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Electron-electron interactions in the nonparabolic conduction band of narrow-gap semiconductors

Michael P. Hasselbeck* and Peter M. Enders†

Max-Born-Institut fu¨r Nichtlineare Optik und Kurzzeitspektroskopie, D-12489 Berlin, Germany
~Received 15 December 1997!

The Lindhard dielectric function is evaluated at nonzero temperatures with Fermi-Dirac statistics and a
nonparabolic conduction band for bulk, narrow-gap semiconductors. This is used to study two problems of
current interest:~i! inelastic scattering of single, energetic electrons by a system of plasmons, phonons, and
quasiparticle excitations; and~ii ! cooling of a hot, quasiequilibrium plasma by dynamically screened LO-
phonon emission. Scattering of high-energy electrons injected inton-doped InAs at room temperature is
analyzed and compared to the case where nonparabolicity is neglected. Plasmon losses and a larger density of
states are shown to be more important for electrons in a nonparabolic conduction band with energy above the
Fermi level. The energy-loss rate of a hot-electron–donor ion plasma to a cold lattice via screened LO-phonon
emission in parabolic and nonparabolic bands is also obtained. It is found that even though dynamic screening
of LO phonons is stronger in a nonparabolic band, the cooling rate of hot electrons in InAs can be significantly
faster because of the increased density of conduction-band states.
@S0163-1829~98!04916-9#
o
p
rie
re
th
r
u
e
n

er

of
te
a
ur
io
-

n
ac
ct
uc
-

n
b

itu
cl
s

ig
e
ay

ru
un
a
is

nto
re

nd
t of

n is

ion
but
c-

e
1,
f the
rs

s
as
unc-
n-
tion
be-
hat
rate
ed—
e-

ec-
of
I. INTRODUCTION

The interaction of free electrons in the conduction band
semiconductors is of considerable interest for device ap
cations as well as understanding fundamental car
dynamics.1 It is especially relevant when dimensions a
small and/or carrier concentrations are high. Despite
technological significance of narrow-gap semiconducto
however, a finite-temperature treatment of the electronic s
ceptibility in a nonparabolic conduction band has not be
available. Dingronget al.2 considered the electron-electro
interaction in narrow-gap semiconductors at zero temp
ture for two restricted cases:~i! light doping with a parabolic
band, and~ii ! heavy doping and a linear band. Coupling
longitudinal plasma oscillations to phonons was neglec
These limitations are removed here to allow for a more re
istic description of experiments at elevated temperat
where practical devices operate. A Fermi-Dirac distribut
of conduction electrons~not necessarily at the lattice tem
perature! is used throughout.

The central theme of this paper is assessing the influe
of nonparabolicity compared to the usual parabolic appro
for analysis of intraband scattering. Nonparabolicity affe
the inelastic scattering of electrons in a variety of ways s
as: ~i! increased density of states,~ii ! changes to the condi
tions for energy and momentum conservation,~iii ! reduction
of Bloch function matrix elements, and~iv! changes in the
dynamic interplay between lattice and electronic compone
of the semiconductor susceptibility. These effects tend to
interrelated and can be difficult to isolate. The specific s
ations examined here, however, allow some general con
sions to be drawn—foremost being that the increased den
of states in a nonparabolic band makes the scatter rate h
compared to a parabolic band with equivalent electron d
sity and temperature. The other aspects of the problem pl
less important role.

This paper is organized as follows. The scatter spect
of the coupled plasmon-phonon system is obtained as a f
tion of frequency and wave vector. This is used to investig
inelastic collisions in two situations where nonparabolicity
570163-1829/98/57~16!/9674~8!/$15.00
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relevant. Scattering of energetic electrons injected i
n-doped InAs, which has implications for room-temperatu
operation of unipolar ballistic electron transistors a
resonant-tunnel diodes, is examined in Sec. III. The effec
nonparabolicity on the cooling of an~optically heated!
electron-donor ion plasma by screened phonon emissio
considered in Sec. IV.

II. LINDHARD FUNCTION

In Kane’s semiconductor band theory, the conduct
band is reasonably approximated as isotropic
nonparabolic.3 The dispersion relation for conduction ele
trons is

\2k2

2m
5g~E!5E~11aE!, ~1!

wherea51/Eg , and m is the band-edge electron effectiv
mass. The effect of nonparabolicity is illustrated in Fig.
where the room-temperature dispersion near the center o
Brillouin zone is plotted for the narrow-gap semiconducto
InSb (Eg50.18 eV) and InAs (Eg50.36 eV), assuming
both parabolic~a50; dashed lines! and nonparabolic band
~solid lines!. The bottom of the conduction band is taken
zero energy. The insets depict the density of states as a f
tion of electron energy for the two different cases. As co
duction electrons acquire energy that is an increasing frac
of the band-gap energy, the parabolic approximation
comes progressively poorer. From this picture, it is clear t
nonparabolicity should be accounted for when degene
concentrations and elevated temperatures are encounter
exactly the situation found in many types of electronic d
vices withn-doped regions of InAs.

The random-phase approximation allows the total diel
tric function of the semiconductor to be written as the sum
lattice, free carrier, and background contributions:1
9674 © 1998 The American Physical Society
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FIG. 1. Conduction bands of InSb and InAs at room temperature assuming parabolic dispersion~dashed lines! and Kane’s nonparabolic
relation~solid line!. Only a small region near the center of the Brillouin zone is shown. The insets depict the density of states~in arbitrary
units! as a function of conduction-electron energy~dashed lines for parabolic; solid lines denote nonparabolic!.
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«~q,v!5D«L~v!1D«e~q,v!1«` , ~2!

where the lattice term is

D«L~v!5
«02«`

12S v

vLO
D 2 «0

«`

. ~3!

The bare phonon frequencies are assumed to be dis
sionless in this paper. Free holes are not included as
focus is on electron-donor ion plasmas encountered
single-carrier optical experiments and electronic devic
Contributions from the valence bands, which would be i
portant in optical excitation of electron-hole pairs in light
doped material for example, can be incorporated follow
Refs. 4–6. The susceptibility of the conduction electrons
obtained from the Lindhard formula for the dielectr
function7

D«e~q,v!5
4pe2

q2 (
k

f ~k!F I k,k1q
2

Ek1q2Ek2\v2 i\G

1
I k,k2q

2

Ek2q2Ek1\v1 i\GG ~4!

where f (k) is the Fermi-Dirac function andG is a phenom-
enological damping term. Wave-function overlap factors
propriate for intraband transitions in a nonparabolic cond
tion band are used:8

I k,k6q
2

5
@A~11aEk!~11aEk6q!1aAEkEk6qcosqk,k6q#2

~112aEk!~112aEk6q!
.

~5!

In Eq. ~5!, qk,k6q represents the angle between the initi
state~k! and final-state (k6q) wave vectors, withq denot-
er-
he
in
s.
-

g
s

-
-

-

ing the wave vector of the scattered particle. When the s
in Eq. ~4! is converted to an integral, thez axis is fixed in the
direction of q. The polar integration coordinate becomesu,
which is the angle betweenk andq. Therefore, the substitu
tion

cosqk,k6q5S g~Ek!

g~Ek6q! D
1/2F16S q

qo
D S \vLO

g~Ek!
D 1/2

cosuG
~6!

is made, where the normalizing parameterqo is introduced:

qo5
A2m\vLO

\
. ~7!

The energy of the final state is written

Ek6q5
1

2a H 211F114ag~Ek!14a S q

qo
D 2

\vLO

68aAg~Ek!\vLO S q

q0
D cosuG1/2J , ~8!

allowing Eq.~4! to be re-expressed as the following doub
integral:

D«e~q,v!5
A2m

p\

e2

S q

qo
D 2

\vLO

E
21

1

d~cosu!

3E
0

`

dE f~E!Ag~E!~112aE!

3F I k,k1q
2 ~cosu,E!

Ek1q~cosu,E!2E2\v2 i\G

1
I k,k2q

2 ~cosu,E!

Ek2q~cosu,E!2E1\v1 i\GG . ~9!

Following the usual procedure, the radialk coordinate has
been replaced byEk . The vector nature of the scatterin
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collisions has been accounted for at this point, so the s
script onEk can be dropped. Note that the conduction ban
taken to be isotropic, soD«e depends only on the modulus o
q.

The zeros of«(q,v) belong to plasmons exhibiting osci
lations of frequencyvp(q). In infrared reflection experi-
ments, the long-wavelength limit (q→0) is measured. In this
limit and neglecting damping (G50), Eq.~2! can be written
in general as

«~0,v!5D«L~v!1«` S 12
vp

2

v2D . ~10!

Herevp is the modified Langmuir plasma frequency

vp
25

4pe2N

m~N!«`
, ~11!

where the optical massm(N) accounts for the nonparaboli
dispersion of a conduction band with electron densityN:9

1

m~N!
5

1

12p3\2N E dk
]2E

]kx
2 f ~E!. ~12!

For the nonparabolic band considered here, this become

1

m~N!
5

A2m

p2\3N E
0

`

dE f~E!Ag~E!S 12
4

3

ag~E!

~112aE!2D .

~13!

The plasma frequency is then easily found by inserting
~13! into Eq. ~11!. This, of course, reduces to the classic
Drude result whena50. Equation~13! can also be obtained
directly by taking the limitq→0 in Eq. ~9!. The free carrier
density is given by the integral

N5
&m3/2

p2\3 E
0

`

dE f~E!Ag~E!~112aE!. ~14!

The optical massm(N) describes the dispersion of a
equivalentparabolic band, which is implicit in the Drude
model. Plasma oscillations involve electrons in all regions
k space determined by the Fermi distribution function.
increase ofm(N) with doping, as is known from infrared
reflectivity measurements,9,10 manifests the fact that a highe
percentage of electrons occupy regions of the conduc
band with decreasing curvature. Here is an important dif
ence with the situation in a classical~parabolic! band: the
plasma frequency is altered when either the density or t
perature of the carriers changes.

In Fig. 2, reflectivity resonances obtained from Spitz
and Fan’s room-temperature InSb data are shown.9 The plot-
ted points are nulls in the spectra that occur when the die
tric function makes the normal-incidence Fresnel reflectiv
vanish@i.e., at«(v)51#. These points are in close proximit
to ~but not identically equal to! the upper-hybrid modes o
the coupled plasmon-phonon system. The reflectivity null
Fig. 2 are seen to agree with a calculation~solid line! using
Eqs. ~10!, ~11!, and ~13!, and established parameters f
room-temperature InSb~m50.013mo , Eg50.18 eV, \vLO
50.023 eV,«0517.54, and«`515.68!. Also shown is the
case where nonparabolicity is neglected~dashed line!.
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The emphasis of this paper is on understanding the ef
of band nonparabolicity on the frequency- and momentu
dependent scatter spectrum of the system. This is given
the imaginary part of the reciprocal dielectric functio
Im„1/«(q,v)…, requiring that Eq.~9! be evaluated at all val-
ues ofq.1,7,8The usual procedure is to letG→0, compute the
real part ofD«e , and then obtain the imaginary portion by
Kramers-Kronig transformation. In this work,G is retained,
which allows Eq.~9! to be separated into real and imagina
components that are integrated independently. Includ
damping is mathematically convenient because it preve
singularities at the plasmon pole, but requires that a valu
G be specified. For the doping densities considered h
\G!\vLO , \G!\vp , which is manifest by sharp nulls
seen in the reflectivity data in Refs. 9 and 10. To satisfy t
inequality,G is set at 531012 s21 in the present calculations
Similar numbers have been used in previous treatmentsG
in the complex dielectric function.11–13 This term, however,
should not be understood as the collisionally broadened l
width of the electron-electron interaction, as pointed out
Mermin.14 For the situations analyzed in this paper, pla
mons are largely Landau damped in much of the relev
region of reciprocal space, making this linewidth a relative
minor issue. DecreasingG by a factor of 5, for example
reduces the scatter rates calculated in Sec. III by less
5%. The final point regardingG is that the results discusse
here are meant to illustrate the relative difference betw
scattering in parabolic and nonparabolic conduction ban
therefore, the plasmon linewidth is kept the same in b
cases.

The function Im(1/«) is calculated forn doped InAs at an
electron densityN51.531018 cm23 and temperatureTe

5300 K at various wave vectors. The nonparabolicity co
ficient is set toa51/0.36 eV21, and Fermi levels appropriat
for room temperature are used. The lattice component of
susceptibility described by Eq.~3! is also given a small line-
width (1011 s21) to facilitate numerical computation.15 Rep-

FIG. 2. Nulls in the infrared reflection spectrum of room
temperaturen-doped InSb as a function of doping. Plotted poin
are taken from the data of Spitzer and Fan~Ref. 9!, normalized to
the LO-phonon frequency. The curves are obtained from Fre
reflectivity calculations using the dielectric function«~0,v! for a
nonparabolic~solid line! and parabolic~dashed line! conduction
band.
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FIG. 3. The function Im„1/«(q,v)… describing the inelastic scattering spectrum of room temperature InAs with donor concent
ND51.531018 cm23. Plots~a!–~c! compare the nonparabolic calculation~solid line! to the parabolic case~dashed line! at increasing wave
vectors. In~d!, the nonparabolic calculation is shown for the case where the reduced overlap of conduction-band wave functions is
~solid line! and ignored~dash-dotted line!.
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resentative plots for parabolic~dashed lines! and nonpara-
bolic bands~solid lines! are presented in Fig. 3~note that
there are identical curves at negative frequencies!. At q
50.625qo @Fig. 3~a!#, a distinct plasma mode~upper hybrid
mode! is evident in both cases, where the different cen
frequencies reflect the nonparabolic nature of Eq.~11!.
Strong screening of the phonon mode~lower hybrid mode! at
v5vLO takes place. With increasing wave vector, the pl
mon mode enters the regime where single-particle exc
tions can be supported and Landau damping of the m
commences.8 The phonon mode simultaneously begins
emerge. Band dispersion affects the conditions for mom
tum conservation that define the single-particle excitation
gime. Because the dispersion slope is much steeper in
parabolic case, the onset of appreciable Landau dampin
plasmons occurs at smaller wave vectors. This is clearly
vealed in the plots atq5qo @Fig. 3~b!# and q52qo @Fig.
3~c!#. Screening of the phonon mode, which is not well
solved in this series of figures, is discussed in Sec. IV.

At q53qo @Fig. 3~d!#, the nonparabolic calculation~solid
line! is compared to the same calculation except the Bl
function overlap factor@i.e., Eq. ~5!# is set to unity~dash-
dotted line!, as was done by Dingronget al.2 The figure
shows that, contrary to the assumption in Ref. 2, the ove
factor can be appreciably less than unity in narrow-gap se
conductors, particularly at large wave vectors.

III. INELASTIC SCATTERING

The hot-electron transistor has attracted considerable
tention as a potential high-speed device.16 The possibility of
ballistic electron transport across ann-doped base is known
to depend critically on inelastic scattering processes.17,18 Hu
and Das Sarma first considered the inelastic scattering
r
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injected electrons in GaAs at nonzero temperature with
curate electron and dielectric functions.19 Monoenergetic
electrons, representing ad-function perturbation of the car
rier distribution, are injected into ann-doped region and al-
lowed to interact with the scatter spectrum of the system
includes phonons, plasmons, and single-particle excitatio
This approach was later refined by Sanbornet al. to include
all four terms in the Boltzmann collision integral~i.e.,
scatter-out and scatter-in components! that are particularly
important for electrons injected near the Fermi energy20

These efforts assumed a parabolic conduction band, whic
entirely appropriate for GaAs. For many devices, howev
collisonless transport is desired in thin layers of InAs, whe
complications from nonparabolicity are likely to occur. Lee21

and later Krishnamurthy and co-workers22,23 made allow-
ances for nonparabolicity in their analysis of ballistic tran
port in various semiconductors including InAs, but neglec
the electron-electron interaction. It is included here via
Lindhard function developed in Sec. II.

The calculational framework of Ref. 20 is used, modifi
for conduction-band nonparabolicity. The two scatter
terms are

1

t in~E!
5

2A2me2

\2pAg~E!
E

0

` dq

q
I k,k6q

2 E
\vmin

\vmax
d~\v!

3@112a~E6\v!# f ~E6\v!

3S Nq~v!1
1

2
6

1

2
D ImS 1

«~q,v!
D , ~15a!

and for the scatter-out processes:
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1

tout~E!
5

2A2me2

\2pAg~E!
E

0

` dq

q
I k,k6q

2 E
\vmin

\vmax
d~\v!

3@112a~E6\v!#@12 f ~E6\v!#

3S Nq~v!1
1

2
7

1

2
D ImS 1

«~q,v!
D . ~15b!

The lattice and electrons are taken to be in thermal equ
rium and their common temperature is used in the Pla
distribution functionNq . The6 sign refers to absorption an
emission, respectively. The overlap factors are given by
~5! with Ek replaced byE, the energy of the injected elec
tron. All four terms in Eq.~15! add to give the total scatte
rate. The limits on the inner integral are obtained from m
mentum conservation in the golden rule formulation of t
scattering probability.7 For absorption this gives:

\vmax,min5S 112aE

2a D X211H 11
4a\vLO

~112aE!2

q

q0

3F q

q0
62S g~E!

\vLO
D 1/2G J 1/2C ~16a!

and for emission the limits are

\vmax,min5S 112aE

2a D X12H 11
4a\vLO

~112aE!2

q

q0

3F q

q0
62S g~E!

\vLO
D 1/2G J 1/2C ~16b!

where it is understood that the integration range is alw
positive (\v>0). The procedure used here is to calcula
Im(1/«) separately, and then evaluate the integrals in
~15!. Results obtained for room temperature InAs with t
complete nonparabolic treatment~solid line! and parabolic
conduction band~dashed line! are depicted in Fig. 4 for two
different donor densities. The InAs material parameters
taken asm50.023mo , \vLO50.03 eV, «0514.55, and«`

511.8. For all cases considered, a minimum scatter rat
obtained when the injected electrons have energy close to
Fermi level, in agreement with previous calculations20 and
measurements24,25 made with GaAs. Note the shift of Ferm
level to lower energy that occurs in the~more realistic! non-
parabolic treatment of the conduction band. It is also fou
that the minimum scatter rate of 5 – 7 ps21 in InAs is ap-
proximately two times smaller than calculated by Sanb
et al. for comparably doped GaAs (N5831017 cm23).20

This supports the earlier conclusion reached by Leviet al.
who employed a much simpler model of scattering in In
and GaAs.26 They proposed that the inelastic scattering r
would be reduced with semiconductors having a lower d
sity of conduction-band states compared to GaAs. Our
culations confirm this.

Figure 4 demonstrates the significance of the density
states in inelastic scattering. At the lighter doping density
531017 cm23 ~top plot!, the nonparabolic Fermi level re
sides at a relatively low energy in the conduction band (EF
50.068 eV) where deviations from parabolicity are not p
nounced~see Fig. 1!. The scattering rates differ by roughl
-
k

q.
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s
e
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re
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he
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f
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15% at energies immediately above the Fermi minimu
When the doping increases to 1.531018 cm23 ~lower plot!,
the Fermi level moves higher in the band (EF50.145 eV),
where the nonparabolic density of states is 1.8 times lar
than at the Fermi level in a parabolic band (EF
50.2055 eV). In this case, the parabolic and nonparab
scatter rates differ by about a factor of 2 for electrons
jected above the Fermi level. The increased density of st
as well as greater plasmon scattering in a nonparabolic c
duction band, however, do not significantly degrade the
tential for ballistic transport in bulk, room-temperature InA
when compared to GaAs.

Room-temperature operation of a unipolar ballistic ele
tron transistor was first demonstrated by Levi and Chiu us
a 100-Å n-doped InAs base layer, where quantum confin
ment is important,27 and such devices continue to be an a
tive area of research.28–31 This paper is restricted to bulk
semiconductor scattering; modification to accommodate
situation found in these devices—transport in the confin
direction—is a difficult problem. In addition to the two
dimensional~2D! electron gas, scattering between subban
and the possibility of confined phonon modes must be
dressed. Whether the 3D results presented here provid
upper limit estimate for scattering in strongly confined d
vices is not clear. The reduced density of 2D states, howe
is obviously an advantage in vertical transport, as noted
Ref. 26. Extension of the present analysis to transport in
plane of a quantum well, with the assumptions of 3
phonons and electrons remaining in a single subband, wo
appear to be an easier task.32

FIG. 4. Inelastic scatter rates of electrons injected into a bu
room-temperature InAs at two different doping concentrations. T
solid lines are obtained for a nonparabolic band, and the das
lines correspond to the parabolic situation. In all cases, minim
scattering occurs in the immediate vicinity of the respective Fe
energies.
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FIG. 5. The function Im„1/«(q,v)… in the frequency region of the phononlike mode for nonparabolic~solid lines! and parabolic~dashed
lines! treatments of the conduction band at six different values of the momentum wave vector. The calculations are for InAs with
density of 1.531018 cm23 and an electron temperature of 300 K. Note that the ordinate scale changes by almost two orders of mag
this sequence of figures. The strong reduction of mode strength that occurs in both calculations at small wave vectors is caused
screening.
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IV. HOT-ELECTRON COOLING

Cooling of hot-carrier distributions has been an import
topic in semiconductor physics for decades. Most of the
tention, however, has focused on medium and wide-gap
terials where conduction-band nonparabolicity can be sa
neglected. Conwell and Vassell first tackled the problem
LO-phonon scattering in a nonparabolic band,33 but their cal-
culations did not account for wave-function overlap and d
namic screening. These factors are included here to provi
more general description of the carrier relaxation proces
is important to point out that the problem as formulated h
deals with a quasiequilibrium distribution of hot electro
losing energy by emission of optical phonons described
the Planck function with the temperature of the cold latti
as is often encountered in ultrafast optical experime
There is no external field present. Since a thermalized di
bution of electrons is assumed~with temperature greater tha
the lattice!, cooling via electron-electron interactions is i
nored. The electrons affect the energy-loss rate indirec
however, by screening the LO-phonon potential and P
blocking.

The nature of the random-phase approximation perm
the lattice contribution to be isolated from the total dielect
function given by Eq.~2!. By comparing the reciprocal di
t
t-
a-
ly
f

-
a

It
e

y
,
s.
ri-

y,
li

ts

electric function with and without the lattice term@i.e., Eq.
~3!#, the dynamically screened phonon mode can be obta
by simple subtraction. Results of this procedure are d
played in Fig. 5, where the phonon mode of InAs is shown
various wave vectors. In this calculation, heavyn doping ~
ND51.531018 cm23; Te5300 K! provides an illustration of
screening with parabolic~dashed line! and nonparabolic
~solid lines! conduction bands. The plasmonlike mode occ
at higher frequency~cf. Fig. 3!, and is not shown for clarity.
What is evident is that nonparabolicity causes a distinct
duction of the phonon mode~i.e., increased screening! in the
rangeq,3qo . The reason for this is the same as discus
in Sec. II: a smaller curvature of the nonparabolic band
tends the onset of Landau damping to larger wave vect
The electron-electron interaction exhibits collective behav
outside this regime, leading to strong screening of the p
non potential. It is also worth noting that neglecting the ov
lap terms@Eq. ~5!# causes screening to be overestimated i
nonparabolic conduction band for wave vectors larger th
q'1.5qo .

Figure 5 shows that the frequency of the phononlike mo
is well approximated by that of the longitudinal-phonon o
cillations (vLO), except at very small wave vectors whe
the mode is heavily screened and not well defined. T
strength of this phonon mode at each value ofq is obtained
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by integrating Im(1/«) over its narrow-frequency linewidth and then setting the scatter quanta energy to\vLO . This approxi-
mation reduces the double integration needed in Sec. III to just one, and makes the cooling rate calculations comp
simpler. The energy-loss rate for electrons at energyE is obtained from thedifferenceof the following two components
representing phonon absorption and emission:

S dE

dt
D

abs,emiss

5
2A2m\vLOe2

\2p
E

21

1

d~cosq!Ag~E6\vLO!

3@112a~E6\vLO!#

@12 f ~E6\vLO!#S Nq~vLO!1
1

2
7

1

2
D ImS 1

«~q,vLO!
D I k,k6q

2

g~E!1g~E6\vLO!22Ag~E!g~E6\vLO!cosq
, ~17!

where cosq is defined by Eq.~6!; the vector subscripts are omitted here for brevity. The6 sign denotes phonon emission an
absorption, respectively. The emission term is zero of course, unlessE.\vLO . As already noted, the reciprocal dielectr
function is computed separately as a function ofq and then integrated over frequency. The angular dependence necess
integrate Im@1/«(q,vLO)# in Eq. ~17! is obtained from momentum conservation in a nonparabolic band:

q5qoS g~E!1g~E6\vLO!22Ag~E!g~E6\vLO!cosq

\vLO
D 1/2

, ~18!
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where the6 sign again represents absorption and emiss
of phonons. The cosq dependence in the wave functio
overlap terms is explicit in Eq.~5!.

The electron cooling rate due to dynamically screen
LO-phonon emission~and absorption! is now applied to
n-type InAs with conditions corresponding to the expe
ments of Elsaesseret al.34 An infrared laser pulse with pho
ton energy much less then the semiconductor band ga~l
56.5mm, tp58 ps! excites conduction electrons in heavi
doped, bulk InAs (ND51.531018 cm23) held at a lattice
temperature of 70 K. Free-carrier absorption~photon-
electron-phonon scattering! heats the distribution to a tem
perature well above the lattice (;550 K), and is then used to
monitor cooling. Because of the high donor density, com
cations from valence-band holes are negligible. A mu
longer decay than expected from screened phonon emis
was observed and suggested the presence of the ph
bottleneck, which is known to inhibit carrier cooling i
GaAs.35

The cooling calculations used in Ref. 34 assumed a p
bolic conduction band and Thomas-Fermi screening. In F
6, the energy-loss rate due to LO phonons is plotted
dynamic screening in a nonparabolic band~dash-dotted line!,
dynamic screening in a parabolic band~solid line!, and static
Thomas-Fermi screening in a parabolic band~dashed line!.
For purposes of comparison, hot-phonon effects have b
ignored. The plotted loss rates are also averaged ov
Fermi-Dirac distribution, so they can be displayed as a fu
tion of electron temperature.36 As expected, the degenera
Thomas-Fermi approach provides an excellent representa
of the full dynamic treatment of a parabolic band at lo
electron temperature. When nonparabolicity is includ
however, the cooling rate increases by about a factor o
This is contrary to expectations from screening consid
ations alone—as revealed by Fig. 5, the phonon mod
always weaker in a nonparabolic band at equivalent wa
vector positions. The faster cooling rate can be directly
n

d

-
h
ion
on

a-
.
r

en
a
-

on

,
2.
r-
is
e-
t-

tributed to the higher density of states available in a non
rabolic conduction band. As was the case in Sec.
differences in the density of states appear to be the domi
parameter when comparing inelastic scattering of degene
electron distributions in parabolic and nonparabolic cond
tion bands.

A complete description of the data in Ref. 34 requires
time-dependent analysis that includes hot phonons as we
dynamic screening applied to free-carrier absorption. The
ter issue is a formidable problem when both nonparabolic
and high doping concentrations are involved~cf. Ref. 37!,
and is beyond the scope of this paper. It can be conclud
however, that even with the more accurate calculation
cooling in a nonparabolic band presented here, an additio
mechanism such as phonon reabsorption by the hot elect
as proposed in Ref. 34 is necessary to explain the relativ
slow decay rate the authors observed in their experime

FIG. 6. Cooling rate of a hot, electron-donor ion plasma in In
averaged over a Fermi-Dirac distribution as a function of elect
temperature. The curves correspond to dynamic screening in a
parabolic band~dash-dotted line!, dynamic screening in a paraboli
band~solid line!, and static Thomas-Fermi screening in a parabo
band~dashed line!.
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with InAs. This is clear from Fig. 6, where the cooling rate
a nonparabolic band~assuming equilibrium phonon distribu
tions! is faster than the parabolic case.

V. SUMMARY

The Lindhard dielectric function describing the electro
electron interaction was evaluated numerically for narro
gap semiconductors including nonzero temperature, Fe
Dirac statistics, and conduction-band nonparabolic
Coupling to LO phonons was incorporated in the rando
phase approximation. The inelastic scatter spectr
Im„1/«(q,v)… can be substantially different when comparin
a nonparabolic to parabolic conduction band at the same
rier density and temperature. The reduced dispersion o
nonparabolic band dictates that the region of single part
excitations—the Landau damping regime for collective o
n

-
-

mi-
y.
-
m

g
ar-
f a
cle
s-

cillations of the electron-donor ion plasma—occurs at high
wave vectors compared to a parabolic band. This changes
strength of both phonon and plasmon scattering.

A significant finding is that the increased density of sta
available at high energies in a nonparabolic conduction b
is the primary factor leading to a larger electron scatter r
compared to the parabolic case. Changes to the inelastic
ter spectrum due to nonparabolicity appear to be of les
importance. Even with an increased probability for delete
ous collisions introduced by nonparabolicity, InAs compar
favorably to GaAs in ballistic transport device application
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