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A point defect electronic structure calculation with the super-
"lattice model in conjunction with the pseudopotential electron-
iec structure calculation is described. The electronic energy
variation: of Si caused by self-interstitial impurity at the
hexagonal site is investigated.. Up to the bottom of the conduc-
tion band therée are three main point defect-related states: a
hyperdeep state at the bottom of the valence band, an s-like
resonance near the middle of the valence band and a p_-like
bound state in the gap near the top of the valence band. z

Introduction

Self-interstitial impurities in silicon have been studied
extensively at different high-symmetry sites in the unit cell
[1-5]. In this work we set out to describe the particular
features of the electronic energy scheme of the hexagonal site
(H) self-interstitial impurity.

Figure 1 shows a cube from the diamond structure. The
points denoted by stars are those which have high symmetry and
can be occupied by impurities. The letter A shows the host
atom position; its point group is Td. This point is an appro-

‘priate site for a substitutional impurity.The letter B denotes
the bond centred atom position. If an impurity is situated at
this point, it causes considerable distortion. Its point group
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The letter C denotes the tetra-

hedral or antibonding site;
its point group is also 'Td.
The letter D denotes the hexa-
gonal site; its point group is
D3d' We examined the electron-
ic structure of Si when the

self-interstitial dimpurity is
at the H site.

Figure 1: A cube from the dia-
mond structure with highly
symmetric points along the

diagonal.

Model

Superlattice model: the host lattice is superimposed by
another lattice which contains the impurities, and a cell is
chosen 1in this lattice (host+impurity). If the impurity lat-
tice, constant is larger then the original one, then the impu-
rities are distant from each other and the interactions be-
tween them are-relatively small.

The chosen cell is shown in
Figure 2. We selected a FCC
impurity lattice with doubled
unit vectors (SiII): in this
case the cell contains sixteen
host atoms and one impurity in
the middle.This system retains
translational symmetry, as the
impurities are repeated period-
ically. Accordingly any method
can be used which is appropri-

ate for periodic systems. To
calculate the electronic struc-
Figure 2: The atomic positions ture we used the self-consist-

in the chosen cell. ent pseudopotential method.



Method

It 1is well known from elementary solid-state physics that
there are numerous cases when it is not necessary to know the
detailed description of the core electrons [6]: in these
A cases a pseudopotential can be used to simplify the calcula-
tions. The pseudopotential is determined for ions and it can
be wused as a starting potential for valence electronic struc-
ture calculations relating to the solid state.
Figure '3 shows the flow-chart of the procedure (7] lead-
ing to a self-consistent séreening potential in response to a
‘given structural model.
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Figure 3: Flow-chart of the calculation

The following input system is required for a calculation:
The structure: the atomic’ positions in the coordinate system
(as mentioned above, we used the FCC lattice).
vion: we used the soft-core Appelbaum-Hamann pseudopotential
for Si4 [8] . The Fourier transform of this potential is:
V(q)=2/Q,,U(q)exp(-q2/ (bo)) (1)

U(q)=-tn2/q?+ (/@) 3/ (v) + (3/ 2 ¥/ (ba®))vy) (2)
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where v1=3.042, vZ--1.372 and «=0.61. If this potential is
applied to the atomic sites, then the ionic potential can be
written in the form:

_ at
Vion(G)= T SBIV{  (6) (3)
where ¢
5(8)=1/M L exp(-iGR) (4)
R

is the structure factor, which demands a knowledge of the
atomic positions in the cell.

pj: this is the initial value of the charge density. For
pure Si, we chose the first component of the charge density
to be equal to the numbexr of valence electrons in the cell;
the others were taken as 0. For the doped Si, the initial
value of the charge was the self-consistent charge density of
pure Si. '

In the second step, we solved the Poisson equation to
obtain the Hartree part of the potential.

For the exchange part of the potential, we used the Xa
approximdtion with @ =0.76. Summing up these two potentials,
we obtained the screened electronic part of the potential.

Adding to this the ionic part, we found the pseudo-crystal-
potential.

The pseudo-wavefunction was expanded on a plane wave basis:

y&, 5= v ap (B) exp (i (k+8)F) (5)
G

To obtain convergence results, the kinetic energy cutoff was
about 100.68 eV (7.4 Ry) for pure Si, and this cutoff was
used for SiII also. About 700 plane waves were used for SiII.

To calculate the charge density, an average is required
over the Brillouin zone. We used the mean-value or representa-
tive-point technique [9] with'ﬁ=21ta-1(2/3,0,0).

Results

We first made test calculations on pure Si. Figures 4a
and b show the electronic structure together with degenera-
tions of Si and SiII' respectively. The SiII E(k) curves

I
contain 32 valence bands filled by two electrons. The shaded

part of the Figure is the band gap.
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Figure 4: The E(k) curves for Si with a two atomic
unit cell (a) and with a sixteen atomic unit cell (b).
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Figure 5: The electronic
structure of Si with a self-

-interstitial impurity at the

H site.

We studied the interactions

between the impurities.We took
a normal Si cell and placed a
self-interstitial impurity at
the hexégonal site. This gave
the electronic structure shown
in Fig. 5. The decreasing sym-
metry along the I'-X axis caused
the degeneration of the bands
to decrease and an impurity-
-related band arose. Due to
the interaction of the extra
atoms, the dispersion of this
band was very great. The band
gap disappeafed and a metallic
like electronic structure re-
sulted. The bottom of the wva-
lence band remained almost the
same, but the top was changed
drastically.
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Figure 6B shows the band struc-
ture of Sipy : Siy along the
I'-X axis. The impurity-related

states are indicated by dashed
. and dashed-dotted lines. There
is an s-like hyperdeep 1level

below the valence band, an s-
-like resonance in the valence
" band (dashed lines), and a P,
-like state near the top of
the wvalence band (dashed-
) .-dotted line). The dispersion

of the impurity-related bands
is inherent in our method.

Figure 6A depicts one of the

methods we used for the identi-
fication of impurity-related

Figure 6: The electronic states. With the help of a
structure of Sijp : Siy along

the [-X axis (B); the identi-
fication of the impurity-re-
lated states (A). following Hamiltonian:

switching parameter, we solved
the eigenvalue problem of the

H(x,E)=p2/ (2m) +VP () +x(v¢ (£) -VP (£)) (5)

where VP(%) and V4(¥) are the pure and the doped Si crystal
potentials, respectively; 0<x<l. x=0 gives the pure Si, and
x=1 gives the doped Si states. It can bee seen from the left
panel that at the hexagonal site two states are depressed
from the conduction band and the results are the above-men-

tioned states.
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JINEKTFOHHAR FHEPIWA Si MEXQOY3INUR B KPEMHMH B TOY®E
: FEKCACOHANN
f.fMann, MN.borycnascrw wn A.banpepaceu

UNUCHBANTCR PACCHETH 3NEETPOHHON CTPYKTYPH TOHEYHOMS AegeKTa

B Hogenu cCyneppeweTtru HeTORQOM nNCesponoTeHywana. Hoonepysoics

WIHEH2HHUS INCKTPOHHON CTPYKTYPWU EPEHHWA 323 CHeT CaNONMEALI,/3INNS

B TOoHKe rercaroNanu. [JO QHA NPOBOAMMOCTH CyWeCTBYRT TREMW COCTo-

FHUA
AHE

HOW®

CEA3aHHHE C TOYeYHHN fie¢erToNn: rnneprnyéotoe COCTOAHNE H3
EaREHTHO® 3JOHH, & TWNa PE3ICHAHC BAN3KD K cepefguHe EaNeHT-

3CHH W CBY93aHHOE cocrToanune TiHna P B 33NpeyeHHoRr 2oKHe,

rs

BAN3KD K NOTONKY BanNeHTHOM 30HNW.
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