was obtained as discussed by Roosbroeck and 

l O - a ~  1 2 3 4 5 6 7 8 

1000/T (K -1} 

Figure 1 Relationship between lifetime and temperature for the 
three recombination processes: (1') Auger, (2, 2') radiative (2, Wer- 
theim [7]; 2', present) and (3') SRH. (4) The effective lifetime z(W) 
obtained from the data of Wertheim as ~(IV) = (I/ZR + 1/ZSR)- i (4') 
presently obtained effective lifetime. (@) Experimental results [7]. 

Shockley [16] using the absorption curves given by 
Gobeli and Fan [17]. We observe that the present 
values of ~R are lower than those of Wertheim [7] over 
the entire temperature range. In Fig. 1 the contribu- 
tions due to Auger and SRH processes are shown by 
curves 1' and 3', respectively. The present ~se values 
and those of Wertheim [7] agree over the entire temper- 
ature range because the density of recombination 
centres and energy level values used here are the same 
as those used by Wertheim [7]. Further, ZSR is less 
sensitive to minor changes in ni (and hence in Po) 
compared to n o (Equation 17). Around room temper- 
ature when the material is intrinsic the contributions 
from the three processes become comparable and at 
higher temperatures the contribution due to Auger 
recombination begins to dominate. The effective life- 
time so obtained (curve 4') is in reasonably good 
agreement with the experimental results of Wertheim 
[7]. Earlier, Wertheim [7] had tried to explain the 
experimental results using radiative and SRH pro- 
cesses alone, and concluded that lifetime at higher 
temperatures was governed by radiative processes. We 
have therefore been able to show that the earlier 
discrepancy between measured and calculated results 
of lifetime in n-InSb can be successfully explained. 

In order to see the effect of higher modes clearly, we 
have found it useful to define an instantaneous time 
constant as given by 

1 
- In Ap(x, t) (31) x'(x, t) ~t 

While calculating Ap(x, t) (Equation 9) it was found 
that at all temperatures it is sufficient to include terms 
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Figure 2 Relationship between z'(0, t) and time at three different 
temperatures, 100, 200, and 300 K. Curves for m = 0 correspond to 
the fundamental mode, whereas curves for m = 2 and m = 4 repres- 
ent contributions for the first three and the first five modes, respect- 
ively. 

__3.5 

3.3 
3.2 

3.1 

up to m = 4, the contribution from higher modes 
(m > 4) being less than 1%-2%. We have computed 
z'(0, t) as a function of time at different temperatures. 
In Fig. 2, z'(0, t) has been plotted as a function of time, 
t, at three different temperatures, 100, 200 and 300 K, 
showing the contribution of the fundamental mode 
(m = 0), the first three modes (m = 2) and the first five 
modes (m = 4). It is seen that at any temperature the z' 
curves for m = 2 and m = 4 merge with the curve for m 
= 0 (fundamental mode) after a certain time interval 

from the injection of the pulse which may be called the 
waiting time, %. The waiting time is found to be about 
10z for lower temperatures (100 and 200 K) and about 
20z around room temperature (300 K). This is the 
time after which a true exponential decay will be 
observed. The fundamental mode (m = 0) is found to 

correspond to 

1 1 1 ~2D 
- - + - -  (32) 

~'(0, t) % z 4a 2 

As we have assumed a ~ L, we obtain 

1 1 
(33) ~'(0, t) 

This is in conformity with the observation of 
Wertheim [7]. 
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