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Abstract: The influence of various scattering mechanisms on the energy- 
loss rate and longitudinal hot electron conductivity of narrow-gap semi
conductors, in n-HgCdTe in the extreme quantum limit has been investi
gated theoretically both for equilibrium and nonequilibrium phonon dis
tributions. Investigations have been made for different temperature re
gions, and in the presence of parallel electric and magnetic fields* In the 
present analysis, various complexities such as, band nonparabolicfty, non 
equipartition of acoustic phonons, Landau level broadening due to impu
rities and the modified screening due'to the application of quantizing ma
gnetic field, have been taken into consideration.

The magnetic field dependence of hot electron energy loss mechanism 
and electric field dependence of longitudinal hot electron conductivity at 
both low and high temperatures have also been studied. The acoustic 
phonon scattering via deformation potential and piezo electric coupling 
has been found to dominate at low temperatures, while the longitudinal 
optical phonon scattering has been found to be responsible for the hot 
electron energy loss at high temperatures. For nonequilibrium distribu
tions, the energy loss rate has been found to depend directly on the mag
netic field strength whereas that for equilibrium distribution is propor
tional to the square of the field strength.
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1. Introduction

H o t e lec tro n  tranwjjorl, has  b een  o n e  o f th e  in te re s tin g  a s p e c t o f  e le c tro n  trans

port. in view  o f  th e  a p p lic a tio n s  in  dev ices  a n d  in u n d e rs ta n d in g  th e  physics 

o f  p h o n o n  s c a tte r in g  m ech an ism s to g e th e r  w ith  b an d  s t r u c tu r e  effects. The 

h o t e lec tro n  b e h a v io u r  in th e  p resen ce  o f a  q u a n tiz in g  m ag n e tic  field is signifi
c a n tly  d iffe ren t from  th a t  in ab sen ce  o f m a g n e tic  field d u e  to  follow ing reasons 

a ) t h e  n a tu re  o f e lec tro n  g as  In co m es  q u a n tiz e d  d u e  to  th e  fo rm a tio n  o f Lan

d a u  level in th e  p resen ce  o f  h ig h  m a g n e tic  field (m a g n e tic  q u a n tiz a tio n ) , b) 

th e  d iffe ren t s c a tte r in g  m ech an ism s d esc rib ed  by s c a t te r in g  m a tr ix  elements 
get, m odified  d u e  to  one  d im en s io n a l d e n s ity  o f s ta te s  in th e  p resen ce  of high 

m ag n e tic  field. In a d d itio n  to  th is  th e  d is t r ib u tio n  o f c a rr ie rs  a re  significantly 

a lte re d , th e  to ta l  en erg y  o f sy s te m  re m a in in g  th e  sam e . T h e  ap p lica tio n  of 

th e  h igh  m ag n e tic  field also  ch an g es  th e  sc reen in g .

H igh e lec tric  field cau ses  th e  e lec tro n  sy s te m  to  d e v ia te  from  th e  equilib

r iu m  c a rr ie r  d is tr ib u tio n . It can  b e  c h a ra c te r is e d  by th e  e le c tro n  tem p era tu re  

T , , d ifferen t from  th e  la t t ic e  te m p e ra tu re  T /,. S ign ifican t d ifference  between 

I',, an d  I'/, cau ses  p h o n o n  em ission  a t  h ig h er ra te . T h e re  roabsorpfiiori by the 
sy s tem  u ltim a te ly  m odifies th e  en e rg y  tra n s fe r re d  ra te  from  th e  h ea ted  elec

tro n  sy s te m  to  th e  la t t ic e  ca u sin g  a  slow er coo ling  ra le . T h is  lia s  been  found 

to  b e  mi im p o r ta n t effect in e x p la in in g  (lie en erg y  loss r a te  in  sem iconductors 
in p resence  o f high e lec tr ic  field.

A sim plified  m odel a ssu m in g  d isp laced  M axw ellian  d is tr ib u t ion for carrier,'' 

o c cu p y in g  th e  lowest L an d au  level has been  dev e lo p ed . T h e  various other 

co m p lex itie s  such as b an d  r iu n p arab o lic ily , free c a rr ie r  sc reen in g , L an d au  level 

b ro ad e n in g  have a lso  b(*en in c lu d ed . T h e  effect o f d is tu rb a n c e  in phonon 

d is t r ib u tio n  d u e  to  hot. p h onon  effect [1] has  a lso  been  tak e n  in to  account for 

p ro p e r  u n d e rs ta n d in g  o f t he  m ag n e t ic field d e p e n d e n c e  o f  en erg y  loss ra le

In th e  presen t p a p e r  t he ex p ress io n s  for en e rg v  loss ra te  for low and high 

t em p o ra l ures have  been  p re se n ted  a ssu m in g  a co u stic  p h o n o n  s c a tte r in g  via de
fo rm a tio n  p o te n tia l  a n d  p iezo e lec tric  co u p lin g , an d  lo n g itu d in a l p o la r  optical 

p h o n o n  ( P O P )  s c a tte r in g  resp ec tiv e ly  b o th  for e q u ilib riu m  a n d  nonequilib
rium  phonon  d is tr ib u tio n s . The effect o f  d iffe ren t s c a t te r in g  m echanism s on 

th e  en e rg y  loss r a te  a n d  lo n g itu d in a l h o t  e le c tro n  c o n d u c tiv ity  h a s  been  exam
ined  for d ifferent te m p e ra tu re  reg ions a n d  in th e  p resen ce  o f p a ra lle l electric 

an d  m ag n e tic  fields.
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2. T heory

yVhen a narrow gap semiconductor is subjected to a quantizing magnetic field 
ft applied along z-dircction, the energy dispersion relation for electrons in a 
non-parabolic band is given by[2]

ti2k'~E  = - —- + Et
l ( “ n -  1 ) 0 )2m * ' 2m

where kz is the z-romponent of electron wave vector, E g is the band gap and 
is the band nonparabolicity factor given by

«n =  [l +  ^ P ( «  +  V 2)]1/2 (2 )
t j 9

where ft is the reduced planck's constant, u)c =  is the? cyclotron frequency, 
m* is the band edge effective mass and the integer n represents the Landau 
level index.

When a strong electric field is applied parallel to the quantizing magnetic 
field, the electrons with magnetic field dependent effective mass gain energy 
from the electric field and at the same time loose? energy by interacting with 
available? phonons. At low temperatures, the electrons transfer energy to  the 
lattice via acoustic phonons and piezoelectric scattering, whereas at high tem
peratures the energy transfer is only due to PO P scattering.

The* energy loss rate due to electron phonon scattering may be expressed 
as [3,1]

- A * A l ) n * ^ T r)[lr  f ( t „ T e)\
(3)

where lj0 =  phonon frequency, T e =  electron temperature, i v and cv> are 
electron energies in the Landau states v  and v  respectively, |C q\2 is electron 
phonon coupling constant, which depends on the scattering mechanism. E lJfl/> 
and Aul/  are the absorption and emission terms respectively.

Now substituting the expressions o f E l/l/(q)  and A vv>{q) in the above ex
pression and after some simplification, the above equation reduces to

p  =  e m ;„ B EE r  [°° < rfh u *\C q\2[N(TM0,T e) -
J q 2" ,  9* Jo

iV ( f i^ ,T i ) ] [ / ( c ,7 ; )  -  f ( e  +  f i^ ,7 ;) ] |7 l fn-n ^ | 2 (4)

no(27r)3fi<
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where T  and Tl  are the electron and lattice tem peratures respectively, n, n’ 
represent the Landau index for initial and final states respectively.

2 . 1  T h e r m a l p h o n o n s

We first assume the case of thermal phonons for which the distribution is Bose- 
Einstein Statistics, which is independent o f  applied electric and m agnetic fields 
given by

N R =  [ E x p ( - j - £ r ) - \ ]  1 (5)

The energy loss rate per electron for acoustic scattering via deformation 
potential and piezoelectric coupling, and that for PO P scattering are obtained 
respectively as

PaC =  ttacKA'n +  1 ) P x p ( - v t.) -  N  R E x p { v f )\ (fi)

Ppz =  <*Vz [{N r  +  l ) E x p ( - V '  ) -  N RE r .p (v t.)\ \ (7)

Ppup =  +  1) E x p ( - v f ) -  N r  Exp(v,.)\ (8)

where rv’s are the constants depending on t he scattering considered[5].

2,2 Non-Equilibrium Phonons

During the process of heating, the large phonon emission rate changes the 
phonon distribution quite significantly deviating it from the Bose-Einstcin 
phonon distribut ion. This would have a feedback effect on "the electron tem
perature} and hence it, would alter the electron energy loss rate. This would 
also make energy loss rate slower compared to the equilibrium case and also 
cause different magnetic field dependence. However, in this case N n  will hr 
modified according to t he following rate equation

6 N T  N r  -  I*R ,9)
6t tp K

where tp is the phonon life time.
Then energy loss rate for various electron phonon scattering processes may 

be written in the following general form,

P =  a [ { N r  +  1 )Exp(-v t.) +  N r P x p ( v t,)} (10)
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where a ’s are the same constant as equations(6-8) depending on the type of 
the electron phonon scattering mechanism and is the nonequilibrium 
phonon occupation number given by

N p  =
N r  +  AaTpE x p (-v e)

1 -  AatTp[E xp{-ve) -  Exp(ve)] (11)
t v  being the phonon life time[5].

In order to evaluate the hot electron drift velocity, one needs momen
tum as well as energy relaxation times unlike low field case, where momentum 
relaxation time is required. The energy relaxation rates due to acoustic, piezo
electric and longitudinal optical phonon scattering have already been obtained 
with thermal and non thermal phonon distributions. The momentum relax
ation rates may be obtained following the similar approach [5].

We know the drift velocity of electrons can lie obtained from the relation

V d =  fJ£  (12)

where n is the mobility and e is the elect,ric field.
At the steady state, the energy loss rate can be written as a function of 

electric field as

<  > =  eVde (13)

Again mobility /x is given by

e <  r  >

where r is the average momentum relaxation time of the electrons which in
cludes .the contributions of the acoustic phonon scattering via deformation 
potential and piezoelectric coupling for low temperature, and polar optical 
phonon scattering for high temperature. From the above expression we get 
the conductivity of the electron as tr =  neefi, where ne is the electron concen
tration.

3. R esu lts  an d  d iscu ssion s

The energy loss rate of longitudinal hot electrons in n-Hgo.8Cdo.2Te as a func
tion of applied magnetic field and electrical conductivity as a function of the 
applied electric field at lattice temperature T i =  4.2K and 30K and electron 
temperature Te =  5K and 32K, have been calculated with the material param
eters^]. The phonon life time for the present calculation is about 100 ns[7]
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Magnetic Field (Teala)
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Magnetic Field (Teala)
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Figure 1. Variation of energy loss rate of hot electron in n-lIgCdTe in the extreme 

quantum limit as a function of magnetic field at T L =  4.2K, Tt =  5K (figure (a)) and 

T l =  30K, Te =  32K (figure (b)). The solid and dashed curves represent equilibrium 
and nonequilibrium cases respectively.
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Figure 2. Variation of hot electron conductivity in n-llgCdTc with electric field al 

Tl =  4.2K, Te =  5K (figure (a)) and T l =  30K, Tc =  32K (figure (b)).
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jn ca.se of low temperature regimes where acoustic and piezoelectric scatter
ing have been taken into consideration. It is about 100 ps[8] in case of high 
temperature regimes where polar optic phonon scattering has been considered.

The variations of energy loss rate as a function of magnetic field both for 
low and high temperatures are depicted in the figure 1 (a and b) respectively. 
Comparing the nature of these two figures, it Is found that the value of the 
energy loss rate increases with increase in magnetic field. Again both for low 
and high temperatures, energy loss rate for nonequilibrium phonons is lower 
compared to that for equilibrium case. So we can conclude that energy loss 
mechanism for phonon scattering is enhanced with the magnetic field. The 
rate of increase is found to be higher for polar optical phonon scattering. The 
inclusion of nonequilibrium phonon slows down the cooling processes due to 
reabsorption of phonons emitted by hot electrons.This process may be con
sidered as a feedback process leading to decrease in energy loss rate. The 
theoretical dependence is found to be proportional to B2 and B  for equilib
rium and nonequilibrium distributions respectively.

From figure 2(a and b) it is found that at high temperatures, the con
ductivity is dominated by longitudinal optical phonon scattering which would 
load to a conductivity decreasing with electric field. On the otherhand, at low 
temperature, the contribution of acoustic phonon scattering gives rise to a con
ductivity increasing with electric field. This type of variation is in agreement 
with the experimental results observed from without magnetic field[9J.
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