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ABSTRACT

The elementary excitation modes in a narrow channel of

conducting electrons in a special GaAs FET are evaluated within the

RPA-aproximation. The system is found to be quasi-two-dimensional when

the width of the channel is small, i.e. there are collective excitations

with a dispersion very close to the strictly 20 form. In addition to the low-

lying quasi-2D-mode there are higher collective modes associated with the

sub-band structure of the device.
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For more than ten years there has been interest in the properties

of the two dimensional electron systems that occur in space-charge

layers at semiconductor interfaces . In these systems, because of

potential discontinuities and space-charge electric fields, the

electron motion normal to the interfaces is quantized into discrete

energy levels, whereas the electrons move freely along the interface.

Effectively the system therefore behaves as a two dimensional electron

gas. The classic cases are those of the accumulation and inversion layers

at metal-insulator-semiconductor (MIS) and metal-oxide-semiconductor (MOS)

structures. More recently there has also been an increasing interest in

the 2D electron systems at semiconductor heterostructures made by mole-
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cular beam epitaxy ' .

The carriers confined at semiconductor interfaces constitute some of

the most interesting systems for studies of electron behaviour in two

dimensions. Extensive experimental studies have been carried out by

means of transport, magneto-transport and optical measurements .

In particular we note that the existence of 2D plasmon excitations

have been established.

We will here focus attention on a related, but more flexible system,

which allows for a continous variation of the thickness of the electron

gas. Hence experimental studies of a dimensional crossover at low tempera-

tures are possible. The system consists in a special GaAs field effect
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transistor shown in Fig. 1, The main idea is to reduce the channel

thickness _t with the gate bias V The electron motion perpendicular

to the channel becomes restricted to a narrow potential well, while

motion along the channel remains free electron like.

This means that the continous three-dimensional density of states splits
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up into discrete sub-bands with, eventually, only the ground state

sub-band being occupied as t tends to zero. The Fermi energy E- should

be constant in the 3D case (large t} and fall when electrons are removed

from the channel as the 2D limit is approached, finally becoming zero .it

t = 0. Such a behaviour has been confirmed experimentally by measuring

the Shubnikov-de Haas oscillations exhibited by the conducting channel

as the thickness of the channel was reduced by the gate bias5. The Ferni

energy, extracted from the magneto-resistance oscillations, agrees with

the expected 3D- and 2D-values at large and small'values of t, respec-

tively. This demonstrates the continous transition from 3D to quasi-2D

behaviour. Additional support for a dimensional crossover as t is

reduced comes from recent experimental studies of the correction term

to the Boltzmann conductivity due to weak localization and its dependerce

on magnetic field ' . The purpose of this work is to show theoretical 1)

that also the collective excitations are consistent with quasi-2D

behaviour at small values of t̂ . In addition to the more conventional

2D-mode we also find higher collective excitations associated with the

sub-band structure.

The calculations have been performed within the standard random-phase

approximation. Because of the sub-band structure the numerical compli-

cations are, however, considerable. Let the one-particle wave function;

for n:th state be \fjr) = <Pn{x)exp(;V^>/L where V>n<x) relates to

the motion across the channel and the plane-wave component to the 2D

translational motion along the channel. The dimensions of the conduc-

ting sheet is (L xL). The function rR(x) may be found conveniently by

approximating the confining potential as5

V M = ̂  nD ( - tn) (i)

for | x | > t/2 and zero otherwise. The number of impurities per unit

volume in the n-region is n D, and H = 12 is the dielectric constant

of the GaAs host. Thus (P (x) and the sub-level energies En were found

by numerical methods using the electron effective mass of the GaAs

conduction band (m" = 0.067 m ). Subsequently, the Fermi energy was

found by filling the one-electron states En(k^( ) = E° + fi k;/ /Zra* up

to a common Ep. with the subsidary condition that the channel is

electrically neutral, i.e. n~t = N where N is the number of electrons

per unit area. In agreement with earlier findings Ep was found to drop

below its 3D-value and eventually go to zero as t became progressively

smaller.

The elementary excitations may now be obtained in the following way.
2

Let the system be enclosed in a box of finite volume {LxL ). If a weak

external potential with Fourier components V e x t(Q>w) is applied the

effective potential is

_-', z*
(2)

or, equivalently

(21)

Here we have introduced the notation <f = (Qx, Q^ ). where Qx relates

to coordinate x and if to ~r . The potentials have been written as

column vectors, i.e. [V(Q ,u)~\ = V(Q,uj) . The expression for the

dielectric matrix is

U - (3)
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where vtQ) is the Fourier transform of the bare Coulomb potential

e /Jtr . The polarization part is given by

(4)

with

f(n.C)- (5)

where the Fermi function i(r), it,) defines the occupation of the sub-

bands. If we now set V . equal to zero in Eq. (£')• self-sustained

fields exist if *£ ̂ Qr»
ll')^'ff<'

Q
/,j

wJ= 0 has non-zero solutions.

The general criterion for finding the excitation modes is therefore

Oeii - O (6)

The usual expressions for €.t
l&'u>) and £xg(QliS*) follow from Eq.(5)

in the 3D and 2D limits. In 3D we simply chose

Hence the determinant becomes diagonal with

(7)

where

In taking the strict 2D limit only the lowest sub-band is to be occupied

and t—>Q. For a very thin channel one evidently has N ^ I e x I %,,^~ un^m.

Choosing the first row in Det\£ (Qjw)jand adding all consecutive rows to it

one finds the common element in the first row to be (letting L-*oo at the end)

1-

where the 2D polarization part is

(8)

feujtitot (9)
a. j . Xm*^ " " * '

and v(d)- ^""C / J<Q The integration over Q̂  in Eq.(8) gives the 20

Coulomb in teract ion, v j e ( Q j = %tii /HCk, . Thus the general condition

in Eq.{6) reduces to the conventional ZD expression

(10)

In solving the general equation (6) numerically for wJ one may, as above,

let L-<». It is convenient, however, to keep L^ finite, because otherwise

one would be dealing with integral relations. As a consequence v(Q) in

£q.(6) is chosen as

The actual numerical calculations were performed in the following way.

The functions ^ U ) were found by numerically integrating the one-dimen-

sional Schrodinger equation and were subsequently Fourier transformed

in order to faciliate the evaluation of the matrix elements <n!e lm>.

In order to avoid a large set of Fourier components relating to regions

in which 9n (x) had practically decayed to zero Lx was chosen as small as

possible. If fj, (x) is the highest state included, Lx may be chosen as the
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extension of V ^ U ) . The determinant in Eq.(6) was evaluted by standard

numerical methods and the roots were located. The order of the deter-

minant was set by the size of the matrix elements < m e * lm>, but it

was ensured that the final results were not sensitive to choices of L ,

the number of sublevels included or the order of the determinant. Although

in principle straight forward the numerical calculations are quite tine

consuming, in particular when a large number of occupied sub-levels are

involved as in the limit of large t.

A large set of calculations have been performed for various channel thick-

nesses and impurity concentrations. Fig. 2 shows typical results for ri_

= 2 x 10 cm and t = 80A, which means that only the lowest sub-band

is occupied. Evidently the system behaves in a quasi-2D manner in the sense

that a 2D-like plasmon branch exists. For small values of Q,, the dispersion

is very close to the strictly 2D dispersion given by Eq.{10). In addition

to the lowest plasmon branch there is also a rich spectrum of higher collec-

tive modes. Such collective excitations, associated with intersuh band

transitions, are qualitatively similar to recent theoretua1 . ••• •• ir>-

for semiconductor superlattice structures ' , To our knowledge, however,

the present calculation is the first complete one using realistic wave-

functions and tracing the plasmon dispersion in the entire momentum ragion.

In summary we have shown that the electrons in a narrow conducting channel

in our special GaAs FET behave in a quasi-2D way in the sense that thsre is

a plasmon branch, the dispersion of which is very close to the idealized

2D plasmon. In addition there are higher plasmon branches associated *iith

the sub-band structure. The calculations have been performed within the

standard RPA approximation using a simple form for the confining potential.

Obvious improvements include a self-consistent determination of the

transverse wave functions and the corresponding potential as well as

effects of exchange and correlation in the dielectric screening matrix.

Life-time broadening due to impurity scattering may also be an important

ingredient. In principle the present device allows one to study how an

essentially 3D plasmon at large t is gradually transformed into a 2D mode

as t is made very small. At large values of t, however, the present approach

becomes prohibitively complex and time consuming.
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Figure captions

Fig. 1 A schematic cross sectional diagram of the special GaAs

FET structure . The shaded area shows the location of the

conducting channel away from the epilayer/substrate interface.

Fig. 2 Calculated elementary exi tat ions in a sample with nQ = 2.0 x

x 10 cm and t = 80A. The shaded area shows the region of

electron-hole pair exci tat ions. The plasraon branches, as obtained

from £q.(6) , are indicated by sol id l i nes . The dashed curve is

the usual RPA plasmon dispersion for the ideal 2D dimensional

l i m i t , Eq.(10). Curve (a) defines the boundary for single-

par t ic le excitat ions associated with the lowest sub-band,

or , equivalent ly, for the 2D-case.

-10 -



n GaAs
Epilayer

Undoped

Al eate

Ohmic contact

GaAs

p GaAs

Figure 1

-11-

TOO 150

CL <104cm1)

Figure 2

-12-


