Low field mobility and thermopower in onedimensional electron gas
S. Kundu, C. K. Sarkar, and P. K. Basu
Citation: Journal of Applied Physics 68, 1070 (1990); doi: 10.1063/1.346746
View online: http://dx.doi.org/10.1063/1.346746
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/68/3?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Exchange effect in coupled onedimensional electrongas systems
J. Appl. Phys. 71, 1318 (1992); 10.1063/1.351249
Optical properties of onedimensional electron gas in semiconductor quantum wires
J. Vac. Sci. Technol. B 8, 920 (1990); 10.1116/1.584943
OneDimensional Lattice Gas
J. Chem. Phys. 42, 212 (1965); 10.1063/1.1695676
Note on the Branching Condition in the OneDimensional Free Electron Gas Model
J. Chem. Phys. 23, 985 (1955); 10.1063/1.1742175
Note on the Branching Condition in the OneDimensional Free Electron Gas Model
J. Chem. Phys. 22, 2098 (1954); 10.1063/1.1740020

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
136.165.238.131 On: Fri, 19 Dec 2014 23:50:10

low field mobility and thermopower in one ..dimensional electron gas
s. Kundu, C. K. Sarkar,") and P. K. Basu
Centre ofAdvanced Studies in Radio Physics and Electronics, Calcutta University, 92 Acharya Prafulla
Chandra Road, Calcutta-700009, India

(Received 10 October 1989; accepted for publication 2 April 1990)
A scattering theory of one-dimensional electron gas formed in a narrow channel GaAsAIGaAs high electron mobility transistor has been developed. The mobility values for the
different scatiering mechanisms have been computed and their variation with temperature has
been presented. The various scattering processes include acoustic phonon scattering for both
deformation potential and piezoelectric scattering mechanisms, impurity scattering, and
surface roughness scattering at lower temperatures and polar optic phonon scattering at higher
temperatures. The effect of dynamic screening has also been included. Finally, the temperature
variation of thermopower for different ID electron concentrations has been shown and
attempts have been made to interpret the results obtained.

I. INTRODUCTION

The properties of the two-dimensional electron gas
(2DEG) formed in the channel of a Si-MOSFET or a GaAsHEMT (high electron mobility transistors) have been exhaustively studied by a number of research groups. I Sakaki 2
first proposed that one-dimensional electron gas (1 DEG)
could also be realized in ultrathin wires of semiconductors,
or by suitable modifications of 2D systems. The 1DEG is
also formed in narrow channel FETs made of Si or in heterajunctions made of GaAs and AIGaAs that are used in high
electron mobility transistors 3 (HEMT). This system promises even higher mobilities due to the restriction on the scattering angle and therefore improved device potentialities.
Much research activity has been directed towards the study
of carrier transport in the one-dimensional systems. 313
The mobility of the electrons in the 1DEG is limited by
the various scattering processes which have relative importance at different ranges of temperature and carrier concentration. At lower temperatures the acoustic phonon, the piezoelectric, and the impurity (both remote and background)
scatterings dominate. The polar-optic-phonon scattering is
more important at higher temperatures for the polar semiconductors. Further, the nonplanarity ofthe semiconductor
interface gives rise to smface roughness scattering that plays
a very significant role in the one-dimensional system. The
various authors 7 -11 have studied the effect ofindividual scattering mechanisms independently in lDEG electron transport. However, the relative contributions to transport parameters of IDEG at different temperature ranges have not
been analyzed. The present paper proposes a comprehensive
analysis oflow-field electron transport in IDEG and it also
includes the influence of impurity scattering at different
temperatures. In this paper, a realistic model of the onedimensional electron gas system has been assumed. Here the
electrons are confined in a wire where the two-dimensional
potential weB, that traps the electrons, is obtained by the
formation of a nearly triangular potential weil in one direction and a square quantum well in the other. The present
study deals with the derivation of the expressions for the
a)
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relaxation times and the calculation of the mobility of the
IDEG. It also estimates the relative importance of the scattering processes at different ranges of temperature and carrier concentration in a GaAs sample. Although attempts
have been made to calculate the screening factor in the case
of the IDEG,14 the effect of screening on different scattering
mechanisms has not been studied yet. In the present work
the effect of screening on the carrier relaxation time has also
been considered. The thermoelectric power is a very important parameter for device characterization and it also gives
an idea of the scattering processes operative. Therefore, the
theoretical outline for the calculation of one-dimensional
thermopower has finally been developed. Attempts have
been made in this present paper to explain the results of
mobility and thermopower obtained from the theory developed.

II. THEORY
A. Mobility

1. Unscreened case
We assume that the IDEG is formed in a narrow channel FET or HEMT and only the lowest subband is occupied.
The wave function describing the electrons is 3,13
t/J(x,y,z) = (b 3/La)1I2 sin(1Ty/a)ze-

bzl2 eikx,

(1)

where L and a are respectively the length and width of the
channel, k is the electron wave vector along the x direction,
and b is the variational parameter. I In the FET, therefore,
an approximately triangular potential well is formed along
the z axis and a square quantum well of infinite height is
present along the y direction. The electron gas trapped within the two-dimensional potential well is constrained to move
along the x direction and constitutes the IDEG.
The matrix element for the transition from k to k ' due to
electron-phonon interactions 15 is
M(k,k')

=

J

l/J*(x,y,z)(aiQR - a + e~

iOR)

xl/J(x,y,z)dx dydz,

(2)

where a and a + are the annihilation and creation operators,
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Qand R represent the wave vector and displacement vector

rBi J = (l7m* N B /2fi 3k 3) (e 2/ 21TEs)2

in three dimensions, and the integration is over space for
both phonons and electrons. The matrix element takes the
form

for background impurity scattering; and

M(k,k ')

=

(NQ

+ -! ± 1) tl2( C /Q)J{k -

f
x
I -

k'

ze

=

f

bz± iqi'd

z.

(3)

l/J*(x,y,z)V(Q);p(x,y,z)dxdydz,

r-- 1 =IP(k,k!)(1- cose'),

(4)

(5)

cos &

k'

(6)

1 - fa (E)

,k'

for randomizing inelastic collision. In the above, k,E are respectively the electron wave vector and energy for the initial
state and eis the angle between k and x. The prime quantities
represent the corresponding quantities for the final state.
The function/o(E) is the distribution function of electrons
and
P(k,Ic')

=
(217/~nIMk,'waE

-Ek ,),

(7)

is the transition probability of the electron. f! is Planck's
constant divided by 21T. For elastic scattering Ek = E k , and
/o(E') =/o(E). Further, for IDEG in a thin wire in the
quantum limit, the scattering angle e can only be 180·, The
other possibility, i.e" e = 0° where initial directions of the
electron wave vector are not altered due to scattering, does
not contribute to the momentum relaxation time,
(1 - cos f)) = 0,
Considering all these factors, the relaxation times are

rAc}

=
(9IE~kBTm*b)/8aflCL,

(8)

for deformation potential acoustic phonon scattering;
rn!

=

[(K 2 e1 k o Tm*b)/(321rli 3 £sok)]

x [21' (k) + I' (ko )] ,
for piezoelectric scattering;
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e2wb

/2m*

--

1280€pft'V koT
X {(X - X o )-

+ (X+Xo)

112

[2f'(qx)

+ I'(qx,)] (NQ + 1)

-1I2[2f'(qX) +f'(qxo)]NQ },

(12)

where
k~

=k2+r/a2 ,

I' (s) = (4b 2 + 9bs + 6s2 )/[s(b + 2s)

qi" = q~

+ 4v2/a

qx = C2fiX~o-

J"

2
,

qi.o = qi-, + 4r/a

2

,

2[X(X -X~F,

qX' = Cz"[2X -+-

IE;

= 2:'p(k,k ')( 1 - 10 (E'»),

(11)

for surface roughness scattering. The effect of remote impurities can be minimized by introducing spacer layers.
Polar~ptic-hn
scattering is neither randomizing
elastic scattering nor is the simple expression for finding the
relaxation time strictly valid in this case. However, an approximate value for the relaxation time for polar-opticphonon scattering is obtained using Eq. (6)

C2

for nonrandomizing elastic collision, or
J

( 10)

2

where V( Q) is the coulomb potential,
Respective expressions for the constant C and the cou~
lomb potential V( Q) for the different scattering mechanisms 17 are substituted in the expressions for the relaxation
time, defined as

r-

-K~(ka)J,

X (m*/ft'a:l ) (e -4ed /k),

The momentum conservation approximation (MeA) pro~
posed by RidleyH' has been employed for performing the
integration over the y axis. The constant C has different expressions for different scattering processes, qx,y.z are the
components of the phonon wave vector along the x, y, and z
directions, respectively, and N Q is the phonon number.
On the other hand, the expression for the matrix element for coulomb scattering, as in the case of impurity and
surface roughness scattering, is given by

M(k,k')

+ (ka)2[K~

'iSR I = (35/321T)(e 2N,Hd/€s)1

± qx) (2/0)

sin2(l7y/a)e±iqYdy(b'/2)

X

X{l

fu-- 2[X(X + Xo}] 1/2,

= (2mkBT/ft2)1!2,
t = £0- ! [csi 1 -- €so!] ,

Xo =1UiJ/kn T,

X=E/koT.

The symbols are defined as follows: EJ. is the deformation
potential constant, Cz. is the elastic constant, K is the dimensionless piezoelectric constant, and N B is the background
impurity concentration. kB is Boltzmann's constant, Tis the
lattice temperature, m* is the effective mass, and Ko and K,
are the modified Bessel functions of the second kind of order
zero and one respectively. H is the mean asperity height, dis
the correlation length, eo is the absolute permittivity of free
space, IEso and £m are, respectively, the dielectric constants
of semiconductor at zero and infinite frequencies, and flfl) is
the phonon energy. Gaussian autocorrelation has been assumed for surface roughness scattering. 14
For an arbitrarily degenerate case, the average relaxation time for IDEG is obtained by the following equation:!4
1I2

{7} = S E r{E)(afOlJE )dE,
S E 112 (j)/o/f)E)dE

(13)

and the mobility J..t = e(r}/m* [here 10 is the distribution
function of the electrons and r(E) is the relaxation time
function of energy E}.
2. Screened case

(9)

The effect of screening is to reduce the scattering potential by a factor
Kundu, Sarkar. and 8asu
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€(q)

=

1 - V(q)P(q),

(14)

where V(q) is the Fourier component of the potential and
P(q) is the polarizability. Now P(q) shows a logarithmic
singularity at q = 2kp , where k p is the wave vector at the
Fermi energy. The dielectric function at nonzero temperature:is given by the dynamic screening effect 17
CT(q)

=

f

dE Co (q,EF )

X {4k e Tcosh2[ (E - Ep)/k B T]) -

1

(15)

and
(16)

and the form factor is

where I n (X) and Kn (X) are Bessel function and modified
Bessel function, respectively, of order n. R is the radius of the
cylindrical wire that approximately replaces the rectangular
quantum well (QWW), and eSG is the background permittivity given by eBG = 41TEoEs' The screening function for the
cylindrical geometry can be used approximately for the present case ofthe rectangular quantum well. This would introduce a constant geometrical error without altering the physical concept. However, the requirement of an exact
screening function for the present device geometry is not so
stringent due to lack of the experimental results. The inverse
relaxation time or the scattering rates are divided by the
function !f"T(q) 12 to obtain the corresponding screened values. The average relaxation time and hence the mobility can
be obtained as earlier.

B. Thermoelectric power
The thermoelectric power calculation in IDEG is based
on the mobility theory that is derived from the Boltzmann
transport equation. The thermoelectric power obtained
from the Boltzman transport equation is written as 15

iii. RESULTS AND DISCUSSIONS
The following values of parameters are used for calculating the mobility and the thermopower for the IDEG
formed in a narrow channel GaAs-GaAIAs heterostructure: 14,IS a = 10 nm, EI = 7 eV, K = 0.064, C1. = 139.7
G N m-· 2 , m* = 0.067 m o' EgO = 12.9, H = 0.43 nm,
d = 1.5 nrn, NIl = 1020 m - 3, and Cs = 10.8.
The temperature dependence of the mobility, for both
the screened and the unscreened conditions are shown in
Figs. 1-3 for three different IDEG densities. In Figs. 1-3,
the total mobility is obtained by including the acoustic
phonon scattering via the deformation potential, piezoelectric coupling, and impurity scattering. The IDEG mobility
is very high, which increases for the piezoelectric and the
surface roughness scattering at low temperatures and then
saturates. The deformation potential acoustic phonon scattering becomes more effective at higher temperatures and
the total mobility is mainly limited by this scattering as seen
from Figs. 1-3, At low temperatures below 10K, the surface
roughness, piezoelectric and impurity scatterings dominate.
The acoustic-phonon-Iimited mobility decreases with temperature and hence the total mobility falls with rise in temperature.
Above 100 K, the polar-optic-phonon scattering takes
over. The effect of optical phonon scattering has not been
included in the curves labelled ''TOTAL'' in Figs. 1-3 because it is the only dominant scattering mechanism at high
temperatures. At higher temperatures, the occupation of
only the lowest subband is not justified and intersubband
scattering will be effective. However, the polar-opticphonon scattering can be included in a straightforward manner. Due to the lack of experimental results on the mobility
of IDEG, the effect has been neglected.
If the polar-optic-phonon scattering is also included to
obtain total mobility, then the overall mobility curve should
follow the curve for polar-optie-phonon scattering limited
mobility above 100 K.
In aU cases, the mobility is higher for higher electron

(17)

where < > means the average defined by expression (13) and
Ep is the Fermi energy.
It has been assumed that, at low temperatures, when the
acoustic phonon scattering occurs via deformation potential
and piezoelectric coupling, the impurity scattering and the
surface roughness scattering due to interface irregularities
dominate. The total relaxation time for all these processes
can be written l6 using Matthiessen rule
7 -1

' " 'Ti -1 •
= £."

(18)

We assume the degenerate distribution for electrons and the
screening effect is incorporated by dividing aU the inverse
relaxation times by If"T(q) 12. The TEP has been calculated
for individual scattering processes including degeneracy at
low temperature.
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TEMPERATURE 00

TEMPERATURE (K)

n

FIG. 1. The variation of electron mobility {fl} vs temperature ( in GaAs
for ID ek'Ctron density NID = 5.0X 10 6 (a) unscrcened, and (b)
screened.
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FIG. 5. Thermoelectric power S of! DEG vs temperature T (screened case)
for three different values of I D electron concentration.

FIG. 2. The mobility (f.1) vs temperature (T) in GaAs for ID electron density N w = 5.0x 107 miCa) unscreened, and (b) screened.

TEMPERATURE (K)

TEMPERATURE (K)

FIG. 3. The mobility (It) variation in GaAs with temperature (1) for ID
electron density Nil) ~, l.OX lOx m - I fa) unscreened, and (b) screened.

FIG. 4. The variation of normalized
permittivity due to screening with
normalized phonon wave vector.

concentration. Screening enhances the mobility values because it lowers the scattering rates. It is apparent from Fig, 4
that the lower the electron concentration, the higher the
screening effect. This reduces the scattering rates significantly. The values of one-dimensional thermopower are
plotted against temperature in Fig. 5, for different one~di
mensional electron concentrations. Screening effects have
also been incorporated in the calculations.
The thermopower is found to decrease with increasing
electron concentration. This behavior is expected from Eq.
(17) since the thermopower isa strong function of the Fermi
energy EF and EF decreases linearly with IDEG concentration. The values of thermopower increase with temperature
and almost saturate above 100 K.
When the individual contributions to the thermopower
due to different scattering processes are compared, it is
found that the deformation potential acoustic phonon scat~
tering is the most dominant. However, at the lowest temperatures, i.e., below 10 K, the impurity scattering has a
significant contribution. The piezoelectric and surface
roughness scatterings are weak.
At higher temperatures, above 100 K, the electron distribution function 10 becomes nondegenerate. The expression for r AC indicates that at such high values of temperature (liT) (Er) I( r») becomes temperature independent.
Thus at higher temperatures the thermoelectric power be~
comes temperature independent and the curves saturate.
However, above 100 K, both polar-optic-phonon and
intersubband scattering should be considered. The present
simplified model is therefore inadequate to describe the be~
havior of thermopower at higher temperatures,
The calculated values cannot be verified due to lack of
experimental data, although it is found that the nature of
variation of IDEG thermopower is similar to that for
2DEG.
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