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Temperature dependence of many-body effects in inversion layers
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The temperature-dependent self-energies of the lowest three subbands in a Si(100) surface inversion layer
are evaluated in the plasmon-pole approximation for the screened interaction. The magnitudes of the self-
energies decrease with increasing temperature. For the excited subbands the self-energies show very similar
dependence on temperature. At low concentration the quasiparticle energy differences are independent of
temperature, but at higher concentrations these subband separations increase slightly with temperature.

The large electric field of a surface inversion
layer causes quantization of the motion of elec-
trons normal to the surface. Because the elec-
trons are free to move parallel to the surface,
each quantized level of the surface potential gives
rise to a two-dimensional band of free carriers,
which is referred to as an electric subband. In-
tersubband spectroscopy has shown that many-
body effects play a significant role in determin-
ing the subband separations. ' In contrast to other
"metallic" systems, inversion layers have Fermi
temperatures that fall within an easily accessible
range. Recently, Kneschaurek and Koch' investi-

gated the temperature dependence of intersub-
band transitions by means of infrared absorption.
Despite the known importance of many-body ef-
fects at very low temperatures, previous theo-
retical work on subband separations at finite
temperature has been limited to the Hartree ap-
proximation. ' In this paper we investigate the
exchange and correlation contributions to the sub-
band energies of a Si(100)-Sio, system as a func-
tion of temperature.

Our starting point is the Hartree approximation. '
The Hartree potential depends upon the solution
of Poisson's equation
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The first term is the potential of the depletion
layer, which contains N„-N& fixed negative
charges per unit volume and has a width d. The
second term is the potential of the inversion layer
carriers. Z~ and $~(z) are the eigenvalues and
eigenfunctions of the Hartree Hamiltonian; n is the
Fermi distribution function and K, the dielectric
constant of Si. The Hartree wave functions of the
lowest three subbands are obtained variationally.
We parametrize g~(z) and use the following two
conditions to obtain the values of the parameters;
(i) the energy of each subband must be a mini-
mum with respect to the variations in the param-

eters, and (ii) the wave functions corresponding
to 0, 1 must. be orthonormal. The variational en-
ergy for the zeroth subband agrees very well with
the numerical Hartree value at all temperatures.
The agreement for the excited subbands is also. quite
good; the discrepancy is always less than 10%%uo.

At finite temperature it is customary to define
a self-energy function M(R, R'; i(d„)over a dis-
crete set of imaginary frequencies. ' The subband
self-energies are defined by expanding M(R, 5',
i(d„)in the complete set of Hartree eigenfunctions
(&(z).' To lowest order in the effective interac-
tion the i-j element of I is given by

I, (ke, e)e)=- l-i'Q pe' "f
(k ). ()„„(k-p,iek -ite„)G'„(p,(v.),

~m

where the sum over l runs over all subbands, and
P=(kz1) '. Here G» is the noninteracting Green's
function for the 1th subband. Throughout this
paper we choose k =1.'

From the Dyson equation for the effective inter-

action U we can obtain the relation'

P (k )=V (k) f
where z is a complex frequency and f&» (k, (()') is
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simply related to the imaginary part of U,» (k; z
= e'+iq). The unscreened interaction V,» (R) be-
tween electrons in the inversion layer arises from
the direct Coulomb interaction and the image ef-
fect.' Substituting Eq. (3) in Eq. (2) and perform-
ing the sum over (d, we find the M is a sum of
exchange and correlation terms. ' The exchange
part of self-energy M&& is given by

d2
M"„.(k) =-g, V,„,.(p)n, (k-p),

and the correlation part by

M]I(k, ku„)=—,, [iv„-u&'-8,
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Here n, (k) is the Fermi function for an electron
of energy E, + k'/2m�„and p is the chemical
potential of the system.

Explicit calculations for the bare interaction
reveal that V&&, has a significant contribution
only if i=j and L=m. Under these conditions,
the self-energy I becomes diagonal. ' For con-
venience, we denote M«by M;, V&;~J by V;&,
and fg«q by fe .

The calculation of exchange energy is straight-
forward. For the evaluation of M', (k; i&a„)we need
the imaginary part of the retarded effective inter-
action, f«. The latter is calculated in the plasmon
pole (PP) approximation. Vinter has demonstrated
the validity of the PP approximation in the calcul-
ation of subband separations in metal-oxide-semi-
conductor (MOS) systems at zero temperature. '
The appropriateness of plasmon pole approxima-
tion has been discussed by Lundqvist' and by
Overhauser. ' We start with the ansatz that for
QP &0

effective interaction, it is inappropriate to solve
the exact Dyson equation since it generates not
only the lowest-order terms in effective inter-
action, but also selected higher-order terms that
should not be included in the calculation. ' Instead,
the self-energy should be evaluated at a frequency
corresponding to the noninteracting quasiparticle
energy, that is,

UJ f (k) =E
&

+ 2 m
&

'0' p,-+ ReM& (k; E q + —,
' m

&

'k'- p ). (7)

The quasiparticle energies Eg(k) are then given
by (o, (k)+g.

We have evaluated the exchange and correlation
parts of the self-energy as a function of tempera-
ture at several values of the inversion layer con-
centration for the three subband model. Accord-
ing to the self-consistent Hartree calculation4 most
of the electrons reside in 0, 1, and 0' subbands and,
therefore, the three subband model is expected to be
a reasonable approximation. Figure 1 illustrates the
variation of self-eriergies 0, 1, and 0' subbands with

temperature. At low and intermediate temperatures
the main contribution to the self-energy of the zeroth
subband comes from exchange. The small size
of M,' results from the large cancellation between
the first and second terms in the parentheses of
Eq. (5). As the temperature increases, the pop-
ulation in the zeroth subband decreases; this re-
sults in a decrease in the exchange energy and
an increase in the correlation contribution to the
self-energy. At extremely high temperature, the

I 0.0—
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Ime(, '(k, (u) =C«(k)6((o —(u, ), (6)

where e,&
is an element of the dielectric matrix

e defined by e ~ U = V. Substituting U = e ' ~ V in

Eq. (3) and letting z = ur+ iq we obtain the Kramers-
Kronig relations between the real and imaginary
parts of & '. Taking the random-phase-approxi-
mation (RPA) expression for the real part of
e ', we determine C;~(k) and v, from the static
limit of Kramers-Kronig relations and the
f-sum rule." From the knowledge of C,&

and ~~
we obtain Ime,.~' and subsequently f«.

The quasiparticle energies are the solutions of
Dyson's equation. Rice has pointed out that if the
self-energy is evaluated only to lowest order in
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FIG. 1. Temperature dependence of the correlation
and the total self-energies of 0, 1, and 0' subbands in
Si(100)-SiO& inversion layer. The inversion and de-
pletion layer densities are 10 /cm and 3.2 &&10"/cm,
respectively. Solid curves —total self-energies; dashed
curves —correlation contribution to self-energies.
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FIG. 2. Tem perature dependence of the quasiparticle
energies in the inversion layer of Si(100)-S'0

(m~= 10 /cm and Nd, ~= 3.2 &10"/cm Here, the quasi-
particle energies of 0, 1, and 0' subbands are given by
a&&( =0)+S, where e; is obtained from Eq. (7). Dashed
curves —Hartree energies; solid curves —Hartree and
exchange correlation.
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self-energy becomes very small, indicating that
the system approaches the classical limit.

The exchange energy for the excited subbands
is very small at low and intermediate tempera-
tures; the main contribution comes from the cor-
relation part. For these subbands almost no can-
cellation occurs between the two terms in the par-
entheses of Eti. (5), because the first term has a
negligible value at low and intermediate temper-
atures. With increase in temperature, the ex-
change contribution grows and the correlation,
part diminishes. Finally, at very high tempera-
tures, the total self-energies for the 0' and 1
subbands become very small. It should be ob-
served that the self-energies for the 0' and 1
subbands show a remarkably similar dependence
on temperature.

In Fig. 2 we display the quasiparticle energies
at the subband minima as a function of tempera-
ture for Pf —1 A~2 ~;„„=10,cm . For very low concentra-

thous (N „=10"/cm') the subband separations
turn out to be almost independent of tempera-
ture. At higher concentrations they increase
slightly with increasing temperature. The ex-
change-correlation energies are quite insensi-
tive to the value of the wave vector k parallel
to the surface, so that the self-energy effects
produce only a rigid shift in the subbands.

At T = 200 and 300'K Nakamura gg gI, "have
used the static approximation for U to calculate
the quasiparticle energies at the subband minima.
The static approximation for effective 'interaction
is expected to be reasonable at high temperatures.
Our results for the quasiparticle energies are in
good agreement with their calculation.

For a quantitative comparison with axperiment
considerably more numerical work remains. We
have evaluated E„andE...only for a few values
of N and;» and N~,~=(N„-Ns)d. Furthermore the de-
polarization shift" and the effect of final state
interactions" must be included in a comparison
of theory with infrared absorption. At zero temp-
erature these two effects tend to cancel, ' but even
at zero temperature the degree of cancellation is
not accurately known. At finite temperature these
effects will be even more difficult to calculate.
One experiment which would be extremely useful
for comparison with theory is surface-channel
tunneling. " Surface-channel tunneling experi-
ments are in progress" and should yield the sub-
band separations directly.
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