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FESLIMD

a%e

. Calouwla-se a densidade de estados do banda de {smpuresa de
¥y em MOS dz tipo n atrﬂves a’o modelo de Fubbaed, usande como base
salugao de Mortin e Walldie para o problema de uwma {riureta, Mogtra—ae
gue a energia de coveelacas {ntra-siiic srgace com o campo aplicado na
interfose S1/540, . 0 meamo osorre com a '-"::.rrgfw*cr da bande e com o ener
gia do mzeimo Ao’ densidade da sxtados. Rave gfeits vail Ficands mais pro
nunotads et o mqumento da concenmtragdo de impuresus Vgp, A asstmetria
nx curva dz denstdade de estados eaplics porgue a energic de  gbivapdo
medida & menor que o energla de ligapdo.



Impurity bands in n-type 5i/5i0, MOS

E.A, de Andrada e 53ilva and I.C., da Cunha Lima

Instituto de Pesquisas Espaciais

12200 - Sao Jose dos Campos, SP, Brazil

Abstract

We calculate the density of states (DOS) for Na™ impurity bands in
n-type Si/5i0, MOS structures with a Hubbard-like model and using as a
basis Martin and Wallis single-impurity states. We show that the
intrasite correlation energy increases with the applied electric field
gn the junction. The same occurs with the bandwidth and with the energy
corresponding to the maximum in the DOS. This effect is enhanced by
increasing the impurity concentration, Nnx‘ The asymmetry of the DO5
explains why the measured binding energy for finite NDK is smaltler than

in the single-impurity case.



It 15 well-known that electrons in inversion layers (IL) of metai-
oxide-semiconductor (MOS) structures are a good way to study transpert
properties of disordered systems such as metal nonmetal transtion,
weak localization, quantum Hall effect Etﬂf Another relavant question
cancerns the existence of an impurity band in those structures,
associated with an activated transport regime at Tow temperatures. In
fact, the occurrence of impurity band in n-type 5i/5i0, MOS has been
ohserved by Hartstein and Fowlter {H*sz and more recently by Glaser et
a]? The band s usually generated by the presence of Na®© fons that are
randomly located near the interface in the gxide region and which bind
electrons in the semiconductar.

The alectronic states associated with Na' impurities in Si/810Q, MDS
have been studied theoretically in the past by several authorsu‘T
Among other factors, the states depend on the electric field that s
applied perpendicular to the junction in order to form the depletion
layer. Unlike impurity bands in doped semiconductors, the position of
the Fermi level, which in that case depends only on the impurity
concentration, in the case of MOS it is determined by the gate voltage
and by the substrate bias, Therefore the Fermi level can be made to
scan the impurity band allowing, in consequence, an external control of
the filling factor, i.e., the average number of electrons per impurity.
Another interesting feature from a theoretical point of view s the
possibility of varying the electronic intrasite {impurity) interaction
potential with the gate voltage. In a Hubbard-Tike model Hamiltonian

representing the impurity electrons, it would correspond f£o control

externally the correlation U and its ratio to the bandwidth .



In a first attempt to calculate the density of impurity states {D0S)
4
associated with an IL, da Cunha Lima et al. wused a tight binding model
based on a single-impurity state given by the two-dimensional effective

N
mass approximation of Stern and Howard . However, more realistic

treatments exist for the one-impurity prob]ems_?, which take into
account important corrections such as: an image charge potential due to
a large difference between the dielecfric constants of the oxide and
semiconductor; the spatial extension %n the z-direction (normal to the
interface) of the electron wave Functéon; and the dependence of the
bound state on external applied Fie]dé In the present calculation we
used the variational solution due to Martin and Wallis {M-H]i. It does
not consider screening of the 1mpurit§ potential due to IL electrons.
However, for the purpose of calculating the impurity band, this 15 a
reasonabie assumption, since the latter is determined generally by
measuring the activated conductivity and in this case the Fermi Tevel
lies below the first subband. On the other hand, a variational solution
for the single-impurity problem makes the D05 calculation much easier.
A more accurate treatment should consider the screening due tg a finite
density of states at the Fermi level. Nevertheless, these states would
correspond to electrons in the impurity band, certainiy localized, which
screen the impurity potential very weakly,

In the mpdel considered here we include electron-electron correlation

via a Hubbard-1ike Hamiltonian:
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where a;c andg . refer to creation (anihilation) operators of an
etectron with spin ¢ in the bound state described by & M-W wave function,

by centered at the impurity i:
b5 (F2) = 0. (Flelz) = (a2/2n)3/7 ¥ 2(p22)1/2 2e7PH2 | (2)

The single impurity Hamiltonian depends on the electric field through
the carrier concentraticon of the depletion layer Ndepl‘ The dependence
of the DOS on the electric field comes out through the variational

parameters a and b, vij is the hopping matrix element,

v‘i,j

[dzfder o, (F2)v, (Foa)es(Faz) (3)

where v is the interaction potential between the electron and an
impurity located at site ﬁi' We assume that the impurities lie at z = 0.
The D05 is now obtained calculating the single-particle Green's
function via a method previously developed by Kishureg and applied to
doped semiconductors by Ferreira da Silva et allu. The confiqurational

average uses the diagrammatic summation of Matsubara and Toyozawa

11
{M-T} . Defining

+ . + +

Gig,o0t) = Talth < [ay 0y . ajU{t}]+ > (4)
. + _ ¥ - + . .
with nw:aiqaiﬂ and nio= 1 - i WE have for the single-particle GF

the sum of G' and G™. The lowest order approximation in the Kishore's

q
method gives an eguation of motion for 65 in first order of U:
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where EY = ¢ + U, E = £, and we have assumed n* as site independent .

The configuration averaged diagonal elements for impurities in a plane
1z
areg M

6L lu) R
“ 'i'T,d w >av = m E [:"-l’j » (6}
w-E
£ =1 - o7 ()]t ; (7)
. Nt ()
n) = —2x J a2k _ V'R (8)
(2u)2(u-ET)2 1o [N (w)/ {w-E)] ¥(K)

where N is the number of impurities per cm® and vk} is the 2-D
Fourier transform of the hopping potential v(R) in Eq. (3). The pair of
Eqs. (7, B) is now solved numerically to obtain the density of states

for the upper and lower Hubbard bands, D' and D™

The problem is then reduced to the calculation of U and T3
Using the usual atomic units appropriate for the {100) n-type Si/Si0,

o
IL, Ry* = 43.6me¥ and a* = 21.7A, we obtain:

V(E = §/a%) = -(E, + g*)¢*(qlag® Ry* (10}



where E_ is tha binding energy for the single-impurity and ¢({q) is

given by
olg) = fe 19 %u(r = xa¥ldzx . (11)

After performing the integral above, we get:

N SRR
V(k) = '{Eh + arikelg lZaE[ E +— ] ] a¥eRy* | {12}
a

The intrasite correlation energy ¢i1|vt?l - ?23|iiv is calculated
numerically using a potential ¥(¥, - ¥,) that takes into account the
image charge due to the difference in the dielectric constants of the
semiconductor and the uxidelg. As & result we obtain a correlation
energy U depending on the applied electric field, as shown in Fig. 1.

In the range realizable in the experiments, 1) is greater than Eb’ what
explains why the upper Hubbard band is not observed, as already pointed
out by da Cunka Lima and Ferreira da Si1val7. It is worthwhile to say
that U does not go to the 2-D 1imit of 4.17 Ry* for very high field. This
is due to the addition of the image term in the interaction potential.

The calculated DOS is shown in Fig. 2. We have chosen N = 0.36 x

depl
10*%cm-2  in order to compare with the results obtained by H-F. The zero
in energy corresponds to the single-impurity ground state, We have alseg
assigned the position of the IL first subband. The peak of the Tower

band is dislocated to the right of the zero of energy., what explains why
the measured binding energy for finite Nﬂx is smaller than for the single-

impurity. We can also observe that, for N, = 5.0 x 10t em-2 the lower



band has already merged into the conduction band. H-F found, by
extrapoiation, E, = 0 for Moy = 17:0 x 10t em=2, a value that our
results show te be too large. Fitting a Gaussian H-F obtained, for
Nox = 3.5 % 10 tem=2 the maximum of the DPOS equal to 3.4 x 101 %¢m-2ey-1
and a bandwidth 1 = 1.8meV. Our caiculations give, taking into account
the double degengracy of the first subband, D[E}max = 2.32 x 10 % cm-2ey—*
and a dispersion T = 5.1meV. The last value is in disagreement, mainly
because the shape of the band is very asymmetric and a Gaussian becomes
a very poor approximation. In addition, it is important to menticn some
uncertainty in the experimental data avai]ab]elh

Finally, we have investigated the effect of the applied field {or
Ndep]} in the D0S, The results are shown in Fig. 3 for the bandwidth
(dispersion in the lowsr subband} and the energy of the maximum DOS. In
Fig. 3a we obserye the broadening of the impurity band with the increase
of the electric field. This effect has. in fact, been observed by H.F.
As shown in Fig, 3b, the position of the maximum of the DOS goes to
higher energies as Hdepl increases. In both Figs. we can observe that
increasing the impurity concentration results in enhancing the effect

of the applied field.
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FIGURE CAPTIONS

Fig. 1 - Correlation enerqy U as a function of the applied electric

field.

Fig. 2 - The calculated density of impurity states: Dotted line gives
the energy of the single-impurity ground state; dashed 1ines

give the minimum of the first unperturbed subband,

Fig. 3 - The dispersion T and the energy of maximum DOS of the lower

Hubbard band as a function of impurity concentration.
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